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ATR-FTIR INVESTIGATIONS OF SECONDARY STRUCTURE OF
LYOPHILIZED BLOOD PLASMA IN PREGNANCY INDUCED
HYPERTENSION

LAVINIA SABAU®, G. DAMIAN?, M. PUIA?

1"Babes-Bonai" University, Faculty of Physics, Dept. Biomedical Physics, Cluj-Napoca,
2 University of Medicine and Pharmacy “luliu Hafieganu”, Faculty of Medicine, Dept.
of Physiology, Cluj-Napoca, Romania, lavisabau@yahoo.com

Pregnancy-induced hypertension (PIH) knowns by many clinical names as
toxaemia, gestational proteinuric hypertension and preeclampsia is not a simply
high blood pressure, but is a pregnancy condition which must be taken seriously as
it can pose a serious risk to health of both mother and baby. This is certainly one of
the characteristic signs of the condition, the others being protein in the urine and
fluid retention. These signs are not the disease itself but are symptoms of an
underlying circulatory disorder. In order to study the effect of PIH on the changes in
the secondary structure of blood plasma, we have investigated the changes in
lyophilized blood plasma from 30 patients, healty and with different degree of
diseases, by ATR-FTIR spectroscopy. Attenuated total refection Fourier transform
infrared spectroscopy (ATR-FTIR) is one of the most powerful methods for
recording infrared spectra of biological materials in general, and for proteins in
particular. It is fast, yields a strong signal with only a few micrograms of sample,
and most importantly, it allows information about the orientation of various parts of the
molecule under study to be evaluated in an oriented system [1,2]. The environment of
the molecules can be modulated so that their conformational changes in secondary
structure, can be studied [3, 4]. Because a biomolecule is determined by its unique
structure, each biomolecule will exhibit a unique FT-IR spectrum, representing the
vibrations of its structural bonds. Furthermore, every biomolecule present in the
sample will exhibit more or less specific FT-IR absorption peaks. Thus, a plasma
FT-IR spectrum will exhibit absorption peaks related to its major components
(mainly serum albumin). The changes in secondary structure refers to changes in
ratio among three common structures, namely alpha helices, beta sheets, and turns.
That which cannot be classified as one of the standard three classes is usually
grouped into a category called “other”, “random coil” or agregates. Protein aggregates
play a large role in human diseases affecting human health. Structural information
of lyophilized blood serum is obtained by analysis of the conformationally-sensitive
amide | and amide Il bands using Attenuated Total Reflectance FT-IR spectroscopy.
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The second derivative spectrum was performed in order to overcome the bands
overlapping due to the different C=0 stretching vibrations of each type of secondary
structure (i.e. a-helix, p-sheet, turns and unordered). The results of qualitative and
guantitative analysis by curve fitting to the inverted second derivative spectra of
amide | features [5,6] of proteins from blood plasma, reveal a decrease in a-helix
and B-sheet content and and an increasing of aggregates content for patients
affected dy PIH.
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CAFFEINE TEST BY GC-MS

MONICA CULEA®", M. NANULESCU", 0. COZAR?

®Babes Bolyai University, str.Kogalniceanu no.1, 400084 Cluj-Napoca,
Romania, e -mail:mculea@phys.ubbcluj.ro;
®Pediatric Clinic Ill, Cluj-Napoca

ABSTRACT. A GC/MS method for caffeine levels determination in children suffering of
liver diseases is described. Caffeine and *>N-theophyliine, the internal standard, were
separated on a HP-5 capillary column 30mx 0.25mm diameter, 0,25um film support in
the temperature program: 200-250°C, at 10°C/min. The method was validated in
the range 0-20pg/ml caffeine. A dose of 4mg/kg p.o. was followed by blood caffeine
concentrations measurements at 1 and 9 h, for caffeine clearance and half live time
measurements in children with liver disease and compared with control.

1. Introduction

Caffeine, 1,3,7 trimethylxanthine, has been introduced as a model compound
for measuring the metabolic capacity of the liver [1]. Because it is metabolized by the
hepatic P-450 cytochrome oxidase system, clearance of caffeine is a good quantitative
test of hepatic function. Caffeine test consists in caffeine oral intake followed by
measurements of blood caffeine concentration and pharmacokinetic parameters of
caffeine as clearance and half-life time measured by gas chromatography-mass
spectrometry (GC/MS).

The aim of the present investigation was to validate a rapid and precise
GC/MS method for plasma caffeine level determination and the characterlzatlon of
plasma clearance and half-life time of the drug in children by using ON- -theophylline
as internal standard.

2. Experimental

15N-theophylline, 74,2 atom % 19N, labeled at the nitrogen in the position
7, was synthesized in Cluj-Napoca [2] and used as internal standard [6]. Caffeine
was administered p.o. in children with different hepatic dysfunctions. Caffeine sodium
benzoate solution containing 125 mg of caffeine and 125 mg of sodium benzoate
per 1 ml ampoule was used. All other reagents were from Comchim (Bucuresti,
Romania). A Hewlett Packard (Palo Alto, CA, USA) 5989B mass spectrometer coupled
to a 5890 gas chromatograph were used in the conditions: EI mode, electron energy
70 eV, electron emission 300pA and ion source temperature 200°C, selected ion
monitoring (SIM) mode. The GC/MS interface line was maintained to 280°C, and
quadrupol analyser at 100°C. The GC/MS assay used a HP-5MS fused silica
capillary column, 30m x 0.25mm, 0.25um film-thickness, programmed from 200°C
to 250°C at a rate of 10°C/min, the flow rate 1ml/min, with heI|um as carrier gas.
Injector temperature was 200 °C. Retention time for caffeine and *>N-theophylline,
the internal standard, were 3.5 min and 2.8 min. 3 ul of sample were injected. The
molecular ions m/z 194 for caffeine and m/z 181 for the internal standard were
monitored for quantitative analyses in the selected ion monitoring (SIM) mode.
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Extraction procedure: 1ml of plasma containing caffeine was placed into a 5 ml
screw-cap vial and 10yl of internal standard *°N-theophylline, 2 ml of the extraction
solvent, chloroform: isopropanol 20:1 v/iv and 0,5 g NaCl were added. After mechanical
mixing for 1 min, the sample was centrifuged for 3 min. 3 pl were injected.

Method validation: The method was validated in the range 0-20ug/ml caffeine.
Aliquots containing known amounts of caffeine 3, 5, 10, 15, 20 ug mi* and 10 ug of
®N-theophylline were taken through above procedure. Samples were prepared in
duplicate and measured twice.

Table 1.
Precision and accuracy of the method
Concentratiorf added n Concentration {neasured RSD Accuracy
(ug ml) (ug mIM)) (%) (%)
3 5 3.1 2.96 3.36

5 7 5.5 5.06 10

The regression curve, plotted as peak-area ratio of m/z 194 to m/z181 versus
caffeine concentration, gave the following linearity parameters: slope 0.5207, intercept
0.1058, r = 0.97. Precision gave R.S.D values lower than 5% for 5ug/ml (n=7) and
lower than 3% for 3ug/ml (n=5). Accuracy showed values lower than 10% (Table 1).
L.O.D. was 0.1ug ml~caffeine in blood sample, signal to noise ratio 4:1.

Population: Caffeine concentration measurements were performed in 31
hospitalized children suffering of hepatic dysfuctions and controls: 19 children with
hepatitis aged 3-19 years old, 4 children with cirrhosis, aged between 5-12 years
old, and 8 children as control aged between 5-15 years old. The dose was 4mg/kg,
p.o.. Blood samples were taken at 0, 30 min, 1, 3, 6, 9 and 12 h. Blood samples
were drawn into heparinized plastic tubes and immediately centrifuged. Plasma
was stored at -20°C. Written informed consents were obtained from each subject
parent prior to this study.

Calculation: Caffeine elimination constant was calculated as: ke=(INC1-InC,)/At,
where C;=higher caffeine blood concentration; C,=lower caffeine blood concentration;
At=the time elapsed between venous blood samples. Two points ( 1 and 9 h) caffeine
clearance was calculated: Cl = kg X V4 and caffeine half-life as t;, = In2/ke , using a
volume of distribution (V) of 0.6 liters per kg body weight.

60,00 —e—PF.
£ 40,00
2 B.V.1
2 20,00
5 2 1.S.
S 000 = ‘ ! | ——Bv2
0,00 0,50 1,00 3,00 6,00 9,00 12,00 |—e—S.V.

Time(h)

Fig. 1 Blood caffeine concentrations over a period following P.O. caffeine (4mg/kg
body weight) for 1health (MG) and hepatitis children
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3. Results and discussion

Caffeine clearance, measured in patients with cirrhosis and chronic hepatitis,
was reduced and half live time was increased in children with liver disease as
compared with control.

The method is simple, precise and rapid, useful in the analysis of xanthines.
Isotopic labeled internal standard avoids metabolites overlapping. Good linearity,
precision, accuracy and sensitivity were obtained in the range 0-20pg/ml of drug.
Significant changes (Student's paired t-test p<0.01) were observed in caffeine
metabolism in children with decompensate cirrhosis. The control values for clearance
and half-life time were 1.36+0.23 ml min™ kg™ and t,,,=5.23+0.85 h (n=8). In cirrhosis
the clearance values of 0.55+0.41 ml min™ kg™ and half-life times of 19.11+14.9h
are changed because of the reduction in “functioning hepatocyte mass”. Patients
with noncirrhotic liver disease showed intermediate values (Cl=1.19+0.45 ml min™ kg™
and t;,=6.62+2.37 h) but higher values of caffeine plasma concentrations especially in
the first hour after dose. The correlations of total body clearance between two-point
study (sampling times 1h and 9 h) and seven-point study (sampling times 0, 0.5, 1,
3, 6, 9, 12 h) were significantly correlated (r = 0.94, p less than 0.001). The results
suggest that caffeine pharmacokinetic parameters can be estimated using two-
point blood sampling procedure and GC/MS. The higher concentrations of caffeine
observed in the first hour after caffeine loading in hepatitis compared with controls
could be a possible test for hepatitis when very precise and accurate methods are
used.

REFERENCES
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ABSTRACT. The aim of this study was to use the microwave extraction instead the
reflux extraction. TLC qualitative and VIS spectrophotometry quantitative analyses were
performed. It were compared the results obtained in case of reflux and microwave
extraction. Extraction is an important step in plant analysis because it must assure
quantitative extraction of the compound from different classes with different polarities
avoiding degradation processes. The first conclusion of this study is that the microwave
extraction can by use for extraction of bioactive compounds from plant material. It has
been also observed that the solvent composition has a great influence on the quantities
of extracted compound.

I. Introduction

Geranium macrorrhizum is known as an ornamental plant but it is used in
traditional medicine to cure the digestive disease. The important bioactive compounds
are tannins that confer it the astringent proprieties. It contained also some flavonoids
and anthocyans with antioxidant effects. Due its content in volatile oils it is used in
fragrance industries and in aromatherapy [1-3]. The bioactive compound can be
extracted using different techniques, like classical methods - maceration, reflux,
Soxhlet [4, 5] and modern methods - superfluid extraction (SFE), microwave assisted
solvent extraction (MASE) and sonication [6-9]. Microwave extraction is a very
attractive method because of the energy, solvents and time saving [10-12].

Il. Experimental
Plant material

The plant material investigated was Geranium macrorrhizum herba collected
in May 2004. The powdered dried material was extracted with CHCI; for lipophylic
compounds and chlorophyll extraction.

Extraction procedures

Bioactive compounds from 0.5 g prepared plant material were extracted
using different techniques and conditions, as presented in table 1. Each extraction was
performed for three times. The crude extract was concentrated at 5 mL and analyzed.
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Spectrophotometric analysis

The total content of flavonoids was determined spectrophotometric, as
indicated in the official method from Romanian Pharmacopoeias X for Cynarae
folium, using AICI; as colorimetric reagent [13]. The absorbance was measured at
430nm. As reference solution was used a similar sample without coloring reagent.
The calibration curve was performed in the same condition using a methanolic
solution of rutine (0.108 mg/mL) with volumes varying from 0.5 mL to 7 mL.

TLC Analysis

Thin layer chromatography was performed on Silica gel G F254 plate (Merck).
The samples were applied manual, using a Hamilton microseringe as 20uL bands.
Methanolic standard solution of rutine (Img/mL), quercetine (1mg/mL), hyperozide
(1.8mg/mL) and kaempferol (1.2mg/mL) were used for compound identification. The
plates were developed in a normal development chamber with: etil acetate — formic
acid — water, 90:5:5 (v/v), as mobile phase. Chromatographic plate was visualised at
366nm with an UV lamp after spraying with NTS reagent (diphenylboryloxyethylamin)
[14].

Tablel
Techniques, solvents and conditions used for extraction.

° Extraction Extraction conditions
El techniques/ Y; Time | Frequency [ Dutycycle| Absorbed
= Solvent extraction (mL) (GHz) (%) power
(7] (V/V) (W)
Microwave extraction

E1l MeOH 25 90s 28.05

E2 MeOH-H,0 (85:15) 25 90s 41.03

E3 | MeOH-H,0 (70:30) 25 90s 48.28

E4 | MeOH-H,O (50:50) | 25 90s 2.45 60 60.27

E5 MeOH-H,0 (30:70) 25 90s 74.55

E6 | MeOH-H,0 (15:85) 25 90s 95.62
Reflux extraction

E7 MeOH 25 30min

E8 | MeOH-H,0 (70:30) 25 30min
Maceration

E9 MeOH 25 10

days
E10 | MeOH-H,O (70:30) 25 10
days

Soxhlet extraction

E11l | MeOH | 25 | 8h | | |

lll. Results and discussions

Figure 1 show typical chromatogram of Geranium extracts obtained in
studied condition, visualized at 366nm after pulverization with NTS reagent. It were
identified kaempferol (R~=0.90), quercetin (R~=0.86), hyperosid (R=0.23) and rutine
(R~=0.07).

12
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Total content of flavonoids was determined based on calibration curve
(fig.2.) and absorbance at 430nm (table 2).

Fig.1 The typical chromatogram obtain for different Geranium extracts a) E1-E5; b) E6-E11
and standard solutions S (rutine, kaempferol, quercetine and hyperozide).

1+ y =0.1216x + 0.0163
R?2=0.9985
0.8 -
[}
o
S 0.6 -
2
S 04
G
0.2
0 ‘ ‘ ‘ |
0 2 4 6 8
Quantity (mg)

Fig.2 Calibration curve for rutine.
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Table 2.
Experimental data and total flavonoids content in studied extracts.
Sample Absorbance Quantity Quantity £ RSD(%)
(mg rutin /100g plant) (g rutin /1009 plant)

E1l a 0.206 7.780
b 0.216 8.211

c 0.196 7.389 0.747+9.88
E2 a 0.602 24.083
b 0.605 24.206

C 0.580 23.220 2.154+2.26
E3 a 0.617 24.710
b 0.608 24.340

c 0.619 24.771 2.375+6.67
E4 a 0.459 18.203
b 0.481 19.108

c 0.427 16.887 1.807+6.18
ES a 0.555 22.150
b 0.587 23.466

c 0.583 23.302 2.297+£3.12
E6 a 0.328 12.817
b 0.352 13.803

c 0.334 13.063 1.323+3.88
E7 a 0.419 16.558
b 0.403 15.900

c 0.413 16.311 1.626+2.04
E8 a 0.582 23.261
b 0.587 23.466

c 0.603 24.124 2.362+1.91
E9 a 0.357 14.009
b 0.378 14.873

c 0.365 14.338 1.441+3.03
E10 a 0.601 24.042
b 0.629 25.193

c 0.598 23.918 2.438+2.88
Ell a 0.319 12.447
b 0.326 12.734

c 0.346 13.557 1.291+4.46

techniques.

IV. Conclusions
The aim of this study was to use the microwave extraction instead classical

The first step of this study is to examine the qualitative composition of

extracts obtained with the same extraction agent. Comparing the chromatograms
of classical extracts (E8 and E10) with the microwave extract (E3), it can be
observed a similar fingerprint (fig.1.). This is a proof for no chemical interaction

between the microwave radiation and bioactive compound.
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It can be also observed that the best extraction agent, for all techniques, is the

mixture methanol-water (70:30, v/v). This solvent assures the greatest quantity of
extracted flavonoids: microwave-2.37%, reflux-2.36% and maceration-2.44% (table 2).

Consider the time and solvent saving, we can conclude that microwave

extraction is a quantitative fast techniques for extraction of bioactive compound
from vegetal matrix.
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ABSTRACT. The amide | and Ill bands are sensitive to small variations in molecular
geometry and hydrogen bonding patterns within proteins. In this paper we present
ATR-FTIR and Raman spectroscopy investigations on lyophilized bovine serum albumin,
at various pH values in the range 6.5-11. By analyzing both amides | and amide Il we
found that the decrease of a helix content is accompanied by an increase of the 3 sheet
content in the studied pH range.

INTRODUCTION. The amide vibrational bands can be described in terms
of five in-plane (C=0 stretching, C-N stretching, N-H stretching, OCN bending and
CNH bending) and three out of plane (C-N torsion and C=0 and N-H bending)
displacement coordinates. Specially, the amide | band is sensitive to small variations
in molecular geometry and hydrogen bonding patterns within proteins. This band is
due primarily to the C=0 stretching vibrations of the peptide linkages that constitute the
backbone structure of proteins, combined with small contributions from out of phase
C-N stretching and C-C-N bending vibrations. The amide | band has been extensively
used in studies of secondary structural compositions and conformational changes
of proteins [1-3]. However, a major problem in the IR and Raman study of protein
conformations is the intrinsically broad bandwidth of the amide | components that
arise from the various secondary structures. The bandwidths of these overlapping
components are often greater then the separation between the absorbance maxima of
adjacent bands. To overcome this problem, the second derivative methods are
successfully used. In this paper we present ATR-FTIR and Raman spectroscopy
investigations on lyophilized bovine serum albumin, at various pH values in the range
6.5-11, in order to compare the conformational changes reflected in the vibrational
spectra, through the amide | and Ill bands.

MATERIALS AND METHODS. The powder proteins were obtained from
Sigma and rehydrated in phosphate buffer physiological saline at a final concentration
of 10° mol/l. The pH range was adjusted and a small amount of 5 ml from each sample
was lyophilized for 30 hours at -5° C and than used as powder sample. The FT-IR
spectra were recorded in the region 4000-800 cm™ by a Bruker EQUINOX 55
spectrometer OPUS software, using an Attenuated Total Reflectance accessory with a
scanning speed of 32 cm™ min™ and the spectral width 2.0 cm™. The internal reflection
element was a ZnSe ATR plate (50 x 20 x 2 mm) with an aperture angle of 45°
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The second derivative spectral analysis was applied to locate positions and assign
them to different functional groups [3]. All second-derivative spectra, calculated with the
derivative function of Opus software, were baseline-corrected, based on the method of
Dong and Caughey [4]. Curve fitting was performed by setting the number of
component bands found by second-derivative analysis with fixed bandwidth (12 cm™
for amide | and 14 cm™ for amide 1ll) and Gaussian profile. A micro-Raman setup was
employed in order to record the Raman spectra of lyophilized powder samples. The
514.5 nm line of an argon ion laser (Spectra Physics, Model 166) was applied for
excitation. The scattered light was collected in back—scattering geometry by focusing
an x50 objective (Olympus ULWD MSPIlan50) on the entrance slit of a spectrometer
LabRam, Dilor with 1800 grooves/mm diffractive grating. The detection system consisted
of a charge—coupled multichannel detector (CCD, SDS 9000 Photometrics).

RESULTS AND DISCUSSION. Raman spectra of native BSA and at
different pH values, in the spectral range 500-1800 cm™, are presented in Fig. 1.

891
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Raman intensity/a.u.
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1027

e

| YR I U NN U N S R T IR T |
1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600

-<—  Wavenumber/cm™

Fig.1. Raman spectra of native BSA (a) and BSA at different pH values: b) 6.7;
¢) 8.1; d) 9.5; e) 11. Laser line 514.5 nm, power 100 mW.
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On comparing W|th previous Raman reports on BSA [5], the spectral region
between 1200-1300 cm ~ is poorly represented, indicating the dominant presence of
alpha-helix content. The secondary structure (a-helix,3-pleated sheet and random
coil) is observed |n the Raman spectra through the contr|but|on of the strong amide
| band (1653 cm™) and weak am|de Il band (1270 cm’ Y. The phenyl stretching
bands at 998, 1027 and 1603 cm™ are present in the Raman spectra indicating the
aromatic amino amds residues. The CH, and CHj scissoring modes are located at
1444 and 1461 cm™ respectively. In addition, bands from the side chains of some
of the amino acids residues (Tyr, Trp, Phe, etc.) are present. Besides the common
amide bands, the supplementary 17 disulphide bridges are characteristic for the BSA.
The characteristic frequenues of C-S and S-S groups are present as weak-medium
bands in the 500-750 cm™ spectral region. Comparing the spectra from Fig.1 (a, b,
c, d, e), the only one major difference observed is the presence of a new band at
1042 cm™, for the 6.7 and 8.1 pH values.

In order to study lyophilization-induced structural transitions, calculations of
the second derivative FTIR spectrum is recommended [3]. This method is objective
and alterations in component band widths, heights and positions, which are due to
protein unfolding, are preserved in the second derivative spectrum. Structural
information were obtained by analysis of the conformationally-sensitive amide | band
located between 1600 and 1700 cm™ and amide IlI located in the spectral region
1215-1335 cm™. Each type of secondary structure (i.e. a-helix, B-sheet, B-turn and
unordered) gives rise to different C=0 stretching frequencies [6, 7], and, hence,
results in characteristic band positions. The relative band areas (determined by
curve fitting) can then be used to quantitate the relative amount of each structural
component. Figure 2 show the inverted second derivative amide | of the bovine
serum albumin lyophilized from different pH. Assignments of the bands in Table |
are made on the basis of previous reported studies together with the quantitative
analysis. Fourier deconvolution, used to determine the component band positions,
reveals that the protein exhibits a major band in range 1650-1653 cm™ characteristic of
a-helical structures [3, 8]. The bands in the region 1638-1640 cm™ are expected to
be charactenstlc for native B- sheet structures, while the bands in the ranges 1660-
1667 cm™ and 1682-1687 cm™ may possibly be attrlbuted to B-turns. On the basis of
earlier IR studies [3,8], the bands from 1626-1628 cm™ are indicative of intermolecular
(antiparallel) B sheet and, according with literature, is a common IR spectral features
for both lyophilization and temperature-induced protein aggregation. Qualitative
and quantitative analysis of amide | features reveal a decrease in a-helix content
and an increasing B-sheet content with pH values.

The amide Il is a more complex vibrational mode. It mainly is the in-phase
combination of NH in-plane-bending and CN stretching with contributions from CC
stretching and CO in-plane-bending [9] depending on the details of the force field,
the nature of side chains and hydrogen bonding. The band position is very sensitive to
the secondary structure, thus a-helix is reflected in the region 1298-1315 cm™, B-sheet
in 1227-1240 cm™ and unordered structures in 12601286 cm™. The inverted second
derivative spectra of bovine serum albumin lyophilized from different pH values are
given in the Figure 3 and the assignments of spectral bands, in the Table II.
Quantitative analysis of amide Il in the studied pH region, revealed that a-helix
content decrease from 48.4 % to 42.3%, while B-sheet content increase between
36.6% and 39.7%. The results are in agreement with the qualitative and quantitative
analysis of amide | region.
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Fig.2. Curve fitted inverted second derivative spectra amide | of lyophilized Bovine Serum Albumin.
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Fig.3. Curve fitted inverted second derivative spectra amide Il of lyophilized Bovine Serum Albumin.
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Table I.
Relative Areas and Assignments of Infrared Second Derivative Amide | Band of
lyophilized Bovine Serum Albumin at different pH values

pH=6.7 pH=8.1 pH=11

v Area v Area v Area Assignment

(cm™) (%) cm™) (%) cm®) (%)

1681 5.7 1682 8.2 1681 8.5 B -turn

1660 14.2 1660 10.6 1660 12.8 B -turn

1650 40.3 1651 394 1650 36.4 a-helix

1640 22.7 1640 26.7 1640 26.8 B-sheet

1626 17.1 1627 15.2 1628 15.6 B-sheet (aggregates)

Table Il.
Relative Areas and Assignments of Infrared Second Derivative Amide Il Band of
lyophilized Bovine Serum Albumin at different pH values

pH=6.7 pH=8.1 pH=11

v Area v Area v Area Assignment
(cm™) (%) (cm™) (%) (cm™) (%)

1311 37.6 1314 30.3 1313 31.3 a-helix
1300 10.8 1304 155 1299 11.5 a-helix
1281 6.2 1285 75 1281 7.8 unordered
1260 8.6 1263 9.2 1264 9.6 unordered
1240 31.8 1242 25.4 1244 22.7 B-sheet
1227 4.8 1232 11.7 1233 17 B-sheet

CONCLUSIONS. The Raman active amide | and amide Ill mode for the
alpha-helix and beta sheet conformation appeared at the same frequency as in the
FTIR spectra. The second derivative spectral analysis and curve fitting was used to
guantitate the relative amount of each structural component. Qualitative and quantitative
analysis reveal a decrease in a-helix content and increasing B-sheet content with
pH values.
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ABSTRACT. The aim of the present work is to study by EPR spectroscopy the
behaviours of the y-radiation-induced radicals in the four beta-blockers drugs (Pindolol,
Verapamil, Atenolol and Metroprolol), to characterise the specific features of these
radicals and stability of molecular compounds, on the absorbed dose. Powder samples
of drugs irradiated to deferent doses and dose-flow until sterilisation limit (25KGy), were
used to generate dose-response curve for the radicals associated with the integral of
the EPR absorption spectrum. The effects of radiation on studied drugs are characterised
by the same processes but with different parameters of generation and destroying of
free radicals. This deference can be attributed to a much higher stability of Atenolol and
Metoprolol than Pindolol and Verapamil.

KEYWORDS: EPR, free radicals, beta-blocker drug

1. INTRODUCTION

The use of ionising radiations is one of the most promising methods for the
sterilization of solid pharmaceuticals. Therefore, the studies of effects of the high-
energy ionising radiation (gamma rays, electron beams) on the medical devices
and drugs or on foods, are increasing due to applications in the medical sterilization
and hygienic quality of foods [1,2].

The main advantage of these methods is due to high penetrating power
and the very small temperature rise induced. Radiation sterilization is used mainly
for the sterilization of heat sensitive materials and products. In that many medicinal
products and packaging materials are radiation-sensitive, this method is permissible
only when the absence of deleterious effects on the material/product has been
confirmed prior to use [3]. However, the radiosterilization produces new products,
which can induce a modification of odour and colour, to produce the chemical and
physical alterations leading to a loss of their biological activity and, even to be
potentially toxic.

These products are formed in so low concentration that the usual analytical
techniques and toxicity tests are not sensitive enough to detect them. During irradiation
of solid drugs, free radicals are formed and trapped in the matrix.

One of the most used methods to study these effects is Elctron Paramagnetic
Resonance (EPR) spectroscopy. In the study of free radicals generated by y-irradiation
in drugs, the hyperfine structure of the EPR spectrum (when it is well resolved)
provides more important information about the radical than g-value, because most
radicals detected are carbon- or nitrogen- centered radicals and the spectra
positions are almost in the same magnetic field range [4].
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This paper describes the results of experiments on beta-blocker drugs
(Atenolol and Metroprolol than Pindolol and Verapamil) by EPR, in order to detect if
they contain or can easily form stable paramagnetic species following sterilisation by
ionising radiation. The beta blockers (ex: atenolol, metroprolol, propranolol, pindolol,
verapamil) act as competitive antagonists at the adrenergic beta receptors. The
newer agents tend to be more selective for the cardiac (beta-1) receptors, which
allows for decreased systemic side effects. Most of the generic nhames for beta
blockers end with "olol". Besides being used primarily for their cardiovascular effects to
treat hypertension and postmyocardial infarction, beta-blockers are used to treat
migraine headaches, essential tremors, thyrotoxicosis, glaucoma, anxiety, and various
other disorders [5].

This drugs work by blocking beta-adrenergic substances, helping relieve
stress on the heart, slowing the heart beat, lessening the force with which the heart
muscle contracts and reducing blood vessel contraction in the heart, brain, and
throughout the body. They are commonly used to treat high blood pressure and
angina and to prevent a recurrence of heart attack. Beta-blockers block the stimulatory
effects of the neurohormones epinephrine

and norepinephrine, the so-called "fight-or- H H CH,
flight" hormones. By blocking these hormones, C2 H CZ\ é
beta-blockers reduce the stress on the heart H—N 07 C” T ONTH T CH,
and reverse myocardial remodeling [5]. — cl)H H
Pindolol

2. EXPERIMENTAL

The beta-blocker drugs (drugs peo (CH,),
(Atenolol, Metroprolol, Pindolol and Verapamil) N—CH, MeO
were exposed to y-irradiation from a *Co (CH,)/ CH
source (SIGMA gamma source from Institute MeO 23 MeO
of Nuclear Research, Pitesti) give a compact
and uniform density of radiations and a H,C—CH
different dose rates (2.48 kGy/h — 4.56 kGy/h). CH,

Powder samples of drugs irradiated Verapamil
to deferent doses and dose-flow until sterili-
sation limit (25KGy), were used to generate H O\H
dose-response curve for the radicals associ- H.C_H N /E\C/O
ated with the integral of the EPR absorption "*~~¢” & 7 NH,
spectrum. EPR spectra were RECORDED ‘CH 2
WITH A “ADANI PORTABLE EPR Spec- $ ¢]
trometer PS8400”, operating in the X-band Atenolol
(9.1GHz — 9.6GHz) equipped with a computer H
acquisition system. The computer simulation OH .. _OMe
analysis of the spectra was made by using H (‘:\ Je) ~C
POWFIT program that is available to the H3C\E/N\C/H ﬁ \©/ H,
public through the internet (http:/alfred. | H, 2
neihs.nih/LMB) for obtaining the magnetic CH,
characteristic parameters. The structural Metroprolol
{r?r?iglis of studied samples are presented Fig. 1. Chemical structures of irradiated

samples

24



EPR STUDY OF RADICALS KINETICS IN SOME y —-IRRADIATED BETA-BLOCKER DRUGS

3. RESULTS AND DISCUSSIONS

Non-irradiated and irradiated samples were analysed by EPR spectroscopy.
Only non-irradiated polycrystalline sample of Atenolol and Metroprolol exhibit some
weak and unresolved EPR signals By vy-irradiation were generates free radicals
detectable for all examined samples.

The singlet character spectra of Pindolol and Verapamil cannot be interpreted,
due to low resolution. They exhibit a linewidth of 14.5 G which reflect the random
orientations of the radicals with regard to the magnetic and a broadening mechanisms
contribution by dipolar and spin-spin interactions. The total spectrum represents a
sum of spectra corresponding to all free radicals simultaneously present in the
sample, dominated by a broad central line. However, the broad signal observed is
characteristic for free radical trapped in a solid matrix [6]. The value of the isotropic
g-factor of go=2.0051, is characteristic for carbon- or nitrogen-centered radicals [7].
Moreover, a good agreement between experimental and simulated spectrum was
obtained assuming the existence a two radical species (Fig. 2a, 2b). For Pindolol
the magnetic parameters obtained by simulation was one free radical with ay=25.9G
couplated with three protons with ay=14.6 G (radical centered on nitrogen) and
another radical due to a unpaired electron unlocated on the aromatic ring with
hyperfine constant a=17G couplated with three protons having ay=3.8 G.

experimental spectrum

simulated spectrum

3250 3300 3350 3400 3450 3250 3300 3350 3400 3450
B(G) B(G)

(€Y (b)

simulated spectrum

3250 3300 3350 3400 3450 3250 3300 3350 3400 3450
B(G) B(G)

(© (d)

Fig. 2. Experimental and simulated EPR spectra: (a). Pindolol, (b) Verapamil,
(c) Atenolol, (d) Metroprolol
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The presence of hyperfine structure of EPR spectra of y-irradiaed Atenolol
(especially) and Metroprolol (Fig.2c and 2d) is due to the most probable changes in
the reorientation of imidazolic group versus carbazolic group and breaking the bond
between carbon and nitrogen. Such, the free radicals generated by irradiations, can be
localized in different local conformations of molecular structures giving rise to
nonequivalent magnetic species. The EPR spectrum of Atenolol has been attributed to
the superposition of spectra of two radicals The first radical gives rise a triplet
centered at g=2.0031 with 9.8 G peak-to-peak line width and is due to two
equivalent protons with hyperfine coupling a;(H)=a,(H)=16.3 G. This radical, in
very good agreement with the isotropic coupling generally found for carbon

centered m-radicals, is of the form R —CH, and can be produced by removal of

hydrogen from methyl group. For the second radical assumed, the unpaired
electron can be located on nitrogen atom from imidiazolic group, giving rise a
characteristic hyperfine splitting with a(N)=16-18G and g=2.009 [8].

Verapamil

D
D55 KGy/h
dt

D46 KGy/h
dt

L I I I )
3280 3300 3320 3340 3360 3380 3400 3420
B (G)

Atenolol

L 1 1 1 1 1 1 1
3280 3300 3320 3340 3360 3380 3400 3420
B (G)
Fig.3. EPR spectra of y-irradiated verapamil and atenolol at different dose rates
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Due to the large values of line-widths it is very difficult to obtain the g and A
parameters from experimental spectrum of Metroprolol. By computer simulation
assuming two radical species the almost same characteristics like Atenolol, was
observed. Their magnetic characteristics are situated in the same range as
Metroprolol.

With the aim of study the influence of free radicals production with the
different gamma dose rates of irradiation, we analysed the relative quantity of free
radicals at absorbed dose of 25 kGy, but at two dose rates: 2.5 kGy/h and 4.6 kGy/h.
The response factor to quantify the radicals is the normalised double integration of
the whole first-derivative EPR spectrum. The radical concentration is proportional
to the area of the double integrated curve. In figure 3 we show a comparison between
EPR signals intensity of irradiated Verapamil and Atenolol (the most significant drugs)
at two dose rates. We observed, that an larger dose rates gives an increases of the
signal intensity.

4. CONCLUSIONS

The magnetic parameters corresponding to each radical were obtained by
simulation of the spectrum. A good agreement between experimental and simulated
spectrum was obtained by simulation with two radical species.

From the analysis of the EPR signal dependence on the dose rate, it can
be concluded that y-irradiation causes an increase in the amount of this radical in
samples. We suggest that dose-rate irradiation could be an informative tool for the
study of kinetics of formation and recombination of the free radicals generated by
high-energy ionising radiation

The effects of radiation on studied drugs are characterised by the same
processes but with different parameters of generation and destroying of free
radicals depending on the radiosensitivity and on the dose rates. This deference
can be attributed to a much higher stability of Pindolol and Verapamil than Atenolol
and Metoprolol (more radiosensitive).
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ABSTRACT. The geometries and proton hyperfine coupling constants of several
glycine radicals have been determined using the density functional theory. All
calculations were performed with the B3LYP hybrid functional in combination with
various basis sets. Theoretical results have been compared with the experimental
available data from EPR/ENDOR studies. In this paper we have investigated the
structures of the five a-glycine radicals proposed in a recent paper by A. Sanderud

et al. (J. Phys. Chem. 1998, 102, 9353 ): NH 3 -CH-COO" (radical 1), CH,—~COO

(radical 1), Hz N-CH-COOH (radicals IIl and IV), H N-CH, -CO-CH-COO" (radical
V), the structure of the nitrogen centered Tt radical detected by J. Sinclair:

H,N*=CH, -—COO~ (Sinclair, J.; J. Chem. Phys., 55, 1, 1971) and the
structure of the new radical reported previously by M. Brustolon et al. : NH, —CH>
(J. Phys. Chem. 1997, 101, 4887). Our calculations do not confirm the structure
proposed by these later authors but support the structures proposed by Sanderud
et al. for radicals I, Il, Il and IV. Also, the calculated couplings do not match those
assigned for radical V .

1. Introduction

The ab initio methods for hyperfine couplings calculations have proven to
be unpractical and expensive for large molecules because of the extensive CPU
time. Lately, the development of DFT methods offered an excellent alternative for
calculation of hyperfine parameters. Many recent papers confirmed an improved
accuracy and agreement with the experimental data, especially when using Becke’s
exchange and Lee-Yang-Parr's correlation functionals [1-3]. Also DFT techniques
require less computational time then ab initio methods.

a-glycine is the simplest amino acid from the series of 20 amino acids that
enter the structure of proteins and therefore the study of its properties and behavior
after irradiation is both of theoretical and practical importance. Ab Initio studies on
the glycine molecule itself have been performed by Vishveshwara and Pople [4]
and by Jensen and Gordon [5], aiming the complete analysis of the conformational
potential energy surface of this molecule. Some theoretical investigations were
carried upon glycine radicals in gas an liquid phase [6-9] and recently also in
crystal phase [10]. Despite its simplicity, this amino acid gives rise to a variety of
radicals, depending upon the temperature at which the irradiation was performed
(low temperature or room temperature). In 1964, from ESR experiments on a-glycine
crystals y-ray irradiated at room temperature, two radicals have been identified [11]:

the oxidation product NH 3 -CH-COO (radical 1) formed by net hydrogen abstraction
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from the central carbon atom and the reduction product CH,—COO(radical II)
formed by net deamination. The existence of these two radicals has been confirmed
by subsequent studies [12-15] In 1997, the presence of a new radical stable at
room temperature was detected from HF-EPR spectra (radical Ill). Brustolon et al. [14]
identified radical Il with the decarboxylation product of the primary radical anion:
NH, —CH,. In 1998, Sanderud et al.[15] also observed the resonance due to this
species but assigned a different structure for radical ll: H, N-CH-COOH. In addition
they characterized two new-detected radicals, suggested to be a geometrical conformer

of radical Ill (radical IV) and a dimer product: H 3 N-CH, —-CO-CH-COO' (radical V).

2. Computational methods

All calculations were performed using the GAUSSIAN 98 program [16]. Both
geometry optimization and hfcc’s calculations were performed using B3LYP hybrid
functional combining Becke's three parameter exchange functional and Lee, Yang
and Parr’s correlation functional. As it was ascertained by several previous papers
regarding radicals investigation through DFT [17], the best agreement between
calculated and experimental hfcc’s values was achieved when using B3LYP hybrid
functional in combination with 6-31+G(d) or 6-311+G(d) basis sets.

3. Results and Discussion
3.1. Radical |

The presence of radical I, NH 3 -CH-COO', was reported both in low-temperature

[18] and room-temperature irradiated glycine crystals [15]. Earlier studies [19]
established that, at room temperature, the amino protons are rotating freely and
therefore the associated couplings are rotationally averaged. At low temperature,
when the amino protons are locked into one position, another two couplings were
measured and they were associated with two of the three B-protons. Being very
small, the coupling due to the third proton couldn’t be identified in these spectra.
Both geometry optimization and hfcc's calculations were performed using
the B3LYP hybrid functional in combination with several basis sets.. During the
optimization procedure, a proton transfer occurs from the amino group (H8) to the O1

oxygen atom. Consequently, we have
performed a full optimization upon the original
structure of the radical in the presence of a
solvent (water) using the Onsager solvent
model. The optimized radical displays a planar
structure, excepting the H6 and H7 amino
protons. The dihedral angle between H8-N5-
/4 C3-C2 equals 0.1° meanwhile the dihedral
4 O Hs angles for the two others amino protons are
121.4° and —121.3°. In this case, the bond
Fig.1. Optimized structure of a-glycine lengths of the H6 and H7 amino protons are
radical | at B3LYP/6-311+G(d) 1.035 A and 1.027 for the H8 proton.. Figure 1.
level of calculation shows the optimized structure of radical | at
B3LYP/6-311+G(d) level of calculation.
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The best theoretical results, in agreement with the hfcc's experimental
values determined by Sanderud et al., are those obtained at the B3LYP/6-311+G(d)
level of calculation. In this case, the standard deviation from the experimental data is
less than 3% for the a-proton coupling and about 5% for the averaged amino protons
couplings. The calculated and available experimental values for the hyperfine coupling
constants of the a-proton H4 and amino protons H6 and H7 are shown in table 1.

For the third amino proton’s isotropic coupling we found a small value of
2.09 MHz, in accordance to the fact that, because its small value, this coupling
couldn’t be identified from EPR/ENDOR spectra. We have also observed that the
averaged value for the isotropic couplings of the amino protons, 51.88 MHz, is very
close to the experimental value of 49.07 MHz measured at room temperature.
Therefore we suppose that both at low and room temperature the radical keeps the
same conformation.

Table 1.

Experimental and calculated hyperfine coupling tensors in a-glycine
radical | at B3LYP/6-311+G(d) level of calculation*. All values are
in MHz (' a) [15]; * solvent model; n.a.-not available)

Calculated Experimental ®

Aiso B11 Al Aiso B11 A1

B2z Az B2 Az

Bss Aszz Bss Azz

C2 -30.58 5.29 -25.29 n.a. n.a. n.a.
3.26 -27.32
-8.55 -39.13

C3 96.54 154.46 251 n.a. n.a. n.a.

-75.75 20.79
-78.71 17.83

H4 -61.85 40.19 -21.66 -63.72 31.94 -31.94

-4.44 -66.29 1.85 -61.87
-35.74 -97.59 -33.80 -97.52
N5 -8.65 0.44 -8.21 n.a. n.a. n.a.
0.09 8.56
-0.53 -9.18
H6 76.71 10.6 87.31 62.91 10.66 73.57
-4.71 72.0 -4.07 58.84
-5.89 70.82 -6.60 56.31
H7 76.84 10.59 87.43 83.05 10.65 93.70
-4.70 72.14 -4.80 78.25
-5.89 70.95 -5.86 77.19
H8 2.09 9.90 11.99 n.a n.a n.a
-4.37 -2.28
-5.54 -3.45
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After the geometry optimization, single point hfcc’'s calculations were
performed using the 6.311+G(d) basis set, by rotating the amino group around the
N5-C3 bound axis over 180°, in steps of 18°. The angular variation of the amino
protons hfcc’s upon rotation is shown in figure 2. which proves the typical  character
of these protons: the isotropic couplings of the B-protons may vary considerably
between 10 MHz and 140 MH.

120
100 -

[e'e]
o
I

—e—H6

e —-—H7

hfcc's (MHz)
N A O
o O oo
Ne

0 18 36 54 72 90 108126144162 180

angle (degree)

Fig.2. Angular variation of the H6, H7 and H8 hfcc’s upon rotation
of the amino group around N5-C3 bond axis in a-glycine radical |

3.2 Radical Il

Radical 1l, CH,—COO", was detected as a stable species only in room-
temperature irradiated crystals of a-glycine. The provenience of this radical is
related to the deamination reaction of the glycine anion radical, probably followed by
deprotonation. As this species was not detected in low-temperature irradiated crystals,
it was assumed that, in this case, the radical decomposes at room temperature
[18]. From ENDOR spectra of a-glycine crystals measured at 100 K two hyperfine

Fig.3. Optimized structure of a-glycine radical Il
at B3LYP/6-31+G(d) level of calculation

couplings were assigned to
radical Il, due to the interactions of
the methylen protons [15]. At room
temperature, because of the
methylen’s fast rotation, these two
protons are equivalent. The hfc
tensors were previously calculated
by Teslenko et. al. [20].

The optimized structure of
radical Il is shown in figure 3. The
two a-protons are slightly twisted
from the radical plane: the dihedral
angles between H5 and O1 and H4
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and O1 are about —18.6° and 161.1°. As can be seen from table 3, 6-31+G(d) basis
set gives excellent agreement with the experimental average value of -59.05 MHz
for the isotropic part of the hfc tensor. The calculated (B3LYP/6-31+G(d) level of
calculation) and available experimental values of the hyperfine coupling constants
for the two a-protons are displayed in Table 2. Adding a set of diffuse functions to
the 6-31G(d) basis set improves the result but additional polarization functions do
not lead to further improvements.

Table 2.

Experimental and calculated hyperfine coupling tensors
in a-glycine radical Il at B3LYP/6-31+G(d) level of calculation
(all values are in MHz) (a)[20]; n.a.-not available)

Calculated Experimental 2
Aiso B11 A1 Aiso Bi1 A1
B22 A2 B22 A2
Bss As3 Bas Asz3
4.34 -25.63
C2 -29.97 2.41 -27.56 n.a. n.a. n.a.
-6.75 -36.72

127.65 237.33
C3 | 109.68 -63.58 46.1 n.a. n.a. n.a.
-64.07 45.61

35.51 -21.76 32.2 -26.4
H4 | -57.27 -2.62 -59.89 -58.6 1.7 -56.9
-32.89 -90.16 -33.9 -92.5
35.51 -21.92 335 -26.0
H5 | -57.43 -2.61 -60.04 -59.5 0.4 -59.1
-32.9 -93.33 -34 -93.5

3.3. Radicals Ill and IV

In this paper we investigate both the structures proposed for radical Il by
Brustolon et al. (NH, —CH, ) and by Sanderud et al. (H, N-CH-COOH). The geometry
optimization and hfcc's calculations were performed at B3LYP/6-311+G(d) level.
The isotropic couplings calculated for the first structure are significantly different
from those reported by the authors: -31.32 MHz for the CH2 protons instead of
-20.2 MHz or —18.8 MHz, and 6.35 MHz for the NH2 protons instead of 25 MHz.

Sanderud et al. correlated the resonance due to this radical in EPR/ENDOR
spectra with a different structure: H, N-CH-COOH. They proposed the existence of
two geometrical conformers for this product: radical 1ll and radical IV which have
the same structure, but different conformations. The optimized structure of radicals
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Il 'is shown in figure 4. The hyper-
fine couplings corresponding to the
o and amino protons of the optimized
structure are considerable different
from the experimental ones. Yet,
Sanderud et al. reported nonplanar
conformations for both radical Il and
/] IV. Rotating the C-H, bond around the
Q C3-C2 bond axis, we found suitable
values for the isotropic coupling of the

o-proton corresponding to a dihedral

Fig. 4. Optimized structure of a-glycine radical angle between H4, C3, C2 and O1
Il at B3LYP/6-311+G(d) level of calculation atoms of 120° for radical Ill and of

127° for radical IV. The isotropic
values calculated in this case are about —24.39 MHz instead of —24.62 MHz for
radical Ill and —30.29 MHz instead of —30.15 MHz for radical IV. However, the
isotropic couplings for the amino protons are far from being adequate.

Single point calculations were performed by modifying the corresponding
dihedral angles. The best fits were obtained for dihedral angles between H6-N5-
C3-C2 of 175° and between H7-N5-C3-C2 of -30° (radical Ill) respectively 177° and -8°
(radical 1V). The corresponding isotropic couplings are: -13.34 MHz and —-17.87 MHz
for radical Ill (-15.46 MHz and —16.87 MHz experimental values) and —10.18 MHz and
—13.34 MHz for radical IV (-16.79 MHz and —18.05 MHz experimental values).

H4

3.4. Radical V
In their paper, Sanderud et al. also reported the detection of another new

radical, radical V, suggested to be a dimer product: H}N-CH, —-CO-CH-COO"

formed by water elimination between radical 1l and a neighboring glycine molecule.
For this species, the authors have determined one hyperfine coupling tensor
corresponding to the a-proton of C10, with an isotropic coupling of —47.99 MHz.
Ho Yet, our calculations at B3LYP/6-
* 0“0 311+G(d) level do not agree
‘ with the experimental results.
The isotropic coupling value of
-19.99 MHz is significantly
different from the reported value
of —47.99 MHz. Single point
: H13 o1z calculations upon rotation of the
U a-proton around C10-C11 bond
axis did not lead to any
considerable improvement. The
optimized structure of radical V
is shown in Figure 5.

Fig. 5. Optimized structure of a-glycine radical V
at B3LYP/6-311+G(d) level of calculation
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3.5. The nitrogen centered Ttradical

Fig. 6. The X-ray diffraction obtained structure
of the a-glycine nitrogen centered Ttradical
(NH2 group planar)

The presence of this radical
was first reported by Sinclair in 1971
in 77 K a-glycine spectra, warmed to
110 K and measured at 100 K [18].
Nunome et al. [21] reinvestigated the
presence of this radical in the spectrum
of a-glycine irradiated and measured at
77 K and they established that, at this
temperature, the radical preserves the
framework of the undamaged molecule,
excepting the planarity of the NH,
group. Because it was suggested that
the radical preserves the structure of the
undamaged molecule, all calculations
were performed upon the X-ray diffraction

obtained geometry of the a-glycine molecule. The NH, group was made planar by
imposing the dihedral angles between H;, Ng, C3, C, and Hg, Ng¢, C3, C, at the
values of 180° and respectively 0° (figure 6). Single point calculations at B3LYP/6-
31+G(d) level were performed by rotating the NH, group around the C;-Ng bond
axis in steps of 18°, from 0° to 180°.

Table 3.

Calculated and available experimental values
for the hyperfine coupling constants in
a-glycine nitrogen centered ttradical at
B3LYP/6-31+G(d) level of calculation.

The best agreement
with the experimental data
for the CH, protons (24.36 G
and 17.78 G) was achieved
when the amino group was
rotate with 8° around the Cs-
Ne bond axis; yet the hyperfine

Atom Calculated (G) Experimental (G) coupling values for the amino

aiso B aiso B protons differ significantly

from the experimental ones

Ny B IS R 7° (-11.28 G and -10.77 G),
4 -1. . -1. .

217 2.9 probably dge to theT mflgence

Hs 3232 353 8-14 - of the neighbouring intact

-0.87 molecules via the hydrogen

-2.66 bonds. Therefore we have

13.68 22.25 23.0 considered 2 glycine mole-

Ne -11.25 14.8 -11.2 cules corresponding to the

-11.00 -11.8 hydrogen bond of 1.83 A and

-18.88 | -13.27 8.6 2,12 A between the oxygen

H7 14;3(;52 -21.2 'g'é atoms of the glycine molecule

1784 13 16 4:7 and_ the amino protons of the

He 432 | 211 1.7 radical (H; and He). Single

17.48 29 point calculations upon this

system proved a significant

35



RALUCA MARCU, VASILE CHIS

improvement in the isotropic hyperfine values for the amino protons but the
corresponding values for the CH, protons deteriorated (Table 3).

Conclusions

In the present study, we have calculated the hyperfine coupling constants
through the use of density functional theory for some of the radiation products of a-
glycine irradiated at room temperature.

On the basis of the excellent agreement obtained between the calculated
hfcc’s and the available experimental values we confirm the structures proposed for
a-glycine radicals | and Il: NH } -CH-COO™ and respectively CH,—COO". Regarding
the structure of radical lll, relying on our results, we support the structure proposed
by Sanderud et al. H, N-CH-COOH instead of that proposed by Brustolon et al.:
NH, —-CH,. Anyway, we suppose that the slightly different values for the amino
couplings are related to the matrix effects and to the reorientation of the radical
molecule in the crystal matrix. Regarding the nitrogen centered mtradical our results
indicate that its structure does not change significantly from the undamaged glycine
molecule, except the planarity of the amino group which slightly rotates around the
Cs-Ng bond axis. Yet, the hfcc's of the a and [3 protons are extremly sensitive to the
matrix effects and therefore more complex calculations are required. Finally, the
calculated isotropic couplings of the radical V do not match the experimental results

assigned to this dimeric structure by Sanderud et al., H} N-CH, -CO-CH-COO", the

difference between calculated and isotropic values being considerable. Yet, recently,
Ban et al. [10] have also investigated the radiation products of a-glycine and their
results indicate that the radical V is more likely in nonzwitterionic form.
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ABSTRACT. The study of formation and reaction of some radicals generated via
Fenton reaction in the presence of cetearyl alcohol and lauric acid, using a commonly
encountered nitrone spin trap, N-t-Butyl-a-phenylnitrone (PBN) releave that HO radicals
are not the dominant reactant at all. Possibly hydroxyalchyl radicals were generated in
situ due to attack of hydroxyl radical on the long chains alcohols and/or from acetone. A
relatively stable PBN-trapped species with spin label characteristics, was observed after
seven days.

Introduction

Free radicals are chemical species that possess an unpaired electron in
the outer shell of the molecule. In principle, they can be generated both in-vivo and
in-vitro by three main mechanisms: (i) homolytic cleavage of a covalent bond, in
which a normal molecule fragments in two, each fragment retaining one of the
paired electrons [1, 2]. This mechanism occurs less commonly in biological systems,
because it requires high-energy input from ultra-violet light, heat or ionising radiation,
(ii) loss of a single electron from a normal molecule and (iii) addition of an electron
to a normal molecule.

The fact that they have open shell configuration are unstable, short-lived,
and highly reactive with low chemical specificity; i.e. they can react with most
molecules or atoms in its vicinity and new radicals are created beginning a chain
reaction. Reactions involving free radicals are usually divided into three categories:
initiation, propagation, and termination. Initiation reactions are those which result in
a net increase in the number of free radicals. They may involve the formation of
free radicals from stable species or they may involve reactions of free radicals with
stable species to form more free radicals . Propagation reactions are those
reactions involving free radicals in which the total number of free radicals remains
the same. Termination reactions are those reactions resulting in a net decrease in
the number of free radicals. Typically two free radicals combine to form a more
stable species.

A fundamental fact about free radicals is that the unpaired electrons in their
outer shells do not affect the charge on the resultant molecule [3,4]. Thus, free
radicals can be negatively charged, positively charged or electrically neutral. This
is because charge is concerned with the number of negatively charged electrons in
relation to the positively charged protons whereas free radicals are related only to
the spatial arrangement of the outer electron. The unpaired electron may have
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been gained on top of a neutral molecule making it negative; alternatively, it may
have resulted from the loss of an electron from the same molecule resulting in a
positive charge. Likewise, if the original molecule were not neutral to begin with the
addition or removal of an unpaired electron would result in a neutral charge.

The increase of interest in the role of free radicals in the chemical proceses
and pathogenesis of disease had led to an increased need for techniques to measure
free radicals and their reactions in vivo [5, 6]. The fact that in free radicals, the
unpaired electron is involved, these species are paramagnetic, thus the most used
method for detecting free radicals is electron paramagnetic resonance spectroscopy
(EPR). When an unpaired electron in a magnetic field interacts with a nuclear spin,
the spectrum splits into two or more lines, which produce hyperfine structure in the
spectrum. The splitting of the spectrum is expressed in terms of a hyperfine coupling
constant (A value in G or mT units), and the relative position of the spectrum is
expressed by the spectroscopic spliting factor (g value, dimensionless).

There exist two posibilities to use EPR spectroscopy in detection of the free
radicals, depending on the they mobility and on the phase of the system in which
are generated. In case of solid systems, free radicals can be detected directly due
to low capacity to combine [7].

In the liquid or gas phase two several problems arise when considering
measurement of free radicals: First the ultra-short half-life of these radicals (usually
measured in microseconds). Second any free radicals produced in vivo react at or
close to their source of formation. Therefore it is necessray to use a diamagnetic
reagent named “spin trap” and to produce, a relatively persistent product radical
“spin adduct” which can be studied by conventional EPR (indirect detection) [8-10].
The intensity of the spin adduct EPR signal corresponds to the amount of short-
lived radicals trapped, and the hyperfine splittings of the spin adduct are generally
characteristic of the original, short-lived, trapped radical. A third problem is that many
of these end products are in themselves reactive although to a lesser degree. Free
radicals attack aromatic compounds and therefore the nitrones can be used to
react with transient radicals to form longer-lived nitroxides (spin trapping). The
nitrone spin trap is widely used to provide evidence for the involvement of free
radicals in many biological and chemical reactions.

One of the most studied free radical species is hydroxil radical. The
hydroxyl radical is an extremely reactive oxidising radical that will react to most
biomolecules at diffusion controlled rates, which means that reactions will occur
immediately with biomolecules [11]. The hydroxyl free radical is important in
radiobiological damage and is several orders of magnitude more reactive towards
cellular constituents than superoxide radicals (and many orders more reactive than
hydrogen peroxide).

Materials and Methods

A solution of 1 mM ferrous sulfate in water with molar extinction coefficient
of 43.6 M cm™ at 240 nm, has been deoxygenated using nitrogen bubbling. The
hydroxyl radical was generated by addition of 1 mM Fe®* to the reaction mixture.
(Fenton reaction). The spin trap N-t-Butyl- a-phenylnitrone (PBN) was solved in
acetone. The hydrogen peroxide was conditioned as a 6% oxi cream with EDTA,
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cetearyl alcohol and lauric acid (CH3(CH;)10COOH). Cetearyl alcohol is a mixture of
fatty alcohols consisting predominantly of cetyl alcohol (CH3(CH,);4CH,OH) and
stearyl alcohol (CH3(CH,);CH,OH).

Samples were measured using 20 mm length, 1 mm inside diameter quartz
capillary.

EPR spectra were recorded at room temperature with a PORTABLE EPR
SPECTROMETER, PS 8400, Resonance Instruments Inc., operating in the X-band
(~9.5 MHz) and equipped with a computer acquisition system. The spectrometer
settings used for the experiments were as follows: modulation frequency, 100 kHz;
modulation amplitude 2x10°% sweep width, 100 G; sweep time, 300 s; receiver gain
5x10° ; number of data points, 4096.

Results and Discussion

We have investigated the formation and reaction of some radicals generated
via Fenton reaction (Scheme 1) in the presence of cetearyl alcohol and lauric acid,
using a commonly encountered nitrone spin trap, N-t-Butyl- a-phenylnitrone (PBN).
The classical Fenton mechanism predicts that hydrogen peroxide is reduced at the
iron center with generation of free hydroxyl radical [3]. The reaction has the same
pattern when even ligands are included:

Fe” . Hy0,— > Fe'® +OH ™ + *OH
Fe(H,0)6™2 + Hy0, > [Fe(H,0)sOH|"+ OH ™ + OH
Scheme 1.

The nitrones used as spin traps, N-t-Butyl- a-phenylnitrone (PBN) is a
stable compound and forms relatively long-lived spin adducts with various types of
radicals as in Scheme 2.

H,C. CH,
H,C. CH,
~CH, o
_N. 0 4R —> 5
N<
H RO
H
PBN PBN/Re

Scheme 2. Formation of spin aduct with PBN

Experiments in the presence of the spin trap gave complex results (Fig. 1).
From spectra analysis by computer simulation, it can be concluded that HO radicals
are not the dominant reactant at all (Fig. 1). Possibly hydroxyalchyl radicals were
generated in situ from acetone. We assume that an attack of hydroxyl radical on
the long chains alcohols was also employed. One of the most important drawbacks
of this nitrone is that the EPR spectra of the various amin-oxyl spin adducts are not
very characteristic of the radical trapped [4]. The difference in the EPR signal total
width of methyl, hydroxyethyl and acetyl radical spin adducts of PBN (PBN-CHs,
PBN-CH(OH)CHsze, PBN-COCHz3e respectively) can be evaluated only by computer
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simulation. A direct evidence of characteristic different spin adducts can be,
probably, observed by NMR spectroscopy after the reduction of the species to the

corresponding hydroxylamines.

The Fe?/EDTA/H,0, hydroxyl radical generating system produced the
hydroxyl radical spin trap PBN-OH (Ay = 15.2 G, ay = 3.2 G). The PBN-OH adduct

3340 3360 3380 3400

Magnetic Field (G)

3300 3320

Fig. 1. EPR spectrum of. spin-aduct-PBN in Fenton
reaction was solved in acetone and conditioned with 6%
oxi cream with EDTA, cetearyl alcohol and lauric acid

Time (days)

signal was less intense after few
days (Fig. 2). A relatively stable
PBN-trapped species PBN-R,
where R denotes an unknown
radical, was observed. The EPR
signal from PBN- R decays slowly
over the course of several days.
The adduct had hyperfine splitting
constants of Ay = 15.8 G and
ay = 2.9 G corresponding to
neither PBN-OOH nor PBN-OH
most probably due to PBN-CHjs
trapped in the solid matrix.
During evaporation of the acetone
the EPR spectra resambles more
to a spectra of stable nitroxide
radicals (where R=CHj; in the
scheme 2).

. ._..JW

3320 3340 3360

3380

3400

Magnetic Field (G)

Fig. 2. EPR spectra of free radicals generated in complex Fenton reaction using spin
trapping PBN during acetone evaporation

42



EPR SPIN TRAPPING INVESTIGATION OF RADICALS GENERATED IN THE COMPLEX FENTON REACTION

Conclusion

The Fenton reaction in complex systems generates different radicalic species.

The nonspecific spin trap N-t-Butyl- a-phenylnitrone (PBN) is able to trap
some species. Beside the well-known OHe radical, EPR spectra shown the existence
of some carbon centered radicals, such CHze, CH(OH)CHs¢, COCHa;e* giving the
related spin adducts. The obtained spin adducts have specific features expressed
by different living-times. Thus, during the EPR measurements, we observed a time
dependence of the spectral characteristics and signal intensities. We assumed that
the longest life time spin adduct, has the structure PBN/CHgze, due to similar
structure and magnetic parameters with a stable spin label.
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ABSTRACT. B-Cyclodextrin (3-CD) was used as a “host” molecule in molecular
incapsulation of Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidin-N-oxyl). The inclusion
complex tempol: B-CD was prepared in ethanol, using the slurry method. The complex
was separated and monitored in reaction with ascorbic acid through EPR spectroscopy.
The changes of the paramagnetic centers from the mixture, in the EPR spectra, depend
on the disposition of Tempol's molecules related to cyclodextrin’s cavity. An estimation
of the stable free radical Tempol simultaneously performed by electron paramagnetic
resonance (EPR) and visible spectrophotometric reduction is also reported.

Keywords: B-Cyclodextrin, ascorbic acid, EPR spectroscopy, Tempol

1. Introduction

Cyclodextrins (CD) are chemically and physically stable molecules formed
by the enzymatic modification of starch with empirical formula (CgH;00s); and is
basically a carbohydrate. There exist three main types of the cyclodextrins, namely:
a-CD, B-CD and y-CD, with different inner cavity size 5.7 A, 7.8 A and 9.5 A
respectively.

B-CD’s are oligosaccharide consisting of seven a(1-4)-linked D-(+)-glucopyranose
units. It is cyclic compound obtained by enzymatic fermentation of starch. It has the
form of short truncated con with the wide and the narrow rims occupied by the
secondary (2- and 3-OH groups) and primary (6-OH groups) hydroxyls groups,
respectively. The central cavities of these molecules are hydrophobic in nature, but
the external faces are hydrophilic [1]. B-CD is known because of their ability to form
inclusion complexes with a wide variety of molecules, based on physical fit and
chemical affinity [2]. We prepared inclusion complexes $-CD — Tempol.

In this paper we studied if the complex cyclodextrine-nitroxide radicals are
formed and what are the rate of antioxiding of inclusion complex using EPR
spectroscopy. As antioxidant agent we have used ascorbic acid. Ascorbic acid, or
ascorbate, is an antioxidant because of the high reducing potential of its carbon-
carbon double bond, which readily donates one or two hydrogenous and electrons
to a variety of oxidants, including oxygen free radicals, peroxides, and superoxide.
It has been known that nitroxides strongly react with ascorbic acid giving raise to
unparamagnetic species [3-5]. By EPR spectroscopy we monitoring the changes of
the EPR spectra in the reduction with ascorbic acid of the paramagnetic center.
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2. Experimental

Tempol (2,2,6,6-tetramethyl-4-hydroxypiperidine- oxyl) obtained from Fluka
(p > 97%), B-CD and ascorbic acid were used without any treatment in advance.
The ethanol used as solvent was analytically pure. Inclusion complexes were prepared
in ethanol with excess of Tempol by slurry method [1]. The compounds were
precipitated and then they were collected by filtration. The filtration was performed
into a quartz tube in which it was fixed a frit disc.

To avoid sedimentation, the suspension obtained was rapidly injected into
the tube. The precipitate from the disc was washed with ethanol and then it was
analyzed by EPR Spectroscopy.

EPR spectra were registrated at room temperature with the aid of a X band
(~9.5MHz) RADIOPAN ESR spectrometer (National R&D Institute of Isotopic and
Molecular Technologies, Cluj-Napoca) with a field modulation of 100 KHz. Plotted
data stored in graphics spectra, were digitized using freely distributed TRACER 1.2
program written by Marcus Karolewski (karolewski@alum.mit.edu).

The computer simulation analysis of the spectra was made by using
WINSIM2002 program that is available to the public through the internet
(http://alfred.neihs.nih/LMB) for obtaining the magnetic characteristic parameters.
The variation of the relative concentration of radical species were obtained through
double integration of the experimental spectra.

The spectrophotometric measurements in the region 12 500-30 000 cm™
were performed with a SPECORD UV-VIS (Carl-Zeiss, Jena) spectrophotometer
using standard 5 cm quartz cells.

3. Results and Discussions

We suppose that there are many possibilities for attach the radical: with
oxyl group into the cavity of B-CD, with hydroxyl group into the cavity of B-CD and
the third case when Tempol’'s molecules don’t penetrate the cavity so they are
adsorbed at/on the surface of B-CD molecules.

To evaluate the ability of B-CD to bind Tempol's molecules the solution
obtained after the filtration was analyzed. The quantity of Tempol that was bind was
determinate using the UV calibration curve for Tempol (A=244nm) The electronic
spectrum of TEMPOL in the visible region is characterized by an absorption maximum
and its intensity was chosen as a measure of the free radical concentration (Fig.1.).

20+
0.8+ 18 m  Experimental
T Linear fit
16F  y=0.1923x+0.0226
0.6+ Tempol 4*10"M © 14 R’=0.9997
) @ L4r
(8]
c S 12}
8 04 e
2 = 10l
5] I}
@ @
< 02 -2 081
0.6
0.0+ 0.4}
T T T T T T T T T 02 : y - - .
180 200 220 240 260 280 300 320 340 360 2 4 6 8 10
Wavenumber (nm) Concentration (mol/l)*10™
a) b)

Fig. 1. Tempol's UV spectrum (a) and calibration curve (b)
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We obtained that the molar ratio 3-CD: binded Tempol is 1:2.25 (the initial
molar ratio B-CD: Tempol was 1:4,2; this sustains the supposition that there are many
possibilities to attach Tempol.

For the reaction between Tempol and ascorbic acid the following mechanism
(Scheme 1) is accepted [6, 7].

O:C
I_‘ o—0cC

, HO—C | ©
2 | o 2 + O0=c
N HoO—C N |
o} I H—C
H
H —C ° |
| HO—C—H
HO—C—H |
| CH,OH
CH,OH

4-hydroxy-2,2,6,6
4-hydroxy-TEMPO L-ascorbic acid tetramethylhydroxylamine dehydroascorbic acid

o—c—OH
|

o) C
| OH

O—==C
I

H—C—OH

|

HO—C —H

|

CH,OH

2,3-diketogulonic acid

Scheme 1. Reaction mechanism between 4-hydroxy-Tempo and ascorbic acid

The reaction is quantitatively completed to the products. The reaction
proceeds with the consumption of two moles of nitroxide per mole ascorbic acid [8].
The final products are 4-hydroxy-2,2,6,6-tetramethylhydroxylamine from the nitroxide
and dehydroascorbic acid. The obtained dehydroascorbic acid cannot be converted
back under these conditions.

The precipitate from the disc will react with ascorbic acid. The solution of
the ascorbic acid in ethanol was injected into the tube in small portion (1mL). Part
of a portion was injected over the precipitate and the rest was injected under the
precipitate.

The EPR spectrum of Tempol consists of three hyperfine lines due to the
interaction of the unpaired electron with the nitrogen nucleus and the changes of
their intensity in the course of reaction were monitored.
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The EPR spectra of nitroxide spin label starting after ascorbic acid titration,
consist of two spectral parts; the part has a line shape, resembling the powder
spectrum of the rigid matrix and is typical for slow isotropic rotational motion
asumed to inclusion complex[9,10]. The part of the spin label spectrum (marked
with an asterisk) is typical for faster isotropic rotational fluctuations atributed to free

radical nitroxide in solution (Fig 2).

(d)

(c)

(b)

3280

3320 3340 3360 3380

M agnetic Field (G)

3300

Fig. 2. EPR spectra of ethanolic spin label Tempol-BCD complex (a) before ascorbic acid
titration, (b) after 15 minutes, (c) after 30 minutes and (d) after 35 minutes

The changes in the concentration of the spin label due reaction with ascorbic
acid at different time intervals were obtained by double integration of the EPR
signal and represented in Fig. 3. It was found that the rate of the reaction between

ascorbic acid andthe nitroxide radical is very fast.
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Fig. 3. The plot of the dependence between double integrated EPR spectrum of 3-CD-
Tempol complex in presence of ascorbic acid at differents time intervals
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The spectrophotometric data showed gradually decreasing absorbance
of Tempol at 22 900 cm-* with the appearance of one isosbestic point at 27 180 cm-*
upon addition of ascorbic acid suggesting a neat conversion of Tempol to ist
hydroxylamine derivative (Fig. 3). Similar, for the first part of reaction between
ascorbic acid and B-CD -Tempol, a linear decrease of the EPR intensity of Tempol
was found. In the second part, the reaction rate was much lower probably due to
the limitative equilibrium constant of disociation of the complex B-CD - Tempol.

3. Conclusion

It may be concluded that estimations performed by both methods are in good
agreement and may be used as a future criterium about the degree of complexation
guest molecule—B-cyclodextrine. The EPR spectroscopy can give informations about
degree of hydrophobicity of inner cyclodextrins and UV spectrophotometry degree
of complexation.
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ABSTRACT. 2-(2',4-Dinitrobenzyl)-pyridine is a photochromic molecule presenting a
proton transfer reaction from the methylene group to the nitrogen of the pyridine, both in
solution and in the crystalline state. Its photochromism in solution depend on the solvent
characteristics as: his polarity, his protic character (tendency of liberating a proton), or
on his hydroxylic properties (aptitude of creating hydrogen bonds solute-solvent). In this
report, the disappearing of the stable anion of a-DNBP in dimethyl sulfoxyde solution is
investigated at the addition of 3-cyclodextrin. This comportment is compared with the
similar effect observed in the presence of water.

Key words: a-DNBP anion, DMSO, 3-cyclodextrin.

1. INTRODUCTION

2-(2',4’-Dinitrobenzyl)-pyridine (aDNBP) is known to show photochromism
since 1925 [1]. This phenomenon results from a photoinduced intramolecular
proton transfer (PIPT) reaction from the methylene group to the nitrogen of the
pyridine, after irradiation in the near-UV spectral region, and takes place both in the
crystalline state and in solution. Scheme 1a shows the proposed reaction mechanism
in solution and the tautomers of a-DNBP: the thermodynamically stable ‘CH,’ form,
the ‘NH’ quinoid and the ‘OH’ aci-nitro forms, and the anion. The metastable NH
tautomer is relatively long-lived (4.7 s in ethanol [2] at 298 K and about 4.6 h in the
crystal [3,4]) and absorbs in the visible (Anx=550 nm). Systems of this kind have
attracted renewed attention in recent years [2-6], because they represent the basis
of optical switches in optical data processing and data-storage applications.

In solid state, the tautomerization process can take a direct path, CH, - NH, or
an indirect path through OH intermediate states, NH - OH -, CH, [6]. Previous semi-
empirical and DFT calculations have shown that in both cases, the o-nitro group,
play an essential role either as an active intermediate, OH, or as a chaperon that
escorts the moving proton along a hydrogen bond, thus lowering the barrier along
the direct path [7-8]. In solution, another way for the proton transfer becomes possible,
as we can see in Scheme 1, via the anion. For solvated y-DNBP, where the nitrogen
of the pyridine ring is in the para position, this will remain the only way by which the
NH quinoid form is produced [9].
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NO,

| A
H N \
A
HO O

OH aci-nitro form

A
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CH,form
(pale yellow)

NO, / Anion (indigo-violet)

NH quinoid form (dark-blue)

Scheme 1. — Photochromic mechanism for a-DNBP in solution.

The cyclodextrins are the well known cyclic oligosaccharides composed of 6, 7
or 8, a-1,4-linked, glucopyranose units (a-, 3- and y-cyclodextrines), having a toroidal
shape, which can form inclusion compounds encapsulating a wide variety of
molecules.

In this article we report the disappearing of the anionic form of aDNBP existing
in dimethyl sulfoxyde (DMSO) solution at the addition of B-cyclodextrin (BCD). This
comportment is compared with a similar effect observed in the presence of water.

2. EXPERIMENTAL

aDNBP (Lancaster Synthesis) was purified by repeated crystallization from
ethanol. DMSO (Fluka) was spectrophotometric grade containing a maximum of
0.3 % water. BCD (ACROS ORGANICS) was used as received. The water was simply
distilled. At the beginning we have prepared a 3.86 mM stock solution, dissolving
1mg a-DNBP per ml DMSO. The equilibrated solution had a stable indigo-violet colour,
due to the presence of the anionic a-DNBP. At this solution we added increasing
amounts of water or of B-cyclodextrin.

The total concentration of the anion was determined by absorbance
measurements with a SPECORD UV VIS spectrophotometer (Carl-Zeiss, Jena).

3. RESULTS AND DISCUSSION

The equilibrium between the photochemically produced aDNBP tautomers
in solution [10-11] is known to be solvent dependent, shifting toward the aci-nitro
and/or quinoid forms in non-polar solvents and toward anion form in polar solvents.
The anionic form of aDNBP, the subject of this article, has been also produced
chemically in basic media [12].

Even if we couldn’t found any reference dealing with aDNBP in DMSO solution,
due to the similarity of its absorption spectrum, having two bands with maxima
centered at 498 nm and 665 nm, with that of the anion found in literature [10-12],
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and because it was stable during two hours in the dark, we have concluded that, in this
solvent, aDNBP is mainly deprotonated. We think that this behavior is a consequence
of the fact that, DMSO is a highly polar molecule (dipole moment 3.9 debye), being
known to have a great affinity for cations, and especially for protons (H"). For
comparison, we mention that the life-time of the aDNBP anion photochemically
produced in acetonitrile, aprotic solvent which have a dipole moment of 3.5 debye,
is 15 s [5].

0.8 B 0.8 .
(a) K, = 63.353.54 [mmoles] (b) k= 0.45420.012 [mmoles’]
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Fig. 2. The disappearance of the aDNBP anion in DMSO solution at the addition of BCD (a)
or water (b). The inset contains the variation of the optical density at the maximums of the
absorption bands situated at 498 and 667 nm. The reaction rate constants obtained form the fit of
these values using a hyperbolic dependence (a) or an exponential one (b), are also presented.

Because DMSO dissolves BCD up to 40 g/100 mL at 25T [13], the starting
idea was to investigate a possible formation of an inclusion complex between aDNBP
anion and BCD. We added, gradually, increasing amounts of BCD, and after each
solubilization and equilibration, one spectrum was acquired. In Figure 2a we present
the spectra obtained. As we can see, the solution fades gradually until it becomes
transparent. No visible shift of the two absorption bands is observed, only the
progressive disappearing of the anion. This effect is clearly due to the fact that, when
BCD appear, the DMSO molecules will preferentially form hydrogen bonds with BCD
hydroxyl groups and with the water with which BCD is normally crystallized [14],
leaving the engine proton of the photochromic mechanism of aDNBP to this molecule.
However, this effect turn to be interesting if we look at the molar ratios between the
molecules involved, aDNBP, DMSO, BCD and water, which varied in the range
1:3572:(1.5-25.6):(18.4-307), where we have also considered the water of crystallization
of BCD. At the beginning, when the first quantity of BCD was added, even if we had
approximately 50 DMSO molecules for every hydroxyl group, counting all 21 of
BCD and 2 for water, the concentration of the aDNBP anion decreased. Moreover,
as we can see in the small window inserted in Figure 2 (a), where we represent the
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evolution of the optical density corresponding to the two absorption maximums,
function of the quantity of BCD added per liter DMSO, the disappearing of the
anion is more accentuated at small concentrations of BCD and diminishes at high
concentrations. To understand this behavior, we remember that, at room temperature
where all these spectra were taken, the energy of molecules (kgT=0.6 kcal/mol) is
sufficient to break hydrogen bonds, which range between 3 and 7 kcal/mol [15].
Consequently, water and BCD molecules are diffusing in this environment, decreasing
to some extent the capacity of the DMSO molecules to keep the proton taken from
aDNBP. Additionally, at small concentrations theirs mobility is greater than when the
solution becomes saturated.

The recombination of the anion being essentially a bimolecular process
between the anion and the protonated DMSO, influenced by the quantity and the
diffusivity of water and BCD molecules, was found to follow a hyperbolic law:

Canion (C,BCD) = Canion (0) /(1+ khyp.C,BCD) ’
@)

where C (CﬁCD) is the concentration of the anion, Cs., the concentration of

‘anion
BCD and ki,

Since BCD contains water as mentioned, subsequently we performed a
similar analysis adding only water at the initial stock solution. As we can see in the
Figure 2 (b), the aDNBP anion disappeared as well but in this case, the kinetics of
reaction is different. Even if primarily we used also a hyperbolic function to fit the
experimental values of optical densities of both bands maximums obtained for
different concentrations of water, this function didn't performed well, the
dependence being in this case exponential:

Canion (CHZO) = Ca.nion (O) exp(_kap,CHzo)
)

The coefficient of determination describing the goodness of fit was greater
than 0.995, the two reaction rate constants obtained being also presented in Figure 2.

The fact that the stoichiometric ratio water/DMSO at which the anion
disappeared entirely, was determined to be just about 1:2, tell us that this effect
occur when every DMSO molecule will be ‘hydrogen bonded’ with water, two of
them for every water molecule, being a logical and intuitive result.

Because, as mentioned, no visible shift of the absorption maxima is
observed, we can't say anything about a probable supramolecular complex
between aDNBP and 3-CD.

Finally, as applicability, we suppose that this method can be used in a
general manner to determine the reaction rate constants corresponding to a broad
range of other molecules containing hydroxyl groups or which are soluble in
DMSO. The temperature dependence of this parameter can be other interesting
domain to examine.

the reaction rate constant.
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4. CONCLUSIONS

The decrease of the aDNBP anion concentration in dimethyl sulfoxyde
solution was investigated at the addition of BCD and water, using absorption
spectroscopy. The dependence of the optical densities at the wavelengths 498 and
667 nm function of the concentration of BCD or water has been adjusted using a
hyperbolic and respectively an exponential law and the reaction rate constants have
been determined to be: kyp,, = 63.35+3.5 mmoles™ et Kexp. = 0.4520.01 mmoles™.

We suggested that this method can be used to determine the reaction rate
constants for broad range of other molecules containing hydroxyl groups or which
are soluble in DMSO.
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ABSTRACT . Aspirin, pharmaceutically available in two forms, buffered and unbuffered,
was found to be detectable by the micro-Raman spectroscopy of the tablet, in spite of
the different excipients, which are used in drugs preparation. A strong chemical interaction
of the both aspirin species with the silver colloidal particles was observed at micromole
concentrations. Different adsorption behaviors of these molecular species are discussed.

Keywords: Buffered aspirin; unbuffered aspirin; Raman; SERS.

INTRODUCTION

Aspirin, as well as related derivatives of salicylic acid belongs to the analgesics
class, being frequently used on top of non-steroidal anti-inflammatory drugs.
Belonging to the peripheral analgesics class, aspirin like other non-steroidal anti-
inflammatory drugs acts for reducing inflammation caused by injury or arthritis.
Aspirin presents low acidity (pKa 3) and by oral administrating, almost all salicylate
is found in the unionized form in the stomach [1]. This is poorly soluble in the acid
media of the stomach and the precipitate products concentrate, thereby delaying its
absorption up to 24 hours. However, aspirin absorption following overdose commonly
occurs more slowly in the blood concentrations, which continue to rise for up to 24
hours after ingestion [2]. Absorption of salicylate can be further delayed if an
enteric-coated preparation has been ingested [3].

In spite of its largely pharmaceutical and medical interest, the spectroscopic
data available are limited to recent theoretical and experimental IR and Raman
data [4], where the differences between the calculated and experimental wavenumbers
are partly due to anharmonicity and to the intermolecular interactions and also
correlation effects [4]. In addition, previous IR and ab initio studies were reported
by Binev et al. [5], and the interaction of aspirin with RNA [6] or DNA [7] was
studied using FTIR and laser Raman difference spectroscopy, respectively.

The potential polymorph of aspirin were also reported [8], an exploration of
the potential conformers being presented. Further, a direct assay and monitoring of
aspirin tablets using Raman spectroscopy was reported [9]. As a basis for assaying
aspirin and analysis of the major degradation products, salicylic acid, the Raman
technigue was highlighted being feasible [9].
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Moreover, the Raman and SERS spectra of aspirin were reported [10],
where the adsorption was promoted by mixing aspirin/chloroform solution with
silver sol. It was supposed that the aspirin species, like salicylic acid, adsorbs on
silver particles via the carboxylate group. Having a larger substitution group than
salicylic acid, at the ortho-position of carboxylate group, the surface adsorption was
qualitatively appreciated as being not as easy as for the salicylic acid [10].

In the present study, we report the vibrational Raman characterization of
buffered (ASA) and unbuffered aspirin (ANT) in order to get insight into their
adsorption behavior on a given surface, ant to check the possibility to monitor the
both pharmaceutical species using SERS spectroscopy.

EXPERIMENTAL

Pharmaceutical tablets of aspirin commercially available (Europharm) were
employed in our study without further purification. The aspirin solutions were prepared
by tablet dissolving in distilled water at 50C, an d 15 minutes ultrasonicated.

As a SERS surface, a sodium citrate reduced silver colloid was employed,
prepared according to the literature [11]. The SERS samples were obtained by
adding 0.01 ml of aspirin solution of 10" mol I'* to 3.5 ml of silver colloid, getting the
final SERS concentration (5 and 8 pmol I for ANT and ASA, respectively).

The micro-Raman and the SERS spectra of the aspirin on silver colloid
were recorded with a Dilor Labram spectrometer by using 514.5 nm excitation line
from a Spectra Physics argon ion laser. The spectra were collected in the back-
scattering geometry with a resolution of 2 cm™. The detection of the Raman signal
was carried out with a CCD camera (Photometric 9000 model). The laser power
varied from 150 to 200 mW.

RESULTS AND DISCUSSIONS

The vibrational fundamentals from the micro-Raman spectra, presented in
the Fig. 1 for unbuffered and buffered aspirin were analyzed by comparing the
experimental vibrational modes with the previous published Raman data [4-10].

Comparing micro-Raman spectra of ASA and ANT (Fig. 1), we can observe
many differences in band position and relative intensities.

Our Raman spectrum of ASA species is very similar with that reported by
Wang et. al. [10]. Moreover, this similarity was found either by comparison with the
Raman spectrum of pure aspirin from Sigma Aldrich (spectrum not given here).
Distinctly from ASA, strong bands were observed for ANT at 1651, 1488, 1338,
and 583 cm™, whereas other bands from ASA (1288, 1185, 1149, 746 cm™) are
absent in the spectrum of ANT. Rather similar behavior of the v(C=0) at 1622-1624
cm™ was observed for the both species, whereas the v4(COQ’) spectral region is
very different. According to the literature [12], the characteristic vs(COO") mode
could be present in the 1380-1420 cm™ spectral range, whereas the asymmetric
mode of the COO™ could exhibit a weak Raman band in the 1561-1552 cm™
spectral range. Taking a closer examination of these spectral regions, one can
observe weak to medium different bands in the spectra of ANT and ASA. These
differences could be tentatively explained by the presence of the buffering agent,
responsible for the given acidity of the species.
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Figure 1. Micro-Raman spectra of ASA and ANT
(Excitation 514.5 nm, 150 mW).

They could be also responsible for the supplementary observed bands of
ASA (1288, 1185 and 1149 cm™). Further the deformation modes of the COO’
group were also found at different positions (786 and 780 cm™ for ANT and ASA,
respectively). The ester C=0 stretching mode was observed in both species at
1747 cm™ for ASA and 1768 cm™ for ANT, respectively.

In conclusion, the Raman spectra of the different aspirin tablets can be
employed for differentiating the buffered and unbuffered pharmaceutical species.

On passing from Raman to SERS spectra of each corresponding species,
large differences in band positions and relative intensities can be observed (Fig. 2),
allowing the supposition of chemisorbed species.

The stronqest SERS bands of ANT are observed at 1387, 1635, 1262,
825, and 239 cm™, whereas for the ASA, the main bands are located at 1614,
1367, 1302, 1239, 1026, 802, and 218 cm™, respectively.

According to the surface selection rules [13] the vibrational modes that are
preponderant enhanced should have such an orientation on the metal surface for
which the polarizability Raman tensor component has a perpendicular orientation
with respect to the surface. Based on the previous Raman assignments the bands
at 1387 cm™ (for ANT) and at 1367 cm™ (for ASA) are due to the enhanced
symmetrical stretching mode of COO™ group. Moreover the close presence of this
group with respect to the surface provides the specific enhancement of the C=0
mode observed at 1635 cm™ (for ANT) and 1614 cm™ (for ASA), respectively, both
of them being shifted for their Raman corresponding positions due to the
interaction with the metal surface. However the manner of interaction seems to be
different since in the low wavenumber spectral region different strong bands
assigned to ASA-Ag and ANT-Ag modes were observed in both cases. These
differencies suggest a double interaction in the case of ANT through the both C=0

59



N. PEICA, L. M. ANDRONIE, S. CINTA PINZARU, W. KIEFER

functional groups, one from the carboxylate and the other from the ester, whereas
in the case of ASA an interaction through only one of these functional would be
more probable since only one well resolved band was observed at 218 cm™ (Fig 2,
(a)), assigned to the Ag-O stretching mode [14,15]. This supposition was further
confirmed by the presence of the 1778 cm™ SERS band of ANT.

Raman Intensity

L L L L L U L
1800 1600 1400 1200 1000 800 600 400 200
Wavenumber/cm-1

Figure 2. SERS spectra of ASA (a) and ANT (b)
(Excitation: 514.5 nm, 200 mW).

As a concluding remark, the two distinct species were found to be slightly
different chemisorbed on the silver surface. At the presence stage of the work the
both pharmaceutical compounds, buffered and unbuffered aspirin, could be
detected from powder tablets up to micromolar level.
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ABSTRACT. Three new mixed complexes combinations of pyrazinamide (PZA)
have been prepared and analyzed by UV-VIS, FT-IR, FT-Raman and EPR spectroscopy.
They correspond to:[Cu(PZA)nXm], where X = CgHsCOO", CI" and [Hg(SCN)4]2'.

PZA can coordinate through the pyrazine ring nitrogens, the >C=0 and/or —
NH; groups. When the aromatic ring nitrogen involves in complexes formation, certain
ring modes, particularly the ring breathing mode and the two ring stretching modes
around 1400-1600 cm™ increase in value due to the coupling with Me-N(ligand)
vibrations. On the other hand, when amino nitrogen is involved in coordination, drastic
changes occur in amino groups vibrational wavenumbers, and if coordination occurs
through the oxygen of the carbonyl group, a negative shift of the v(C=0) mode of
the coordinated molecule with respect to the free ligand is expected.

The given formula was confirmed by elemental analysis and the ligand to metal
molar ratio is found to be 2:1 for [Cu(PZA),(CsHsCOO),4H,0, Cu(PZA),]Cl; and 1:1 for
[CU(PZA)2][HY(SCNa].

Complementary EPR investigation allowed the supposition that
[Cu(PZA),(CsHsCO0),4H,0 complexes are hexacoordinated, while in the case of
[Cu(PZA),]Cl; and [Cu(PZA).][Hg(SCN4] the corresponding complexes are tetra
coordinated [8].

1. Introductions and Experimental

It is well known that the metalloelements play a significant role in the regulation
and control of essential biological processes. Usually they perform the functions of
participants, mediators and regulators bound in complexes with proper bioligands.
Many substances introduced in the organism as food ingredients and especially as
drugs or different biostimulators, represent mono or poly-dentate ligands, capable of
coordinating to the biometals, and thus altering their homeostatis.

Pyrazinamide (Pyrazine-2-carboxamide CsHsN;O, PZA) was obtained as
reagent from Trans Medical Pharma GmbH, Germany.

The aim of this study is to investigate the coordination effects on pyrazinamide
ligand using experimental methods.

The chemical structure of pyrazinamide is presented in Fig.1.

The synthesis of Cu(PZA)][Hg(SCN,, Cu(PZA),]Cl, and [Cu(PZA),](CsHsCOO),
complexes was early reported [1].

The C, H, N, S analysis results for the investigated complexes are shown in
Table 1.
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Fig.1. The molecular structure of pyrazinamide.

Table 1.
Elemental analysis of complexes

Nr Formula M Color C% N% S% H%
Found/ Found/ | Found/ Found/

Calc. Calc. Calc. Calc.

1. [Cu(PZA),] 623,66 | Light Blue | 45,12/ 13,85/ - 4,368/
(CsHsCOO), 4H,0 45,85 13,37 4,458

2. | [Cu(PzA)JCl, |398,66| Light 30,10/ 21,07/ - 3,04/
Green 30,6 22,04 3,15

3. [Cu(PZA)] 656,6 Green 16,36/ 14,27/ 19,10/ 1,29/
[Hg(SCN4] 16,44 14,92 19,49 1,37

The FT-IR and FT-Raman spectra of pyrazinamide and their complexes
with cooper (II) were recorded using a Bruker EQUINOX 55 spectrometer with an
integrated FRA-106 S Raman module. The InGaAs detection was used and the
1064 nm line from a Nd:YAG laser was employed for the excitation of the Raman
spectra. The spectral resolution was 4 cm™,

The electron paramagnetic resonance spectra were recorded at room
temperature using an ADANI EPR sPectrometer operating in the X-band (9,2 GHz),
with a sensitivity of 5 x 10™° spin/10™T and a relative resolution of 2 x 107

2. Results and Discussion

Based on the elemental analysis the metal to ligand ratio is found to be 1:1 for
[Cu(PZA)[Hg(SCN,] and 1:2 for Cu(PZA),]Cl, and [Cu(PZA),](CsHsCOO), "4H,0.

PZA can coordinate through the pyrazine ring nitrogens, the —C=0 and/or
— NH; groups. IR technique is diagnostic of the coordination mode of PZA in complexes.

The assignment of most prominent IR bands is presented in the Table 2.

When the aromatic ring nitrogen involves in complex formation, certain ring
modes, particularly the ring breathing mode and the two ring stretching modes
around 1400-1600 cm™ increase in value both due to the coupling with Me-N
(ligand) [4,5] bond vibrations and due to alterations of the ring force field.[2] On the
other hand when amino nitrogen is involved in coordination, drastic changes occur
in amino group vibrational wavenumbers [7], and when coordination occurs through
the oxygen of the carbonyl group, a negative shift of the v.-, mode of the coordinated
molecule with respect to the free ligand is expected [2]. Therefore, in order to
determine the coordination mode of PZA in Me-PZA complexes, the wavenumbers
of PZA in complexes are compared with those of free PZA.
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Table 2.
The main observed bands in the infrared spectra

Tent. PZA Me-PZA complexes

Assig. Cu(CgHs-COOH), CuHg(SCN)s  CuCl,
Vas NH2 3410s 3610w 3440w 3430s
Vs NH2 3140m 3170m 3100s 3110m
VcH 3080 3065m 3080w 3070m
Ve=o(1) 1705s 1915w 1670m 1700s
OnH2(2) 1600m 1590m 1630m 1590m
Viing 1570 1585m 1580m 1585m
Viing 1530 1545s 1540w 1510w
ven(lil) 1375s 1380s 1370w 1385s
OcH 1150w 1180w 1180w 1170m
ANH, ~ 1090m 1085w 1090w 1080w
oring 870w 850w 860w 870m
ANH - 665w 680m 675w 670w

In the IR spectra of the PZA complexes studied, the v,(NH,) and vs(NH,)
modes are found to be higher in value than those of microcrystalline PZA. Since it is
well known that a coordinated amino group shows a negative shift, A = 150-220 cm™,
in the NH, stretching modes, in comparison to the free ligand [6,7], we can conclude
that this group does not take part in coordination. On the other hand, the v(C-NH,)
mode of aniline and aniline derivates shows a negative shift, A = 50-60 cm™ , upon
coordination, but we do not observe such a shift of this mode in Me-PZA complexes,
which is a further proof of a non-coordinated amide nitrogen. In solid PZA, amide
group hydrogens are involved inter and intra H-bonds [2]. We could not record IR
spectrum of PZA dissolved in a non-polar solvent, due its poor solubility. Nevertheless,
the slight up shift of v(NH,) of Me-PZA complexes indicates that the NH, group of PZA
forms weaker H-bonds than in the pure solid. The IR data show that the amide NH,
of PZA does not take part in coordination, but forms weak hydrogen bonds, probably
with guest water molecules, for example Cd-PZA complex. In the IR spectra the
ring-breathing mode of PZA is observed at 1015+10 cm™ and around 1035 cm™ for
Me-PZA complexes. The lack of blue shift of ring breathing suggests that the PZA
molecule does not coordinate to the metal (ll) in Me-PZA complexes through the
heterocyclic ring nitrogen. We also do not observe any blue shift in certain ring modes
due to formation of Me-PZA complexes, which are known to be very sensitive to
complex formation through the ring nitrogen [4,6]. According to theoretic studies of
pyrazinamide two characteristic of symmetric and asymmetric stretching mode NH,
bands could be clearly identified. The out of plane NH, wagging band appears at
3440-3100 cm™.

The amides, containing nitrogen atom having lone pair electron to donate,
have absorption ve, at 1640-1700 cm™. The IR spectra of the Me-PZA compounds
show negative shifts of v, .

The Raman spectra of studied complexes and ligand are presented in
figures 2 - 4.
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The observed frequencies in the FT-Raman spectra with the proposed
assignments are summarized in Table 3.

Table 3.
Main observed bands in the FT-Raman spectra.
PZA PZA + PZA+ PZA+ Assignment
CuCl, Cu[Hg(SCN)4] Cu(CgHsCOO0)2
94m 88s 87s 87 Lattice
119m 139m 139m - Lattice
- 202m 213m - Cu-PZA
251w 252s 247m - Twisting -ring, o
274m
417w 418w 444vw - dring
420w 469vw
620vw - 631w - ONH>
780m - 769vw - 3(0O=C-NH;
796w
1027vs 1027vs 1026m 1006m OCH ring
breathing
1055s - 1061w - VPZA trigonal
ring stretching
1184w 1191w 1185w 1154w vC-C ring
1384w 1388vw 1383vw - vC-N ring
1455m 1448w 1445w 1438w VCN+VNH
1490m 1483w - - v ring quadr.
Streching
1527m 1521w 1523vw - v ring quadr.
Stretching
1580s 1596m 1590w 1602m ONH;
- - 2099m - vSCN
2149s
2171vs
1676w 1675vw - - vC=0
1673vw
- - - 2752w v benzoat
3054m 3074s - - vC-H

Because the trigonal and quadrant stretching modes are position modified and
the ring breathing modes remain unshifted, we can conclude thus the coordination
of carbonyl group. Analyzing in detail the spectral region of the low wavenumbers
we observed the appearance of new band characteristics for the metal-ligand bonds.
The specific modifications due to the Me- ligand bound are visible around 200 cm™.

The ESR spectrum of [Cu(PZA),](CsHsCOO), is anisotropic having a gn
parameter value of 2.06 and a g value of 2.25.

The spectrum shown the Cu® ion occurs in a tetragonal field with axial
symmetry.

The values of the spectroscopic splitting factor are: g = 2.25;g5 = 2.06
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Jav = 1/3(9)+ 290) = 2,12; G =(9)-2)/(9-2) = 4,16

Because g| > g, and G >4 is evident that the unpaired electron is localized in
the d,”,orbital.

The ESR spectrum recorded from [Cu(PZA),]Cl,, occurs from resonant centers
disposed in an elongated octahedron vicinity, with rhombic symmetry, having different
ligands along the three x, y, z axes.

The values of the spectroscopic splitting factor are: g; = 2.22; g, = 2.02; g3 = 2.00.
The ESR spectra of studied complex are presented in figure 5.

280000 290000 300000 310000 320000 329980 339980 3980 359980 0000 12000 170000 2000 m00 390 B0

Fig. 5. The ESR spectra of Cu(PZA),]Cl, and [Cu(PZA),](CsHsCOO),

490 o)

Taking into account the spectroscopic results, the proposed structure for
one of the investigated complexes, namely the Cu(PZA),]Cl, is presented in figure 6.

Fig.6. The geometric structure of [Cu(PZA),]Cl,

Conclusions

We may conclude that the coordination through the — C=0 and aromatic
nitrogen ring groups in the Me-PZA complexes is evidenced by the FT-IR and FT-
Raman spectra. A similar coordination mode of PZA was observed in lanthanide
complexes and adsorbed species on metal surfaces. The complexes are crystalline,
non-hygroscopic and insoluble in common organic solvents.

However, they are soluble to limited extent in DMF and DMSO.

The EPR investigation allowed to conclude that [Cu(PZA),(C¢HsCOO),4H,0
complexes are hexacoordinated, while in the case of [Cu(PZA),]Cl, and
[Cu(PZA),][Hg(SCN,] the corresponding complexes are tetra coordinated [8].
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ABSTRACT. Tolbutamide, N-Butylcarbamoyl-4-methylbenzen-sulfonamide, was the first
hypoglycemic agent used in the treatment of diabetes.

In this present paper, crystalline complexes of Cu (Il) with tolbutamide have been
studied by means of infrared spectroscopy.

Adding an aqueous solution of Cu (ll) to the basic solution of tolbutamide and
obtaining a green or leaden precipitate obtained the complexes.

The conformational and structural changes due to the complexation have been
studied by FT-IR spectrometry using an Attenuated Total Reflectance accessory.

INTRODUCTION

Due to the fact that the ion of Cu(ll) is one of the essential microelements for the
organism, the metallic complexes formed by it with ligands constituted from drug
substances have been studied lately.

Tolbutamide has the following chemical formula:

\/

/) 0
S\N)tN/\/\
Jegthte
H,C

Figure 1. Structure of tolbutamide.

Its denomination is: N-(Butylcarbamoyl)-4-methylbenzensulfo-namide.

Tolbutamide is a white, crystalline with no smell or taste. It is easily soluble
in acetone, soluble in alcohol and chlorophorm, and practically non-soluble in water.
Its melting point is 126-130°C. Its conservation is done in well-closed containers, safe
of light. [1,2]

MATERIALS AND METHOD
Synthesis of tolbutamide complexes with ions of Cu(ll)

a) [Cu(TBA),] (SCN),

1.25 g CuSO, x5H,0 are dissolved in 50 mL distilled water and treated, while
stirring, whit 80 mL low basic solution of NaOH that contains 2.7 g
tolbutamide and 40 mL distilled water in whitch 1.5 g ammonium thiocyanate
was dissolved. A grey precipitate which easily deposits it self, is separated.
The precipitate is filtered, washed with washing water that contains 0.2%
tolbutamide and 0.2% ammonium thiocyanate, then a few times with distilled
water, alcohol and ether. It is dried at air or in vacuum.
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b) [Cu(TBA),]Cl, x2 H,O

1.35g CuCl, is dissolved in 50 mL distilled water and treated, while stirring,
with 100mL low basic solution in which 5.4g tolbutamide was dissolved. While
continuous stirring, a green-bluish precipitate, which easily deposits itself,
appears. The precipitate is slowly filtered through a Buchner funnel, than it is
washed several times with distilled water and then with alcohol.

¢) [Cu(TBA),][Hg(SCN)4] x H0

1.36 g HgCl, is dissolved at heat in 100 mL distilled water, and after
cooling, we add ammonium thiocyanate and 50 mL low basic solution of
NaOH in which 2.7 g tolbutamide was dissolved. The solution thus obtained
is treated with 1.0 g Cu(CHsCOO), x H,O dissolved in 60 mL distilled water.
The obtained green precipitate is filtered through the Buchner funnel, and
then washed several times with warm distilled water and then with alcohol.

The FT-IR spectra were recorded using a Bruker Equinox 55 spectrometer

in the region 400 - 4000 cm™.

Table I.
Essential analysis of investigated complexes
Nr. [Compound Color |C% H% N% S% Cu%
Found/ Found/ Found/ Found/ Found/
Calculated|Calculated [Calculated |Calculated |Calculated
1. [CU(TBA)Z](SCN)Z 720,390 |[Grey [42,496/ |5,12/ 11,28/ 17,69/ 8,72/
43,33 5,00 11,67 17,78 8,89
2. {[cu(tBA),]cl, x2H,0711,148 |Green- [40,32/  [5,21/ 7,56/ 9,12/ 8,88/
Blue [40,51 5,63 7,88 9,00 9,00
3. |[cu(rBA),JHg(scN),]x H,0 1055, [Green [31,62/  [3,49/ 10,14 [17,89/ 5,91/
158 31,85 3,60 10,62 18,20 6,07

RESULTS
The elementary analysis has established that the combination ratio Cu:

ligand is 2:1 and that at 2 of the 3 complexes crystallization water appears. This ratio
must be confirmed by diffraction with X-rays, spectroscopy etc. The vibrating data
in IR of tolbutamide and of synthesized complexes are given in Table II.
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Table II.
Assignment of IR bands

al;’gn TBA [cu(rBA)JsCN), | [cu(tBA)Jol, | [cu(rBA),JHolseN)]

Vs NH - - - 3351(W)

Vs NH 3324(m) 3325(w-m) 3327(m-s) -

VeH 3091(w-m) 3092(s) 3097(w-m)

Vcha 2958(w-m) 2957(w) 2956(w)

H,O - - 2930(w)

H,O - 2873(w)




SPECTROSCOPIC BEHAVIOR OF COPPER COMPLEXES OF TOLBUTAMIDE

assian TBA [cumBA)JseN), | [cu(mea)lal, | [cu(rea),JHglscn),]
H,0 - - 2811 (w)
Vscn - 2177(s) 2066(s)
Vc-o 1702(w-m) - - -

OnH 1659(s) 1659(s) 1658(s)

Vring 1549(s) 1548(s-m) 1547(s)

Vring 1458(s) 1460(m) 1462(m)

Ven 1335(s) 1336(m) 1336(m)

OcH 1246(m) - 1246(m)

Vsoan 1155(s) 1157(s) 1158(s)

V.o - 1120(m) 1121(m)

Vsoz 1090(s) 1091(s) 1091(m-s)

Och 1000(m) - - -

Oring 896(s-m) 896(s-m) 895(m-s) 916(w-m)
Vring 815(s-m) 815(s-m) 815(m-s) -

Vring 724(s-m) 724(s) 724(m-s) 741(w-m)
VcH - 703(s) 702(s) -

Ann 658(s-m) 661(s) 662(s)

DISCUSSION

Tolbutamide can coordinate through the two NH groups from the methyl-
benzensulfonamide chain and through the carbonyl oxygen.

With the help of FT-IR spectra, the coordination pathway was supposed [3].

The valence vibrations of the benzene rings situated at 3091, 1549, 1458,
815, 724 cm™ do not change significantly in comparison to those of the free ligand.

The valence vibrations of the NH groups situated at 3324, 1659 cm? present
very small changes, thus we can conclude that these groups do not take part at the
coordination.

It can also be observed that that the absorption of C=O group from 1702 cm™
disappears, thus coming to the conclusion that the oxygen is involved in the
coordination [4].

The elongation vibration of C-N link is found at 1335 cm™ and does not
change compared to the free ligand.

In the case of ammonium thiocyanate, the strip specific to the SCN group
appears, proving the appearance of a complexes combination. It can also be observed
the appearance of strips specific to the crystallization water at the complex with CuCl,
at 2930 and 2873 cm™ and at 2811 cm™ at the complexes with thiocyanate.

CONCLUSION
FT-IR spectroscopic studies demonstrate that the three complexes synthesized
from tolbutamide with Cu(ll) are coordinated by means of the carbonyl group based
on the elemental analysis the metal to ligand ratio is found to be 2:1
The structures of the complex combinations can be clarified after performing
Raman spectra, X-rays, ESR and mass spectra.
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ABSTRACT . In this work we report a joint experimental and theoretical investigation on
the pyrazinamide (PZA) molecule, with particular emphasize on its intra- and inter-
molecular hydrogen bonds (HB's). A value of 8.33Kcal/mol was estimated for the intra-
molecular H bond energy, at B3LYP/6-31G(d) level of theory. Intermolecular interactions
effects on molecular properties of PZA have been considered by calculations performed
on PZA dimer. The calculated geometrical parameters of the intermolecular HB are in
excellent agreement with the experimental ones and suggest a moderate, mostly
electrostatic interaction.

It is shown that a very good quantitative agreement between experimental NMR
spectra and the calculated chemical shifts both for 'H and **C nuclei can only be reached
by modelling the intermolecular interactions. Moreover, theoretical and experimental
NMR data suggest that only one of the two protons of NH, group can be involved in
intermolecular hydrogen bonds.

Introduction

Pyrazinamide (PZA), an analogue of nicotinamide, is used in the medical
field as anti-infective agent, esspecially in the treatment of tuberculosis.

For a proper understanding of the electronic structure of PZA, a reliable
assignment of its NMR spectrum is essential. For this purpose, quantum mechanical
methods, ranging from semiempirical to Density Functional Theory (DFT) approaches
are very useful, each method having its own advantages. Semiempirical calculations
are very fast and in some circumstances are able to provide good theoretical results,
being also capable to deal with complex molecular systems. The Hartree — Fock
methods give good results provided a flexible basis set is used and electron corellation
is taken into account. DFT methods, esspecially those using hybrid functionals, have
evolved to a powerful quantum chemical tool for the determination of the electronic
structure of molecules.

In the framework of DFT approach, different exchange and correlation
functionals are routinely used. Among these, the B3LYP hybrid functional [1, 2] is
the most used since it proved its ability in reproducing various molecular properties,
including vibrational, ESR and NMR spectra. The combined use of B3LYP functional
and standard split valence basis set 6-31G(d) has been previously shown to provide
an excellent compromise between accuracy and computational efficiency of vibrational
spectra for large and medium-size molecules.
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The molecular and crystal structure of PZA was obtained by Takaki et al. [3]
from an X-ray diffraction study. It was shown that PZA is monoclinic, belonging to
the space group P2/a, with four molecules in a unit cell of dimensions: a=23.07A,
b=6.73A, c=3.73A, B=101.0°. The pyrazine ring is completely planar while the amide
group is about 5° out of this plane. The molecules are connected by NH...O hydrogen
bonds of 2.90A length, forming dimers which are linked by NH...N hydrogen bonds
of 3.14A into chains extended along [011] direction.

Experimental

PZA was purchased from Sigma and used without further purification. FT-
IR/ATR spectra of PZA powder sample were recorded at room temperature on a
conventional Equinox 55 FT-IR spectrometer equipped with an InGaAs detector,
coupled with a Bruker Miracle ATR sampling device.

The 'H and *C NMR spectra were recorded at room temperature on a
Bruker AVANCE NMR spectrometer (400.13 MHz for *H and 100.63 MHz for *°C,
internal standard TMS). The samples were prepared by the dissolution of PZA in
DMSO (signal for 'H at 2.512 ppm and at 39.476 ppm for 13C). The spectra were
recorded using a single excitation pulse of 12 ps for *H and 9 ps for *°C. The FID
signal was acquired 100 times for 'H and 400 times for *°C.

Computational details

The molecular geometry optimizations were performed with the Gaussian
98W software package [4] by using DFT methods, with the hybrid functional B3LYP
[1, 2]. The split-valence 6-31G(d) basis set of the Pople’s group [5] has been generally
used for the expansion of molecular orbitals. The correlation consistent cc-pvVDZ
basis set was also used with B3LYP method, in order to test the performance of
the higher quality basis sets in predicting the NMR spectrum of PZA.

For the calculation of NMR spectrum (chemical shifts) of PZA and PZA dimmer
we used the GIAO method (Gauge-Including Atomic Orbitals) [6, 7], implemented
in the Gaussian package [4], using the exchange-correlation functional B3LYP with
6-31G(d) and cc-pVDZ basis sets.

Results and Discussions

The geometries of the two possible conformers of PZA were optimized: one
with NH, group in cis position relative to the N1 nitrogen atom from the pyrazine
ring and the other with the NH, group in trans position. The theoretical geometrical
parameters are given in Fig.1. In order to test the effect of intermolecular interactions,
the PZA dimer formed by N-H...O intermolecular hydrogen bonds was also investigated
by theoretical method B3LYP/6-31G(d).

Comparing the energies of the two conformers it comes out that the cis
conformer is 8.33Kcal/mol more stable than the trans conformer. This difference is
comparable with the intramolecular hydrogen bond energies [8] so that we can
conclude that the C1 conformer is stabilized by the NH...N intramolecular hydrogen
bond.
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The rotational barrier of the CONH, group in PZA, calculated with CONH,
group perpendicular to the pyrazine ring is 10.2Kcal/mol. This rather small value,
suggests that in gas or liquid phase, both conformers of PZA could contribute to the
experimental derived properties of the PZA molecule.

A complete characterization of monomer and its isomers is possible only by
taking the intermolecular interactions into account. These later interactions were
considered in our study by modeling the PZA dimer, whose structure was obtained
from the X-ray diffraction data

[3].

The calculations per-
formed on the PZA dimer shows
that the bond lengths are similar
with those from the monomer.
Significant differences could
be observed only for the C7-
N8 bond (shorter in the dimer)
8-a3Kcalfmol and for the C7-09 and N8-H14
lengths (both longer in the
dimer). As compared to the
experimental data, the
greatest  differences  are
observed for X-H (X=C, N)
bonds lengths, obtained with
the B3LYP/6-31G(d) method.

The best correlation

Fig.1. Optimized geometry (B3LYP/6-31G(d)) for the  with the experimental data for

two PZA conformers (bottom C1, top C2) the PZA dimer is observed for

the C7-0O9 bond, which is

significantly longer as

compared to the monomer and, in the limits of experimental errors, it is equal to the

experimental value. The discrepancies observed for C7-N8 and X-H (X=C, N) bonds
is due probably to the packing effects in the crystal.

The bond angles are well reproduced by computation for both dimer and
monomer, too. Significant differences were observed for the C2C3H10 and C7N8H13
angles, which are significantly greater than the experimental values.

The experimentally obtained X-ray diffraction data shows that the amide
group is not in the same plane with the pyrazinic ring, the N8H13 bond forming a
dihedral angle of 20.5° with the plane containing the pyrazine ring, the theoretical
data showing a planar PZA molecule.

An excellent agreement was obtained between the computed and the
experimental value of the intramolecular hydrogen bond length: dimer: 2.895 A -
experimental, 2.905 A - theoretical value.

According to the classification criteria for the strength of the hydrogen bonds
as a function of geometrical parameters given by Jeffrey [9] our data suggest a
moderate strength intermolecular hydrogen bond, with a predominant electrostatic
character. The strength of this bond is also proved by the computed vibrational spectra,
77
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especially by the frequencies associated with the NH, group in the monomer and
dimer, observing and important decrease of these frequencies for the dimer.

The computed geometry for the second conformer is different from the first
from one point of view, its geometry being not planar anymore. The N8H13 bond
makes a dihedral angle of 25.6° with the pyrazinic ring and the N-H bond with 6.5°.
Significant differences are noted for the bonds containing the C7 carbon atom,
especially for the C7-09 bond which is predicted to be 0.09 A shorter.

For a reliable assignment of NMR spectra of organic molecules, the computation
of the chemical shifts associated with their magnetic nuclei is essential [10].

The experimental *H and ¥C NMR spectra of PZA are given in Fig.2 and
Fig.3, respectively. Table 1 shows the computed values for the chemical shifts for
the pyrazinamide molecule, along with the experimental values.

The NMR spectrum of the pyrazinamide, along with other member of this
drug-family, in DMSO solvent was investigated by Cox and Bothner-By [11]. They
have found the following values for the chemical shift of protons H10-H14: 9.25,
8.9, 8.8, 7.9 and 8.3 ppm. As it is proved by Table 1 our values are in a very good
agreement with this study, with minor differences for protons H11 and H12.

Chemical shifts corresponding to the two protons of the NH, group in the
adenine-4-tiouracil complex are [12] 7.64 and 8.30 ppm, very close to those
corresponding to the pyrazinamide.

N

T T T
2.0 8.5 8.0 P

Fig.2. 'H NMR spectrum of PZA in DMSO, at room temperature

We computed the 'H and *C NMR spectra for the two monomers in
conformations 1 and 2, respectively and for dimer. As shown in Table 1 the *C
chemical shifts are essentially the same for C1 conformer and for dimer. Marked
differences are noted between the two conformers, especially for C2 and C6 and in
a smaller manner for the others carbon nuclei. On the other hand, a significant
difference between conformer 1 and dimer is noted for C& nucleus: chemical shift
increases from 151.6 ppm for the monomer to 155.6 ppm for the dimer.
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Fig.3. *C NMR spectrum of PZA in DMSO, at room temperature

Table 1.
Experimental and Theoretical Chemical Shifts for Pyrazinamide Molecule
Calculated
Nucleus | Experimental B3LYP/6-31G(d) B3LYP/cc-pvDZ

Monomer C1  Dimer Monomer C2| Monomer C1 Dimer
Cc2 146.4 138.3 138.9 143.8 144.9 145.6
C3 145.0 140.7 140.5 137.3 145.2 145.1
C5 144.4 140.8 140.8 139.2 146.1 146.2
C6 148.2 1354 135.6 139.4 140.8 141.0
Cc7 165.1 151.6 155.6 154.7 155.7 160.8
H10 9.2 9.4 9.4 8.7 9.3 9.4
H11 8.7 8.6 8.6 8.5 8.5 8.5
H12 85 8.3 8.3 8.6 8.2 8.3
H13 7.9 6.7 6.9 4.3 6.9 7.2
H14 8.3 4.0 8.9 4.1 4.1 10.2

The correlation between the computed and experimentally obtained
chemical shifts was performed using the study of Barich et al. [13] about the **C
NMR spectra of PZA powder. Their chemical shifts were: 143.9 ppm for C2, 143.4 ppm
for C3 and C5, 148.3 ppm for C6 and 167.1 ppm for C7. The highest difference
between our and their data was found for the C2 nucleus, which is with 2.5 ppm
more shielded in solution than in solid phase. In the study of Barich et al. [13] the
signals for C2 and C7 were identified non-ambiguously using a dipolar dephasing
experiment, the other signals being correctly assigned by comparing the experimental
and computed spectra. The disagreement for C7 nucleus between our experimental
and computed data could be associated with the disagreement regarding the theoretical
and experimental values of the C7N8 bond length (1.309 A- experimental, theoretical:
1.357 A for the monomer and 1.340 A for the dimer).

79



V. CHIS, A. PIRNAU, T. JURCA, M. VASILESCU, O. COZAR, L. DAVID

Regarding the chemical shifts of the protons, our experimental data are
similar to those reported by Cox and Bothner-By [11]. The theoretical data for the
dimer suggests a qualitative and a quantitative agreement with the experimental data.
There are qualitative dlfferences between the values computed for the monomer and
for the dimer of PZA. Thus, the "H NMR spectrum computed for the dimer suggests a
higher degree of non-shielding for the H14 proton. This is the proton involved in the
intermolecular hydrogen bonds, therefore the theoretical data sustains the fact that
the protons involved in the intra and intermolecular hydrogen bonds [14] are less
shielded with respect to the case when they are not involved in such type of interactions
[15-17]. Thus, for H14 the computed chemical shift increases from 4.0 ppm for
monomer to 8.9 ppm for the dimer, the latter value being in good agreement with
the experimental value of 8.3 ppm.

The non- coplanarlty of the CONH, group with the rest of PZA molecule is
manifested in the "H NMR spectrum. Thus, the calculated proton chemical shifts for
the C2 conformer are substantially different with respect to dimer but also to the C1
conformer.

It is clear from our NMR study that it is very important to take the intermolecular
interactions into account. For PZA molecule this fact is manifested on the chemical
shifts associated to H14 and C7 nuclei. Also, it is worth to mention that both vibrational
and NMR spectra clearly show that only one from the two protons of NH, group is
involved in intermolecular hydrogen bonds.

The highest discrepancies between the experimental and theoretical wave-
numbers of PZA are observed for the modes corresponding to vibrations related to the
NH, group which has a very important role in the biological activity and conformation
of peptides or Watson-Crick type complexes, because this group intermediates the
hydrogen bonds responsible for the stabilization of a certain conformation of the
peptides. Regarding these frequencies, as compared to theoretical values of the
monomer, the calculated values obtained for PZA dimer are in much better agreement
with experimental data. Thus, the wavenumber corresponding to the v.s(NH,) vibration
decreases from 3582 cm™ for the monomer to 3503 cm™ for the dimer. The
wavenumber corresponding to the symmetric stretch of the NH, group is predicted
to be hlgher than that obtained experimentally for the monomer (3453 instead of
3373 cm™). Theoretlcal vibrational spectrum gives a band at 3240 cm™ and other one
at 3196 cm™ for the vs(NH,) vibration, in agreement, both quantitatively and qualitatively,
with the experimental data. The medium intensity bands from 3288 cm™ and 3198 cm™,
observed in the FT-IR/ATR spectrum are assigned to the symmetrical stretching of
the NH, group. This assignment is well supported by the computed IR spectra of
the dimer, where the corresponding wavenumbers are 3240 cm™ and 3196 cm
respectively. In the study of Akyuz [18] the first of these bands appears at 3210 cm®
and it was attributed to the overtone of the fundamental band corresponding to
mode &(NH,). The intense band at 3150 cm™ observed in the FT-IR/ATR spectrum is
attributed also to vs(NH,) type vibrations in agreement with other studies on some
primary amides, with group NH, involved in hydrogen bonds [19].

Conclusions
An experimental and theoretical (DFT) study on the structure and vibrational
properties of Pyrazinamide is reported in this study. Theoretical calculations at
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B3LYP/6-31G(d) level of theory show that the intramolecular hydrogen bonded
conformer of PZA is 8.33Kcal/mol more stable than non-intramolecular hydrogen
bonded conformer. At the same level of theory we obtained a very good agreement
between the experimental and theoretical geometrical parameters of PZA, especially
in the case of dimer. According to calculations, the intermolecular hydrogen bond in
PZA dimmer has a moderate, mostly electrostatic character.

It is shown that a very good quantitative agreement between experimental
NMR spectra and the calculated chemical shifts both for *H and **C nuclei can only
be reached by modelling the intermolecular interactions. The correlation consistent
cc-pVDZ basis set provide significantly better theoretical chemical shifts for carbon
nuclei, with respect to the standard 6-31G(d) basis set. Moreover, theoretical and
experimental NMR data suggest that only one of the two protons of NH, group can
be involved in intermolecular hydrogen bonds.
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ABSTRACT . The 5-para-bromo-benziliden-tiazolidin-2-tion-4-ona molecule was recently
synthesized at the Department of Pharmaceutical Chemistry, UMF “luliu Hatieganu”
Cluj-Napoca, and it was shown to be a very efficient antibiotic that has a superior
activity to ampicilin on beta-hemolytic Streptococcus.

The molecular vibrations of 5pBBTT were investigated in polycrystalline sample,
at room temperature, by Fourier Transform Infrared Spectroscopy (FT-IR), IR-ATR and
FT-Raman spectroscopy. In parallel, quantum chemical calculations based on Density
Functional Theory (DFT) are used to determine the geometrical, energetic and vibrational
characteristics of the molecule. All the possible conformers and tautomers have been
considered and analyzed by theoretical methods.

All the experimental vibrational bands of 5pBBTT were assigned to normal
modes on the basis of DFT calculations at the B3LYP and BLYP levels of theory in
conjunction with the standard 6-31G(d) basis set. Using a uniform scaling of calculated
frequencies, a very good correlation was obtained between the experimental and
theoretical vibrational data.

Introduction
DFT methods are increasingly applied to representative pharmacological

compounds aiming to elucidate their molecular structures, electronic properties and
bonds, the establishment of electronic and structural factors of selected reactions and

their mechanisms. These studies
contribute to the recognition of
structure-activity relationships and
to the understanding of the prop-
erties and system behavior. For a
proper understanding of IR and
Raman spectra, a reliable assign-
ment of all vibrational bands is es-
sential. For this purpose, the quan-
tum chemical methods, ranging from
semiempirical to DFT approaches,
are invaluable tools [1-3], each

H17
H1S 4

(O]
H10 .

H19

Fig.1. Molecular structure and atom numbering
scheme for 5-para-bromo-benziliden- tiazolidin-2-
tion-4-ona molecule

method having its own advantages.
The semiempirical calculations
provide very fast, and in certain
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circumstances fairly good theoretical results, being applicable to large molecular
systems. The Hartree-Fock Ab Initio methods are able to give good results
provided a reasonable basis set and an appropriate correlation treatment is taken
into account. On the other hand, DFT methods, particularly hybrid functional
methods [4], have evolved to a powerful quantum chemical tool for the
determination of the electronic structure of molecules. In the framework of DFT
approach, different exchange and correlation functionals are routinely used.
Among these, the B3LYP combination [5,6] is the most used since it proved its
ability in reproducing various molecular properties, including vibrational spectra.
The combined use of B3LYP functional and standard split valence basis set 6-
31G(d) has been previously shown [7-9] to provide an excellent compromise
between accuracy and computational efficiency of vibrational spectra for large and
medium-size molecules.

Experimental

The experimental techniques used in the study of 5pBBTT molecule are:
FT-IR/ATR and FT-RAMAN. FT-IR/ATR spectra for 5pBBTT powder sample were
recorded at room temperature on a conventional Equinox 55 FT-IR spectrometer
equipped with an InGaAs detector, coupled with a Bruker Miracle ATR sampling
device. The FT-Raman spectra were recorded in a backscattering geometry with a
Bruker FRA 106/S Raman accessory attached to the FT-IR spectrometer. The
1064 nm Nd:YAg laser was used as excitation source, and the laser power was set
to 400 mW. All spectra were recorded with a resolution of 4 cm™ by co-adding 32
scans.

Computational details

The molecular geometry optimizations and vibrational frequencies calculations
were performed with the Gaussian 98W software package [10] by using DFT methods
with B3LYP and BLYP functionals, which have been previously shown to perform
very well for vibrational spectra calculations [11]. The basis sets used in these
calculations are: 6-31G(d), 6-31+G(d,p) and 6-311+G(2df,p). The geometries were
fully optimized without any constraint with the help of analytical gradient procedure
implemented within Gaussian 98W program. Vibrational mode assignments were
made by visual inspection of modes animated by using the Molekel program [12]. The
calculated molecular properties are: equilibrium geometries and vibrational spectra
(IR and Raman).

Results and discussion

Due to its complexity, a number of possible conformers are possible for
this molecule. Moreover, each conformer may exist in two tautomeric forms as
thion and thiol, respectively. First we optimized the geometries for all the possible
conformers and tautomers for 5-pBBTT molecule. The optimized structures are
given in Fig.2 and their absolute and relative energies are summarized in Fig.3.
The geometries were fully optimized without any constraint at B3LYP/6-31G(d)
level of theory. No imaginary frequencies were obtained for optimized geometries
and thus, all the optimized structures represent true minima on the potential energy
surface. Comparing the calculated energies for each conformer we found that the
lowest energy conformer is C1 conformer in its thionic form, as shown in Fig.3.

84



MOLECULAR AND VIBRATIONAL STRUCTURE OF 5-PARA-BROMO-BENZILIDEN-TIAZOLIDIN-2-TION-4-ONA

The small difference between the energy of the two thionic conformers of
5-pBBTT (C1 and C2) suggest that very possible, the two conformers coexist in
liquid phase, so that for a careful analysis of the solvent effects, the two contributions
must be taken into account.

PRk
¢l Thiol c2 Thioll

Fig.2. Optimized geometries for the possible conformers
and tautomers of 5pBBTT

&2 Thiolf : AR T502
2 Tl 2088 Koalimo | 382 7607
o1 Thiah 20 83k calimol | 3882 720617

1 Thidl 18 33Kzl —|-3882 72215
17 3TKcalimal
- 3852744358
I 3882749343

Fig.3. Total and relative energies (not to scale) for the equilibrium geometries of the
conformers and tautomers of 5-pBBTT molecule
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In Fig. 4 are given the experimental FT-Raman, FT-IR and ATR spectra.
Normal mode frequencies have been calculated by using the Gaussian program [10]
and the computed wave-numbers have been scaled by 0.9614 [13]. Theoretical
values were obtained for the single 5-pBBTT molecule but also for a complex formed
by 5-pBBTT molecule with two DMSO molecules, in order to test how these later
molecules bind to the 5-pBBTT.

Arbitrary units

L

T ¥ T ¥ T
500 1000 1500

wave-number (cm’)

Fig.4. Experimental vibrational spectra of 5-pBBTT.
Top: FT-IR/ATR spectrum, bottom: Raman spectrum

According to calculations, the experimental band at 3477cm™ in IR spectrum
corresponds to the v(NH) stretching vibration. The corresponding theoretical value
for the gas-phase molecule is 3460cm™, in very good agreement with experiment.
However, as expected, for 5-pBBTT-DMSO complex, the calculated value is
significantly lower in frequency, at 2930cm™. The v(CH) vibrations are predicted by
B3LYP/6-31G(d) calculations in very good agreement with experiment: theoretical
values are between 3108cm™ and 3044cm™, while the experimental counterpart is
3082cm™.

Another characteristic band is that due to the v(CO) vibration which is seen
in the infrared experimental spectrum at 1734cm™, the calculated value being
1743cm™. For the complex, this band is shifted to a lower value at 1715cm™ and
according to calculations, this mode is coupled with v(CC), &(NH) and &(CH)
vibrations. v(CC) vibrations give rise to experimental bands at 1597, 1578, 1554
and 1398cm™ with theoretical counterparts at 1599, 1576, 1543 and 1393cm™.
Stretching vibrations of CN bond are seen in the experimental spectrum at 1441
and 1187cm™, the calculated values being 1404 and 1213cm™, respectively. The
positions and infrared intensities of these bands are very well reproduced by
B3LYP/6-31G(d) calculations. Out of plane vibrations of ring CH bonds give the
experimental bands located at 1483, 1178 and 1094cm™ in very good agreement
with theory: 1477, 1178 and 1108cm™. Stretching vibration involving the heavy atoms
Br and S give the experimental bands at: 1060cm™ (v(BrC)) and 1007cm™ (v(C2S6)).
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The calculated values match again very well the experimental data in band positions
(1055 and 1029cm™, respectively) and intensity pattern. However, the v(C2S1) vibration
has the calculated wave-number at 636cm™ but it is not seen in the experimental
spectrum. This could be an indicative for the involvement of this group in intermolecular
interactions which could have as a result an important shift of this band.

The experimental vibrational bands for the §(CCC) trigonal bending vibrations
are located at 1279, 963, 686 and 663cm™ with corresponding calculated values at
1283, 978, 693 and 663cm’. As resulted from this analysis, a very good overall
agreement is obtained between the experimental and theoretical infrared spectrum
of 5-pBBTT molecule and this fact confirms the assignment of vibrational spectrum
of this molecule.

Conclusions
The main conclusions of our work can be summarized as follows:

i) the most stable conformer of 5-pBBTT molecule is the thionic conformer
with S1 atom in cis position with respect to C16 atom.

i) the small energetic difference between the two thionic conformers
suggest that in liquid or gas-phase both conformers could contribute to
the vibrational and NMR spectrum of this molecule.

iii) the very good match between the experimental and calculated normal
modes wave-numbers of 5-pBBTT molecule allow us to safely assign
the vibrational spectrum of the molecule.
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ABSTRACT. Gold colloids were prepared and self-assembled onto glass substrates by
using an organic coupling agent as 3-aminopropyl-trimethoxysilane (APTMS). The size
and spatial distribution of immobilized metal nanoparticles onto solid substrate were
characterized by transmission electron microscopy (TEM). Optical extinction spectra of
self-assembled gold monolayers exhibit well-defined surface plasmon resonance peaks
located at 522 nm. Such noble-metal nanostructures are under current investigation for
applications in the field of surface plasmon resonance (SPR) optical biosensing as well
as in surface-enhanced Raman spectroscopy (SERS) studies.

Introduction

Noble-metal nanoparticles have been widely investigated due to their
unique applications in diversified fields such as surface-enhanced spectroscopies,
biosensors, bioprobes, chemical sensors, catalytic activity, and new optical devices
[1-5]. In order to optimize their applications and provide materials with controllable
optical properties, an important current challenge is to develop effective ways to build
large, well-defined structures made of pre-synthesized noble-metal nanoparticles.

A simple method for building and controlling patterns on solid substrates
[6,7] is through self-assembly of small, spherical, uniformly sized particles at an
interface, imparting a repeating feature size that is dependent upon the particles used.
Self-assembly is herein defined as the autonomous organization of nanoparticles into
two-dimensional patterns without artificial intervention. Self-assembling particles in
the nanometer size range are attracting increasing attention with the growth of interest
in nanotechnological discipline. The dimensions of this nanoparticle make them ideal
candidates for the nanoengineering of surface and the fabrication of functional
nanostructures.

In the past few years, fabrication of noble-metal structures by self-assembling
monodisperse populations of nanoparticles has attracted much attention due to their
simplicity and flexibility [8]. In particular, gold nanoparticles exhibit a number of
advantages, among them being easily to synthesize and tune their size from 3 to 150
nm and having well-understood optical properties [8] and high chemical stability.

In the present work gold colloids were chemically synthesized and self-
assembled onto glass substrates by using an organic coupling agent as 3-amino-
propyltrimethoxysilane (APTMS). The self-assembled structures were characterized by
transmission electron microscopy (TEM) and UV-visible optical spectroscopy.
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Experimental

The Au sol was prepared by the following procedure: 500 ml of 10° M
HAuCI, is brought to a boil with vigorous stirring on a magnetic stirring hot plate.
Ten milliliters of 38.8 mM Najscitrate is add to the solution all at once with vigorous
stirring. The yellow solution turns clear, dark blue and then a deep red-burgundy
color within a few minutes. Stirring and boiling has been continued for 10-15
minutes after the burgundy color was observed. The solution has been removing
from head and kept stirring until the solution is getting cold and then the volume is
adjusted to 500 ml with water. Colloidal solutions were stored in clean brown glass
bottles until used [8]. The Au nanoparticles diameter is determined by Transmission
Electron Microscopy (TEM) with a JEM 1010 microscope.

One method for control of surface morphology is through assembly of
small, spherical, uniformly sized particles at an interface. The construction protocol
for Au colloid monolayer explains the simplicity of self-assembly from solution and
the affinity of noble-metal surface for certain organic functional groups.

In the first step the glass slides were sonicated in CH3;CH,OH and treating
in Piranha solution for 24 h to remove organic groups. After that they were rinsed in
CH3OH and functionalized for a few minutes in 3-aminopropyltrimethoxysilane
(APTMS) solution. The substrates were rinsed several times with CH;OH and water
before being placed into solution of Au colloid. The silanized substrate may be stored
in water for 2-3 h before exposure to colloidal Au. The substrates were placed in
solution of Au colloid and are observed surface evolutions in real times. At each
time indicated the slides were removed from the Au colloid solution and optical
spectra were recorded in water. The optical extinction spectra were recorded with a
Jasco V-530 UV-VIS spectrophotometer.

Results and discussion

Figure 1 shows the transmission electron micrograph of the gold colloidal
nanoparticles self-assembled on a glass surface. In this self-assembling process
the colloidal gold particles were strongly immobilized upon the glass substrate due
to the affinity of the amino groups to the gold nanoparticles. As one can see from
Fig. 1 the gold particles are uniformly adsorbed on the glass substrate and are isolated
one from another. The mean value of the particle diameters was found to be in the

range of 16 to 18 nm.
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Figure 1. TEM image of coIIO|daI gold upon glass slide
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In order to monitor the surface evolutions in real time different self-assembled
gold monolayers were prepared by varying the immersion time of the glass slide in
the colloidal solution. The optical extinction spectra of the as obtained colloidal gold
monolayers have been recorded in water and are illustrated in Fig. 2. For comparison
purposes the absorption spectrum of pure gold colloid is also presented. As can be
seen from Fig. 2 the self-assembled gold monolayers exhibit well-defined surface
plasmon resonance peaks at 522 nm. By increasing the immersion time the peak
intensity increases. The absorption peak of the sample maintained for 60 min into
the colloidal solution presents a shoulder at longer wavelengths, which is most
probably due to aggregated gold colloidal nanoparticles.

0.5

Extinction

0.0

400 ' 5(I)O ' 660 ' 7(I)0 ' 8(I)0 ' 9(I)0 ' 1000
Wavelength [nm]
Figure 2. Optical spectra (in H,0) of an APTMS-derivatized glass slide after immersion in

gold colloid for (a) 5min, (b) 10 min, (c) 20 min, (d) 60 min. The dotted line represents the
absorption spectrum of pure gold colloid.

We were also interested to study the influence of the drying conditions on
the morphology and optical response of the as prepared gold substrates. Therefore,
the samples were dried in different conditions, in nitrogen atmosphere and in air,
and their optical extinction spectra have been measured. A first difference between the
dried samples was observed with the naked eye. While the color of all the samples
dried in air turned deep blue, among the samples dried in nitrogen atmosphere only the
one kept in colloidal solution for 60 min changes its color.

The optical extinction spectra of the samples dried under nitrogen atmosphere
are shown in Fig. 3. One can remark in all spectra the presence of the peak at
522 nm, due to isolated small Au particles oscillations, while a new feature
corresponding to a collective particle surface plasmon oscillation grows at 650 nm
as the particles coverage increases and the interparticle spacing becomes smaller
compared with the incident wavelength (see Fig.3d). This feature is responsible for the
pronounced SERS activity of the collective gold particles.
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Figure 3. Optical spectra of an APTMS-derivatized glass slide after immersion in gold colloid for
(a) 5min, (b) 10 min, (c) 20 min, (d) 60 min and dried under nitrogen atmosphere.

On the other hand, the existence of the absorption band around 650 nm in
the optical extinction spectra of the samples dried in air, which are presented in
Fig. 4, clearly reveals that the drying conditions influence the aggregation process.
For colloidal particles of smaller dimensions, a slight blue shift (a few of nanometers)
of the absorption band is expected, whereas for larger colloidal particles a red shift
of this band is observed.

Extinction

400 500 600 700 800 900 1000

Wavelength [nm]

Figure 4. Optical spectra of an APTMS-derivatized glass slide after immersion in gold
colloid for (a) 5min, (b) 10 min, (c) 20 min, (d) 60 min and dried in air.
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Having in view this consideration and analyzing the optical extinction
spectra of the dried self-assembled gold substrates we assume that the drying in
nitrogen atmosphere prevent the aggregation process. This, assumption was supported
by the transmission electron micrograph of the dried samples (see Fig. 5). As it can
be observed most of the gold nanoparticles are aggregated and form clusters. Due
to their presence the as obtained noble-metal nanostructures should be suitable
substrates for applications in surface-enhanced Raman spectroscopy.

Figure 5. TEM image of collective gold particles

Conclusions

Gold colloids were prepared and self-assembled onto glass substrates by
using an organic coupling agent as 3-aminopropyl-trimethoxysilane (APTMS). The
size and spatial distribution of immobilized metal nanoparticles onto solid substrate
were characterized by transmission electron microscopy (TEM).

The optical extinction spectra of the as prepared substrates show a well-
defined peak at 522 nm, due to the surface plasmon resonance of the isolated gold
particles, and a broad band around 650 nm, given by the collective particle surface
plasmon oscillation. It was found that the immersion time in the colloidal solution and
drying conditions influence the morphology and the optical response of the as prepared
gold nanostructured substrates. The substrates are under current investigation for
applications in the field of surface plasmon resonance (SPR), optical biosensing as
well as in surface-enhanced Raman spectroscopy (SERS) studies.
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ABSTRACT. Glass and vitroceramic samples belonging to CaO-SiO;-P,0s-Fe;03
system were investigated by X-ray photospectroscopy (XPS). Glass ceramics were
obtained by partial crystallisation of a precursor glass sample heat treated at
different temperatures between 1000°C and 1200°C. It was evidenced the effect of
partial crystallisation on the ratio of bridging (BO) to non-bridging (NBO) oxygens in
the glass ceramic samples in function of heat treatment temperature.

Introduction

Hydroxyapatite, HA, is an important biomaterial and is the principal inorganic
constituent of bones and teeth. It corresponds to Ca;o(PO,)s(OH), compound and
the calcium and phosphorous cations are in the ratio 1.67. There is a great demand of
this material in odontology and traumatology [1], together with others materials of the
same family, such as the tricalcium phosphate. Synthetic HA has high biocompatibility
and is suited in the reconstruction of damaged bone or tooth zones. HA also finds
applications in others fields of industrial or technological interest as catalyst, in
chromatography or gas sensor, or its possible use in water purification, fertilizers
production or manufacturing of biocompatible ceramics [2, 3].

Calcium phosphate ceramics and vitroceramics are intensely investigated
due to their use as bone substitutes that became common in orthopedic surgery. The
systems containing also iron oxide [4] present the advantage to reduce the recurrence
of tumors by hyperthermic treatment because by hysteresis of ferrimagnetic phases
developed in glass-ceramics the temperature can be sufficiently raised to induce
significant delay of tumor growth.

The aim of this work is to investigate the effect of partial crystallisation of
Ca0-SiO,-P,0s5-Fe,03 glass system on the ratio of bridging (BO) to non-bridging
(NBO) oxygens, that affect the local structure and implicitly the surface properties
of a potential biomaterial.

Experimental

The starting materials used to prepare 29.04(3.34CaO[P,05)[B8.06SiO, [
[12.9Fe,0O; (mol %) glass matrix were analytically pure reagents SiO,, CaHPO42H,0,
CaCO3; and Fe,03. The suitable mixtures were melted in sintercorundum crucibles.
The crucibles were introduced in furnace directly at 1200°C and then the temperature
was increased up to 1500°C. As the temperature reached 1500°C the crucibles were
taken out and quickly undercooled at the room temperature by pouring onto stainless
steel plates.
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Specimens of the glass samples were heat treated with a rate of 4°C/min
from the room temperature to 1000, 1100 and 1200°C in air. They were maintained
at the treatment temperature for 30 minutes and then were slowly cooled in the
furnace down to the room temperature.

XPS measurements were performed using a PHI 5600ci Multi Technique
system with monochromatised Al K, radiation from a 250 W X-ray source (hv = 1486,6
eV). During the measurements the pressure in the analysis chamber was in the 10”
Torr range. A low energy electron beam was used to achieve charge neutrality at
the sample surface. Thermal analysis measurements were carried out using a MOM
derivatograph. The TG, DTG and DTA curves were recorded from powder samples,
with a rate of 10°C/min. The X-ray diffraction (XRD) patterns were obtained by means
of standard DRON-3M powder diffractometer.
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Fig. 1. XRD patterns for as prepared and 1100°C heat treated samples.

Results and discussion

The as prepared hydroxyapatite type sample obtained by melt undercooling is
vitreous, as evidenced by the XRD pattern recorded from untreated sample (Fig.1).
The differential thermal analysis traces (Fig. 2) do not show any thermal event
up to 1000°C and consequently the thermal treatment applied to achieve a partial
crystallisation was carried out starting from 1000°C. The XRD patterns of the
treated samples point out structural changes and the development of hydroxyapatite
(HA) crystals (Fig. 1). Other crystalline phases like Ca,P,07, Fes0,, Fe,03, FeO,
SiO, were also identified [5, 6].

XPS survey spectra recorded from the fractured samples evidence
differences in the elemental composition and implicitly in the ratio of the elements
on the sample surface due to the crystalline phases developed after heat treatment.
This is illustrated in Figure 3 for the untreated glass sample and for the partially
crystalline sample resulting after 1100°C treatment. The O 1s core level spectra
from all the samples studied are not symmetric (Fig. 4) and denote the presence of
both bridging (BO) and non-bridging (NBO) oxygen atoms. The connection type of
oxygen atoms is important for biomaterials due to the fact that the BO/NBO ratio
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influences their structure and stability in biological media [7-9]. The BO photoelectron
peak occurs at higher binding energy and NBO photoelectron peak at lower binding

energy [10-13].

TG
[e]
x
4 pte™
z
38
= | DTA
®©
()
I
o
©
[
w

T

L L L L L

200 400 600
T (°C)

800

I
1000

Fig. 2. Thermogravimetric (TG) differential thermogravimetric (DTG), differential thermal
analysis (DTA) and temperature (T) curves recorded from as prepared sample.
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Fig. 3. XPS survey spectra of as prepared and 1100°C heat treated samples.
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Fig. 4. XPS O 1s core level spectra (experimental [ and fitted ¢ with two lorentzian
components --) for as prepared and 1100°C heat treated samples.

For the investigated range of heat treatment temperature, the O 1s binding
energy, both for BO and BNO, linearly depends on the heat treatment temperature
and lies in the range 531.5 - 533.5 eV. According to the model proposed by
Dimitrov and Komatsu [14] regarding the oxide classification on the basis of
correlation between electronic polarisabilities of the ions and their binding energies
determined by XPS, the values obtained correspond to semicovalent oxides and
the investigated samples could be considered semicovalent compounds.

In fact, X-ray photoelectron core lines are sensitive to the chemical environment
of the element under examination. Consequently, the analysis of the binding energies
of the spectral components offer information about the local structure. A two peaks
fit to the O 1s photoelectron spectra (Fig. 4) was carried out for all samples. The
number of BO and NBO is assumed proportional to the areas estimated from the
BO and NBO peaks [12, 13, 15]. The relative number of BO and NBO is modified
by the applied heat treatment as can be seen from the corresponding areas under
BO and NBO fit peaks (Table 1). In relation to the glass sample, the first treatment
carried out at 1000°C led to an decrease with 12 % in BO number, while for higher
treatment temperatures, of 1100°C and 1200°C, the BO number increases up to
twice. These data reveal that as a result of the heat treatment at 1000°C a part of
BO from the vitreous network became NBO. The behaviour is changed as the
samples are slowly cooled from heat treatment temperatures higher than 1000°C.
In these cases the crystalline phases are better developed and contain a larger BO
number that increases with the treatment temperature.

Table 1
T: (°C) Aso (a.u.) Anso (a.u.) Neo/N; (%)
untreated 1,677 2,623 39
1000 1.085 2.934 27
1100 2.964 1,596 65
1200 3,776 0,944 80
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Conclusions
XPS data show that O 1s binding energies both for glass and glass ceramic

samples lie in the range 531.5 - 533.5 eV and denote that these compounds are
semicovalent. After the heat treatment applied at 1000°C the BO number diminishes
with respect to the precursor glass sample, while for higher heat treatment temperatures,
1100°C and 1200°C, BO number increases. In the first case the result is due firstly
to the perturbation of the local order from the glass sample at a temperature that
evidenced no thermal event by differential thermal analysis, but leads to partial
crystallisation as seen from XRD data. The higher treatment temperatures are more
favourable for the crystallisation process and the increase of BO number in these
samples also reflect a better long range order.

13.

14.
15.
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ABSTRACT. Glasses belonging to (100-x)[50P,0s-30Ca0-20Na,O]xFe 03 system, with
0 < x < 1.48, have been investigated by means of infrared (IR) and Raman spectroscopy.
Specific data regarding their local structure and structural changes induced by the iron
oxide addition to soda-calcium-phosphate matrix were evidenced and analyzed.

Introduction

Calcium phosphate glasses have a great potential for use as bone and
dental implants, since the chemical composition of these materials could be easily
choose close to that of the replaced bodies [1, 2]. On the other hand, it was found
that biological glasses based on calcium phosphate represent an interesting option
as biodegradable materials for tissue engineering constructs [3, 4]. Recently a new
type of phosphate glasses, of 50P,05-30Ca0-20Na,0 composition, has been
obtained and characterized, its possible use as biomaterial for tissue engineering
being evidenced [4].

The basic building blocks of amorphous phosphate systems are the PO,
tetrahedra. These structural units link through covalent bridging oxygens to form
various phosphate anions. The tetrahedra are classified using the Q' terminology,
where “i” represents the number of bridging oxygens (BO) per tetrahedron [5]. The
addition of a modifier oxide to the pure P,Os glass network leads to non-bridging
oxygens (NBO) in the glass, that result in a depolimerization of the phosphate
network, with oxygen atoms breaking the P-O-P links [6].

The addition of iron to some phosphate glasses was found to increase the
chemical durability and to suppress the tendency for crystallization on cooling or
reheating [7]. Furthermore, it was evidenced that the change from BO to NBO with
increasing Fe,O3; content affects various glass properties [8].

In this study our interest was to obtain by means of IR and Raman
spectroscopic methods information concerning the structural changes in glasses
belonging to the (100-x)[50P,05[30Ca0R20Na,0]-xFe,03 system, with 0 < x < 1.48,
in order to determine the influence of small iron contents on the structure of a
potential bioglass.

Experimental

Glass samples of compositions (100-x)[50P,05[B30Ca0[R20Na,0O]XFe,03
with 0 < x < 1.48 were prepared using as starting materials NH;H,PO,4, CaCOs3,
Na,CO;'10H,0, and Fe,0; of reagent purity grade. The mixtures corresponding to the

“Corresponding author. E-mail address: simons@phys.ubbcluj.ro
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desired compositions were melted in air, in sintered corundum crucibles, in a Carbolite
RF 1600 electric furnace at 1200 T and maintained for 15 minutes at this temperature.
The melts were quickly cooled at room temperature by pouring and pressing between
two stainless steel plates. The samples have been analyzed by X-ray diffraction and no
crystalline phase was evidenced.

The Raman measurements were performed on a Dilor Labram system
equipped with an Olympus 0.90 X 100 microscope objective, an 1800 lines/mm grating
and an external laser with an emission wavelength of 514.5 nm. In the recording of the
micro-Raman spectra a power of 100 mW on the sample has been employed.

For IR measurements the glasses were powdered and mixed with KBr in order
to obtain thin pellets with a thickness of about 0.3 mm. The IR spectra were recorded
with a Bruker Equinox 55 spectrometer; the spectral resolution in this case was 2 cm™.

Results and discussion

The Raman spectra recorded on the investigated samples are displayed in
Fig. 1. It can be observed that the addition of the iron oxide to the soda-calcium
phosphate matrix leads to the increase in intensity of the bands and shoulders
situated around 340, 755 and 1080 cm™ and attributed mainly to the O-P-O bending,
P-O-P stretching, (POs)* (Q* species) asymmetric stretching and (PO,) and (P,0,)*
(Q% and Q" species) symmetric stretching vibrations, respectively [9 - 12].

1250
1161
1080

©7 1035
915
755
696
530
340

Raman intensity (a.u.)

i
1000 800 600 400 200
Wavenumber (cm™)

- R
1600 1400 1200

Fig. 1. Raman spectra of (100-x)[50P20s-30Ca0-20N&0]-xFe,03 glasses.

These spectral changes shown that the addition of iron to the glass network
matrix has as consequence both the appearance of a distortion of the phosphate
structural units as well as the increase of the the NBO number in PO, tetrahedra.
The last result indicates the progressive occurrence of a depolimerization process
of the phosphate glass network. It was reported [13] that the increase in asymmetry
on the high energy side of the band around 696 cm™, which is assigned to the P-O-
P stretching vibrations of the long-chain species, is caused by the increase of the
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number of very short phosphate units. A close analysis of the Raman spectra in th|s
spectral range, by deconvolution of the bands under discussion (696 and 755 cm™),
reveals (Fig. 2) that the addition of iron oxide has as effect the increase of the number
of very short phosphate units. This result represents an supplimentary proof that
accounts for the existence of the depolimerization process. By inspecting further the
Raman spectra one can see that while the weak Raman S|gnal recorded around
915 cm™ and due to the P-O-P stretching vibrations slowly increase in |nten5|ty a
progressive shift towards smaller wavenumbers of the band recorded at 1161 cm™, for
x = 0, and attributed to asymmetric stretching vibrations of (PO,)” (Q? speC|es) [9]
takes place as the doping level mcreases On the other hand, a slight broadening
of the Raman bands at 1250 cm™ assigned to asymmetric stretching vibrations of
(POy) (Q species) occurs with the increase of the Fe,O3 content. The main cause
of these spectral modifications is represented by the progressive distortion of the
phosphate structural units.

0,94

0,92 -

0,90 -

0,88 -

0,86 -

I755/ I 696

0,84 -
0,82 -

0,80 -
]

0,78 T O R
0,0 0,2 0,4 0,6 0,8 1,0 12 14 1,6

Fe,O, (mol%)

Fig. 2. Iron doping influence on the ratio between intensities of the Raman deconvoluted bands
assigned to very short (755 cm’ ) and long chain (696 cm” ) phosphate species vibrations.

By surveying the IR spectra depicted in Fig. 3 one can remark spectral
features similar to those observed in the Raman spectra. Thus, it can be observed that
the addition of iron leads both to the increase in intensity of the shoulders located
around 540, 1050 and 1180 cm™ and assigned to P-O-P bending, (POs)* (Q* species)
asymmetric and symmetric stretching vibrations, respectlveIY as well as to the shift
to smaller wavenumber values of the band situated at 1120 cm™ for x = 0 and attributed
to (PO3)” (Q" species) asymmetric stretching V|brat|0ns [9, 14]. It can be also seen the
decrease in intensity of the band at 1260 cm’ ! due to (POy) (Q species) asymmetric
stretching vibrations.

The absorption band at 920 cm’ aSS|gned to P-O-P stretching vibrations
does not visibly change its intensity as iron content increases. These spectral
changes in the IR spectra, like those observed in the Raman spectra, show the
distortion of the phosphate units and the increase of the the NBO number in PO,
tetrahedra as a result of the depolimerization process of phosphate glass network
with the increase of the iron doping level.
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Fig. 3. IR spectra of (100-x)[50P20s-30Ca0-20N&0]-xFe,;O3 glasses.

Conclusion

Glasses belonging to the (100-x)[50P,05-30Ca0-20Na,Q]-(1-x)Fe,0O5 system,
with O < x < 1.48, have been characterized by means of IR and Raman spectroscopy.
It was found that the glass network structure of the investigated samples is mainly
formed by anionic Q? [(PO,)] and Q* [(P03) ] species. Despite the fact that in all
samples the iron oxide content is low, the spectral data reveal that by progressive
addition of Fe,O; a distortion of the PO, structural units and an increase of the NBO
number occur. These results evidence the appearance of a depolimerization process
with the increase of the Fe,O content.
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ABSTRACT. Femtosecond-time-resolved four-wave-mixing spectroscopy was
employed to study the primary light-induced processes of phycocyanobilin. The
excitation wavelength was varied over the spectral region of the ground-state
absorption. The results obtained, show that both the rate of the photoreaction in
phycocyanobilin and the ratio of the decay of different excited-state species via two
decay channels depend on the excitation wavelength. The data presented here support
a recently established model for the primary photoprocesses in phycocyanobilin
(J. Phys. Chem B 2000, 104, 1810-1816).

Introduction

Phycocyanaobilin belongs to a class of open -chain tetrapyrrole chromophores
which play a functional and vital role in nature.! As a 2,3 dihydrobilindion chromophore
(panel A of Fig. 1), phycocyanobilin constitutes the prosthetic group of the phyco-
biliproteins C-phycocyanin and allophycocyanin, both involved in the light harvesting
and energy transfer processes within the photosynthetic antenna complexes of
cyanobacteria or red algae. 24 Most likely, phycocyanobilin is also the main target
in reactions of C-phycocyanin which result in an antioxidant, radical scavenging,
anti-inflammatory and anti-cancer effect.®® Furthermore, phycocyanobilin occurs
slightly modified as the chromophore of the light sensor protein phytochrome. The
latter chromophore, phytochromobilin, differs from phycocyanobilin only by substitution
of a vinyl instead of an ethyl group at the terminal pyrrole ring D (Figure 1, panel A). In
contrast to the phycobiliproteins, phytochromes function as the on-off switch for
biological processes in plants, collectively termed photomorhogenesis. They control
physiological responses such as germination, seedling development and flowering. 78
In the two functional systems, the phycobiliproteins and the phytochromes, the very
similar bilin prosthetic groups are covalently bonded to a protein moiety which
obviously influences the definite biological function of the whole chromoprotein through
specific chromophore protein interactions. Thus, studies on the isolated tetrapyrrole
chromophores in solution should provide very useful information in order to understand
the more complex molecular mechanisms inside the protein cawty and to unravel
the driving force of the highly selective photochemical events.”
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First femtosecond time-resolved transient absorption measurements on
phycocyanobilin were reported together W|th a kinetic model for the excited-state
reaction dynamics in a preceding paper ®n the present work, the validity of this
model is tested by performing transient population grating (TG) experiments at
excitation wavelengths throughout the spectral range of the steady state absorption
spectrum. The coherent TG technique provides nearly background and noise-free
kinetic data and, therefore, highly accurate kinetic constants. Concernlng the
details of our experimental setup, the isolation of phycocyanobilin (PCB) from the
cyabobacterium Spirulina geitleri and the sample preparation the reader is referred
to the references 18 and 19 as well as reference 16, respectively.

Kinetic model under discussion and consequences

The kinetic model proposed by Bischoff et al. [ to account for the excited
state processes in photoexcited PCB is based on pump probe experiments with
excitation at a single wavelength of 610 nm only. It is summarized schematically in
figure 1: Three different ground-state species of phycocyanobilin, PCB,, PCBg and
PCBc, can be identified in alcoholic solutions. PCB,, adopting a cyclical-helical
conformation, is the predominat species at room-temperature. The structural features
which distinguish PCBg and PCB¢ from PCB, are still unknown, though recent
semiempirical AM1 studies suggest that other minimum-energy conformations may
coexist along with the most stable cyclic-helical structure!™®.

o7t
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absorbance /arb. units —

02}
oL
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wavelength/nm —

COOH COOH
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Figure 1. Panel A shows the structure of phycocyanobilin in the cyclic helical conformation. In
the chromophore of phytochrome, the ethyl side chain at pyrrole ring D is substituted by a vinyl
group. Panel B displays the steady-state absorption spectra of the individual species of phyco-
cyanobilin and the kinetic model of the reaction dynamics in photo-excited phycocyanobilin.
The individual absorption spectra of the species PCBa, PCBg and PCBc (dotted lines) are shown
vs the stationary absorption spectrum of phycocyanobilin (solid line).

In the experiments of Bischoff et al."® PCB was excited at 610 nm leading
to the species PCB, and PCBg in the corresponding excited states while the species
PCBc¢ is not photoexcited due to its longwave absorption maximum. The population
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in B* internally converts back into the corresponding ground state resulting in a
lifetime of B* of 1, = (3.2 + 1.0) ps (time constants referring to methanol as solvent).
A* also returns back to its ground state, while however simultaneously undergoing
a photoreaction into species PCBg and PCB¢ leading to a decay of the population
in A* with a time constant of 1, = (30 * 8) ps. As the photoinduced interconversion
from PCB, into PCBg and PCB¢ leads to a state that is not populated according to
the thermal equilibrium any longer, a thermally driven back-reaction from PCBg and
PCBc into PCB, occurs until thermal equilibrium is reached again. This process can be
described with a time constant 13 = (350 + 100) ps. The model introduced by Bischoff
et al.;;q) implies that the ratio of the decay amplitudes associated with the different
decay channels is dependent on the excitation wavelength.

Pump-wavelength-dependency of the excited-state processes

In order to verify the kinetic model described above, we have examined the
excitation wavelength dependency of the decay processes in PCB by carrying out TG
measurements. The excitation wavelength was varied between 600 and 670 nm, thus
covering mainly the steady state absorptions of PCB. TG signals were recorded with
the probe wavelength set to 500 nm, i.e. in a spectral reg|on where a transient
absorption of the species PCB, and PCBg can be observed.® Quantitative data
analysis is done by normalizing each transient signal and fitting the experimental
transients to a function, which includes the convolution of our experimental response
function with the bi-exponential decay. (For details concerning the details of the fitting
procedure the reader is referred to reference 18.)

604
A o pump @ 670 nm 51 B
A pump @ 600 nm 55+
1.0 @ 504

1

short decay-time 7,/ ps
—
—
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600 610 & 630 640 &0 660 6710
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0 5 . 10 15 20 T T T T T T T T
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punpwavelength/nm =~
Figure 2. Panel A. Kinetics of the absorption changes at 500 nm after excitation of phyco-
cyanobilin at 670 nm (circles) and 600 nm (triangles). Panel B. Pump-wavelength dependency
of the decay times and decay amplitudes in the kinetics of phycocyanobilin. The main panel
shows the photoreaction time 7, as a function of pump-wavelength, the inset displays an
analogous plot of the short decay time .
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Figure 2A shows two representative TG signals taken at different pump-
wavelengths while panel B summarizes the estimates of the time constants 1, and
T, obtained from the fits of the data. The majority of estimates for the short decay
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time 1, conform well with the value of 1; = (3.2 £ 1.0) ps as determined by Bischoff
et al.," an exception being the estimate of 1.8 ps for pumping at 600 nm. On the
other hand a pronounced dependence on the pump wavelength can be observed for
the long decay component t,; it clearly increases with an increased pump wavelength.
The estimates of 1, reach from 18 ps for excitation at 600 nm to 30 ps for pumping
at 670 nm. This finding is most likely due to an accelerated rate of the internal
conversion process in the S; state, which occurs, when the pump photons deliver
an excess vibrational energy to the molecular system.”%

Figure 3 displays the amplitude ratio a/f associated with the two lifetime
components T, and Ty, respectively, as a function of the excitation wavelengths. It can
be seen clearly that the ratio o/ strongly depends on the pump color. The pronounced
drop when tuning the pump laser to Ion?er wavelength is explained in the context of
the model suggested by Bischoff et al*?!. As only A* molecules (and not B* species)
can undergo a photoreaction the amplitude of the photoreaction channel associated
with the decay time 1, decreases as more B* molecules are excited. The corresponding
species related absorption spectra for PCB dissolved in methanol are shown in
figure 1. Pumping at longer wavelengths creates an increasing excitation into species
PCBg resulting in an increasing contribution of excited state PCBg to the overall
excited state population and thus in decreasing estimates for o/p.
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Figure 3. Pump-wavelength dependency of the ratio of the decay amplitudes of the long-
() and short-component (71) lifetimes a/ as a function of the pump-wavelength. The decay
parameters are obtained from double exponential fits to the changes in the excited-state
absorption at 500 nm

Conclusions

The coherent technique of femtosecond-time-resolved four-wave-mixing
was employed to provide further insight into the complex reaction dynamics in
phycocyanobilin. Excitation wavelength dependent transient grating measurements
of the excited-state kinetics clearly revealed the coexistence of three different ground-
state species, PCB,, PCBg and PCBc. When exciting the species PCB, and PCBg, two
kinetic components with lifetimes of 1, 02-3 ps for excited-state PCBg and 1, [118-
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30 ps for excited-state PCB4 are identified. The relative contributions of these two
components to the overall kinetic changes vary with the excitation wavelength. The 18-
30 ps decay time of excited PCB,, T2, matches the ground-state appearance time of
the photoproducts PCBg and PCBc observed by Bischoff et al.™® The decay-time 1,
the excited-state lifetime of PCBg and PCBc, as well as T, are significantly dependent
on the excitation wavelength. They are remarkably shortened with decreasing pump
wavelength. This effect is most likely due to an acceleration of the internal conversion
process in case that the exciting photons deliver an excess vibrational energy to
the molecular system, thus leading to an enhanced photoreaction rate (1,)™.

These results are in accordance with the kinetic model suggested by Bischoff
et al. for the excited-state processes of phycocyanobilin.[lﬁ] However, further insight
is added due to the excitation wavelength dependent analysis of the excited-state
dynamics.
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ABSTRACT. Global genom excision repair (NER) is carried out by Xeroderma
Pigmentasum (XP) factors. Human Centrine 2 (HCen2), a member of EF-hand
superfamily of Ca2+-binding proteins, interacts directly with XPC and in cooperation
with HR23B stimulates XPC-NER activitry. However, Centrin 2 has been shown to play
an important role in centrosome duplication. Therefore the XPC-HsCen2 interaction
may reflects coupling of cell division and NER.

Nuclear magnetic resonance (NMR) measurements were used to characterize
backbone dynamic behavior of longer C-terminal domain LC-HsCen2 by comparison
with the complex formed by the C-terminal domain of HsCen2 with P1-XPC. The
backbone dynamics of C-terminal fragments of HsCen2 was analyzed in relation with
other well-characterized Ca2+-binding proteins. Structural and Ca2+-binding properties of
two C-terminal fragments of this protein were investigated by NMR.

Introduction

Cellular Ca** signals are highly regulated, primarily by Ca2+-binding proteins
that belong to the EF-hand superfamily. Centrins are ca’* sensor proteins from the EF-
hand superfamily involved in the cell cycle control [1, 2]. In upper eukaryotes they are
partially associated with the centrosomes, as components of the centrioles and of the
surrounding matrix. A significant fraction of HsCen2 is localized in the nucleus, where it
was recently found associated with the xeroderma pigmentosum group C protein
(XPC), a component of the nuclear excision repair pathway.

This study was focused on the characterization of solution structure and
backbone dynamic behaviour of longer C-terminal domain LC-HsCen2 by comparison
with the complex formed by the C-terminal domain of HsCen2 with P1-XPC using
nuclear magnetic resonance. The backbone dynamics of C-terminal fragments of
HsCen2 was analyzed in relation with other well-characterized Ca®" -binding proteins.

Experimental

The samples for NMR spectroscopy (0.7-1.2 mM) were obtained by dissolving
the lyophilized protein in deuterated Tris HCI buffer, pH 6.5 and 100 mM KCI (or NaCl).
NMR spectra were recorded on a Varian Unity 500 NMR spectrometer, at 35°C.
Standard homonuclear (COSY-DQF, TOCSY, NOESY) and heteronuclear (*°N-HSQC,

“Corresponding author: ematei_1@yahoo.com
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N-NOESY-HSQC, T1, T2) spectra were used for resonance assignment and collection
of distances and angle restraints, and calculation of relaxation parameters. Spectra
analysis was done using Felix 230 software.

Results and discussion

Using NMR spectroscopy we investigated structural, dynamic and functional
aspects of human centrin 2. The human centrin 2 (HsCen2) has only one of the
four EF-hand maotifs, localized in the C-terminal domain, with a relevant affinity for
Ca’* and discriminates against Mg2+ ions [3]. In order to avoid experimental difficulties
related to the aggregation tendency of the integral protein, we concentrated our study
on the isolated protein domains, we expressed and purified the full-length protein
and two C-terminal fragments: SC-HsCen2 of 79 residues (T94-Y172, covering the
two EF-hand sequence) and LC-HsCen2, possessing ten additional residues (the
D-helix), on the N-terminal side.

Only the longer C-terminal domain, in the Ca®*-saturated state and in the
presence of Na' ions, was amenable to structure determination by nuclear magnetic
resonance [4]. The solution structure of LC-HsCen2 reveals an open two EF-hand
structure with its D-helix segment (F86-T94) lying over the exposed hydrophobic
groove (Fig. 1). This intramolecular interaction increases considerably the Ca®" affinity
and constitutes a useful model for the target binding.

Fig.1. Ribbon representation of the solution
structure of Ca®*-bound LC-HsCen2

Recent studies have been proven the existence of two Hscen2- XPC
binding sites: P1-XPC (high affinity) and P2-XPC with low affinity. The identified
peptide, P1-XPC (Ngs7-Rsss), interacts strongly (K.= 2.2x10% M) with HsCen2 as
well as with its C-terminal [5].

Nuclear Magnetic Resonance relaxation measurements were used to
characterize backbone dynamic behavior of longer C-terminal domain LC-HsCen2
by comparison with the complex formed by the C-terminal domain of HsCen2 with
P1-XPC.

Uniform "N labeling of long C-terminal fragment (LC-HsCen2) and the
complex formed by the short C-terminal with P1-XPC enabled us to perform highly
sensitive heteronuclear (*°N-"H) spectra. This opens the way towards a comprehensive
relaxation analysis in terms of internal movements of the N-H groups of the
polypeptide chain.
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In the study of protein dynamics by "N relaxation measurements the Lipari—
Szabo model free formalism are used in order to determine the motion parameters [6].

We measured "N relaxation rates and NOE effect of >N —labeled at a
magnetic field of 11.74 T. Comparative analysis using a model-free procedure shows
that in both fragments, EF-hand motifs behave like compact structural units with
restrictive mobility, as reflected in the quite uniform order parameter. Motif 1V, having a
higher affinity for the metal ion, is more rigid. The linker fragment between EF —hand
motifs is animated by larger amplitude of motion.

The measured relaxation parameters (R1, R2, and noe), are within the
theoretically expected ranges for a molecule of this S|ze in the absence of an
important exchange contrlbunon The order parameter (S ) reflects the amplitude of
the fast internal motion of the H"-N bond vectors in the picosecond to nanosecond
time range. With a fixed value for the global correlation time (tc = 7.8 ns for LC-
Hscen2 fragment and tc = 4.7 ns for SC-Hscen2+P1 complex) the dynamic parameters
were estimated within the simple (S2 and te) Lipari-Szabo approach. The experimental
data for 8 residues (115-122) within Ca** —binding loop of EF hand muotif Il could not be
fitted to any model. This is in agreement with the low Ca-binding affinity of corresponding
motif according to the solution structure information [3,4].

An increased flexibility is observed for the residues of the N termlnal and
C-terminal ends of the complex SC-Hscen2+P1(XPC). For instance, S? decreases
progresswely from 0.78 to 0.52 over the last residues of the C-terminal segment
The S? values over the EF-hand motiv IV are guite homogeneous in both fragments
with an average of 0.85 nsec (Fig. 2), indicating that the backbone of this ca®*-
binding motif behaves like a rigid unit, with highly restricted movements.
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Fig 2. Order parameters S° for the backbone H"-H vectors of Ca®* saturated of
LC-HsCen2(blue) and Sc-Hscen2+P1(XPC) complex (magenta).

113



E. MATEI, Y. BLOUQUIT, P. DUCHAMBON, C. T. CRAESCU, S. SIMON

Conclusions

Comparison of the s? profiles shows a relatively constant and high S? value
(~0.8) of the N-terminal (D-helix) of the long fragment LC-Hscen2 and higher than N-
terminal end of the complex SC-Hscen2+P1 (Fig.2). A limited flexibility is associated to
D-helix region in LC-HsCen2 as a consequence of the interaction with hydrophobic
core. Such interaction observed in solution structure study strongly confirmed the
capacity of HsCen2 to recognize and bind its molecular target(s).
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ABSTRACT. IR spectroscopy was used for the structural investigation of the chelator
desferrioxamine B and its Fe(lll) complex, ferrioxamine B. Comparing the FT-IR
absorptions of desferrioxamine B and ferrioxamine B, the structural changes due to the
Fe(lll) chelation were clearly evidenced by the spectra. Despite the intense C=0
stretchlng vibration (1629 cm’ ) from the spectrum of desferrioxamine B, in two bands at
1577 cm™ and 1636 cm™ in the IR spectrum of ferrioxamine B (DFO:Fe) suggests the
appearance of a resonatlve process |n the O=C-N bond by chelating the Fe(lll). The
new bands at 1577 cm™ and 1043 cm™ from DFO:Fe spectrum are due to the C=N and
C-O bonds, respectively. This fact contributes to the homogenization of the electronic
charge of oxygen environment around ferric ion in the octahedral Fe chelate.

Introduction

Iron is an essential element for the growth of almost all forms of life. Iron in its
most common form, Fe(lll) hydroxide, is not a readily available nutnent since its
solubility is limited, typical concentrations at neutral pH are about 10" M. The low
environmental concentration of soluble Fe(lll) has forced the microorganisms and
higher plants to synthesize and secrete siderophores, that can chelate Fe(lll) and carry
it into the cell via specific high-affinity uptake receptors [1] The mechanism for Fe
acquisition by siderophores such as desferrioxamine B, (Fig. 1), relies on the selectivity
of these ligands for Fe(lll) to form very stable complexes. In order to improve the
understanding of the mechanism by which siderophore-mediated iron transport occurs,
the interaction of desferrioxamine B with iron was studied in detail[2-10].

Desferrioxamine B is a hydroxamate-based siderophore currently used for
removal of iron from the body in treatment of patients suffering from p-thalassemia
or acute iron poisoning. Iron chelators are also used as Fe fertilizers. To overcome
the problems due to the easily leached beyond the depth of the root zone, the
binding of chelates to solid phase was proposed. A recent study has investigated
the desferrioxamine B and ferrioxamine B molecules, when sorbed on activated
Sepharose gels[3].

According to the crystal structure of ferrioxamine B[2] the chelate molecule
consists of two closed loops and an open chain containing a protonated amine
(Fig. 1a). The six hydroxamate oxygen atoms coordinated to the Fe(lll) center form
a distorted octahedral geometry around the metal center (Fig. 1b).
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Fig. 1. A schematic drawing of (a) desferrioxamine B and (b) ferrioxamine B.

A recent review about calixarene-type macrocycles used for different metal
cation recognition selectivity is given by Ludwig and Dzung [11].

The FT-IR spectra of desferrioxamine B and ferrioxamine B were obtained for
a wavenumber range of 400-3500 cm™ with a Bruker Equinox 55 spectrometer with
a resolution of 2 cm™. Samples for analysis were prepared by mixing and pounding
300 mg potassium bromide with 0.8 mg of the tested material and then compressing
the mixture into pellets. To obtain the FT-IR spectra 32 scans were collected.

All the employed chemicals were reagent grade or better. Desferrioxamine
B methanesulphonate (Desferal) was purchased from Ciba Geigy, Basel, Switzerland.

Results and Discussion

The FT-IR absorption spectrum of desferrioxamine B and the FT-IR
spectra of desferrioxamine B Fe(lll) complexes, prepared at the stoichiometric
ratios 1:1, 1:3, 1:4 are shown in Fig. 2.

The FT-IR spectrum of desferrioxamine B is dominated by the strong amide |
band of the C=0 stretching vibrations, observed at 1629 cm™ due to the internal
hydrogen bonding, that reduced the frequency of the carbonyl stretching. The
absorption at 1569 cm™ is an amide Il band, due to the supposition of the N-H
bending of the secondary amides and C-N stretching vibrations of the secondary
amides and of the hydroxamate groups. The N-O stretching vibration of the hydroxamate
groups is present as a medium peak at 1051 cm™. In the high wavenumber region,
the N-H stretching vibrations at 3105 and 3312 cm™ are overlapped by the broad
O-H stretching band of the hydroxyl groups.
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with the stochiometric ratios as indicated.
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The C-H bending vibrations of the ethane and pentane chains of the
desferrioxamine B molecule display a broad band formed by the peaks at 1461,
1428 and 1397 cm™, whereas the C-C skeletal stretching vibrations are present in
the range of 1133-1271 cm™. In the high wavenumber region, the symmetrical and
the asymmetrical C-H stretching vibrations are shown by the peaks at 2858 cm™
and 2930 cm™, respectively.

Desferrioxamine B is available as methanesulphonate salt. The symmetrical
and asymmetrical SO3 stretching vibrations are usuaIIY strong IR active and are
therefore present in the spectrum at 1058 and 1164 cm™, respectively.

Comparing the ferrioxamine B FT-IR spectra from Fig. 2, the spectral shapes
of these spectra present similar features, consequently, independently of the used
Fe(lll) ratios, desferrioxamine B chelates Fe(lll) to a complex with a unique structure.
The medium-strong band at 555 cm™ in the FT-IR spectra of ferrioxamine B is
attributed to the Fe-O stretching vibration. The amide | band of ferrioxamine B appears
broadened and blue shifted at 1636 cm™, due to the overlapping of the C=0 stretching
vibrations of the secondary amides and the C=0 stretching vibrations of the hydroxamate
groups whose O atoms are involved in the Fe(lll) bonding. Also, the intensity of the
amide | band is significantly reduced due to a resonative O=C-N bond that arise after
the Fe(lll) chelation, as indicated by the X-ray diffraction.[2] The X-ray diffraction of
crystallized ferrioxamine indicates an increase in the C-N double bond character on
complexation to Fe(lll), as shown by the resonance structure Il in Scheme 1.

Consequently, new bands of C=N and C-O appear at wavenumbers of 1577
and at 1043 cm™, respectively.

:0 O: (0] (0] ‘0 (@]
& o s/ 5 /
N—=C -—> N—C «—> N—C
AN AN A
R1 R2 R1 R2 R1 R2

Scheme 1. Major resonance structures for a hydroxamate anion

An increase in C-N double bond character and the localization of a greater
negative charge at the carbonyl oxygen results in a relatively strong Fe(lll) complex [2].
The dissociation of the hydroxyl groups resulting from the coordinative bond to Fe(lll)
influences the N-H stretching vibrations at 3152 and 3425 cm™, being blue shifted.
Bonding Fe(lll), induces also modifications in the shape of the C-H deformation
bands, the band at 1404 cm™ with a shoulder at 1447 cm™ appearing broadened,
whereas the C-C skeletal stretching vibrations of the alkanes are shown by the
intense bands, blue shifted at 1171 and 1205 cm™.

A tentative assignment of the bands of the FT-IR spectra of desferrioxamine B
and ferrioxamine B is presented in Table 1.

DFOB coordinates with Fe(lll) through its three hydroxamates groups
forming an octahedral Fe chelate. The high stability of this complex is attributed to
the high coordinative energy of hydroxamic acid for Fe(lll) and also to the number
and spacing of the coordinative groups [3,12].
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Table 1.
Assignment of the main IR absorption bands of desferrioxamine B (DFO)
and ferrioxamine B (DFO:Fe)

DFO DFO:Fe Assignment
555s v(Fe-O)

785m 777m rock(CHy)

1051m v(C-C), v(N-O)
1043s v(C-0)'

1058m Vsym(SO3)

1133m Vasym(SO3)

1164m 1171s v(C-C)

1196s 1205s v(C-C)

1225s v(C-C)

1271m v(C-C)

1397m 1404vs o(C-H)

1428m 1447s d(C-H)

1461s 6(C-H)

1569s S(NH)+v(C-N) (amide 11)
1577s V(C=N)"+3(NH)+v(C-N)

1629vs 1636s v(C=0) (amide 1)

2858m 2854m Vsym(CH>)

2930s 2926s Vasym(CH2)
3048m Vasym(CHs3)

3105m 3152m V(NHz")+v(O-H)

3312s 3425m V(N-H)+v(O-H)

Abbreviations: v-stretching, d-deformation, sym-symmetrical, asym-asymmetrical
s-strong, vs- very strong, m-medium, *-resonative O=C-N bond.

Conclusions

The structural changes induced by the complex formation of desferrioxamine
B with Fe(lll) were evidenced by the FT-IR spectra, the Fe-O stretching absorption
being observed at 555 cm™. Changing the ratio of Fe(lll) in the desferrioxamine B
Fe(lll) complexes preparation, the FT-IR spectra displayed the same shapes,
consequently desferrioxamine B chelates Fe(lll) to a unique structure.

By chelating the Fe(lll) ion, a resonative process in the O=C-N bond of
DFOB molecule was evidenced. Thus the new bonds of C=N and C-O appear in
the IR spectra at 1577 cm™ and 1043 cm™, respectively. This fact leads to the
homogenization of the electronic charge of oxygen environment around ferric ion in
octahedral Fe chelate.
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ABSTRACT. Our paper is concerned with preliminary studies on carbon nanofibres
(CNF) obtained by chemical vapour deposition (CVD) method, used for adsorption
of some amino acids (alanine, aspartic acid, glutamic acid) and enzyme (glucose
oxidase GOD). The effects of surface properties on amino acids and enzyme adsorption
process were investigated. Surface properties of CNF have been characterized by
the pH values, the concentration of acid/ base values and hydrophobic values.
Adsorption isotherms of amino acids and enzyme were presented. The immobilized
GOD on CNF was investigated as a biosensor for glucose.

INTRODUCTION

The first place among the adsorbents used in practice belongs to the
different kinds of specially prepared carbons. These can have exceptionally high
porosity and, hence, a huge surface area. Adsorption has a wide variety of applications.
It is well known that carbon supports may be used in biotechnology and pharmaceutical
industry for immobilized enzymes and bacterial cells, which exhibit desired enzymatic
activity.

Enzyme immobilization is central to bioreactor and biosensor technologies.
Looking for new materials with high sensitivity and efficiency for the immobilization
and detection of enzyme is of great importance in different biochemical application.

Since their discovery in 1991, carbon nanotubes (nanofibres, single-wall
nanotubes and multi-wall nanotubes) have been attractive and practical new materials.

In this paper we described the investigation of the adsorption properties of
carbon nanofibres with respect to adsorbates of biological origin (amino acids:
alanine, aspartic acid glutamic acid and enzyme: glucose oxidase).

EXPERIMENTAL

Carbon nanofibres (CNF) were prepared by CVD method on Fe:Ni:Cu
catalyst (85:10:5). The CNF were purified in 37% HCI.

A. The pH of CNF[1] was measured according to the “Datronix” ionometer.
About 0.1 g of dry CNF was added to 10 ml of distilled water and the suspension
was shaken overnight to reach equilibrium. The sample was filtered and the pH of
the solution was measured.

Hydrophilic and hydrophobic properties of CNF were characterized by
the concentration of acid and basic sites of different strength on the surface of the
support respectively by naphthalene adsorption from aqueous solution.
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Acid and base values were determined by Boehms titration method [2]. In
the case of acid values, about 0.01 g of the sample was added to the beakers
containing 10 ml of 0.02N NaOH solution. The beakers were sealed and shaken for
24h with purging N, gas, then the excess of base was titrated with 0.02N HCI. The
acid value was calculated from the amount of HCI that reacted with NaOH.

The base value was determined by converse titration.

Hydrophobicity of the support was exzpressed in nmol of adsorbed
naphthalene/m2 of accesible surface area [3]. 1 m” of CNF were desairated under
vacuum and were contacted with 2 ml of 0.1 mM naphthalene at 18°C under static
conditions for 2h.

The concentration of naphthalene was determined by UV spectroscopy at
A= 225 nm.

B. Adsorption of amino acids was performed from 10°-10°° M solutions
(in distilled water) with izoelectric pH. The amino acids were adsorbed at ambient
temperature and stirred for 24 h.

The ratio between the adsorbent weight (in g) and the solution volume
(in ml) was equal to 1:10 (0.01g support/Iml amino acid solution). The amino acids
concentration was determined by ninhydrin method and measured spectrophotometrically
at A= 575 nm.

The amount of adsorbed amino acids was calculated from the difference of
its concentration in solution before and after adsorption and expressed in mg/g of
support.

C. The glucose oxydase (GOD) (Fluka) concentration was determined
by Bradford method (using Coomassie Blue G-250 as reagent) [4]. The adsorption
of enzyme was performed under conditions similar to those used for amino acids
but the pH of the enzyme solution was pH= 7.

The amount of adsorbed enzyme was calculated from the difference of its
concentration in solution before and after adsorption and expressed in mg/g of
support.

The enzyme activity of immobilized GOD was determined by amperometric
method. The enzyme immobilized on CNF was used as an amperometric sensor. The
enzymatic reaction was:

Glucose + GOD(FAD") - Gluconolactone + GOD(FADH))
FADH, + O, -~ FAD" + H,0,
H,0,— 2H" + O, + 2e

Carbon nanofibres materials show very good electrodic properties [5] and
they can be used as support for enzymes immobilization.

EXPERIMENTAL RESULTS

A.
Table 1.
pH, hydrophilic and hydrophobic properties of CNF
respectively active carbon (CA) sample.
Sample |BET surface | pH Acid values | Basic values | Naphtha-lene adsorption
m°/g meq/g meq/g nmoli/m®
CNF 170 6,20 0,15 0,6 51,17
CA 1400 6,52 0,04 0,28 27,8
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CONCLUSIONS

The surface of the samples (CNF and CA) was week acidic due to its
origin, preparation and method of activation. The results obtained from acid/base
titration were in general agreement with pH values.

The surface acidity/basicity of CNF is fourth/twice times greater than that of
CA. The concentration of acid sites on the CNF and CA is in several times lower
than that of basic sites. CNF is more hydrophobic than CA. The adsorption of amino
acids on CNF increase: alanine > glutamic acid > aspartic acid, due to the molecular
weight and the acid-base groups of amino acid molecule.

The adsorption of GOD on CNF and CA are similar. The interaction between
enzyme and support was complex; differences in adsorption can not be explained
only in the chemical properties of the surface (steric arrangements and the surface
aria accessible interfere). The filamentous morphology of CNF is responsible for
the greater stability of immobilized enzyme than the enzyme used in solution. The
future research will verify the GOD activity for a long time. Carbon nanofibres
materials show very good electrodic properties and they can be used as supports
for enzymes immobilization.
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ABSTRACT. Inclusion complexes of atenolol with S-cyclodextrin (5-CD) in aqueous
solution have been investigated by H NMR an UV-vis spectroscopy. A 1:1 stoichiometry
for this inclusion complex has been established. Their stability constants were
determined by UV-vis spectroscopy. Molecular modeling (by using Hyperchem MM+
molecular dynamics) is in good agreement with the 'H NMR data indicating the protons
implied in the inclusion process and consequently a supramolecular architecture of
this complex was proposed.

Introduction

Atenolol (ATE, Ci4H»N,Os3, see Fig. 1) molecule is one of the most
frequently drugs used in the treatment of cardiovascular diseases, being employed
for their antihypertensic and antiarrhytmic properties™.

e c a
H d H Me
Y
Me
7l
H H H
e' OH ¢ H b

Fig. 1: Atenolol molecule
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Cyclodextrins (CDs), see Fig. 2, are cyclic oligosaccharides formed by units
of a-D-(+)-glucopyranose (six, seven, or eight) called a-, & or yCD, respectively. They
have the ability to encapsulate entirely, or at least partially, into their hydrophobic
cavity, a wide variety of guest molecules forming inclusion complexes2 .

(cydic)
Fig. 2. Cyclodextrin molecules

The formation of host/guest complexes has been used in industry to increase
bioavailability, taste, and stability of drugs in aqueous solution. They have also
been used as enzyme models. A variety of techniques are available to observe
host/guest interactions depending on the applications envisaged for the complex.
However, most of these techniques are unable to discriminate between internal
(inclusion) and external complexation3 .

The mechanism of enantioselective binding of chiral ATE by SCD derivatives
(PhCD) has been studied by NMR and molecular modelling. *H NMR spectra of (R,
S)-ATE enantiomers have been published4 .

The investigation of S#CD inclusion complexes of cyclodextrins with atenolol
(racemic) has been done by using NMR, XRD, differential scanning calorimetry
(DSC), scanning electron microscopy (SEM) techniques’. The chemical shifts for the
protons of ATE and of SCD in the free and in complex states with the peak assignment
for free ATE and BCD was presented’. The IC is consisting on equimolar mixture
of the two diastereometric complexes. UV-spectrophotometry was used also to
study this IC; based on this method the association constant from the phase
solubility diagrams was obtained” .

The molecular encapsulation of ATE in #CD has offered promise for the
development of new dosage forms and its increase the solubility and dissolution
rate of ATE. The IC was prepared by co-precipitation method. The Higuchi-Connors
method was used for the calculation of the stability constant K = 28,66 M™* from the
phase solubility studies®. One observes that the dissolution rate of the IC increases
as compared to the ATE one.

The aim of this paper is to determine the stoichiometry of the ATE with SCD
inclusion complexes, their stability constants and the geometry of these supramolecular
architectures.
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Experimental

Inclusion complexes of FCD (used as host, H) with ATE as guest (G)
molecules was prepared in agueous solutions starting from mother solutions of
milimolar concentration of G and H in D,O. SCD (having <15% in water weight)
was purchased from Merck (Germany) and was used without further purification.
The aqueous solutions were prepared considering the molecular water present in
CD. ATE (obtained from "Helcor" Baia Mare, Romania) is quite water-soluble drug.

Two starting solutions of 5-10° mol dm™ in D,O (ROMAG Turnu Severin,
Romania) of S-CD and ATE, respectively, were prepared. On going from these mother
solutions several mixtures of constant volume and having different molar ratios of
G and CD were prepared. The sum of the total concentration M = ([5CD]+[G]y)
(where the lower index is referred to the total concentration) was kept constant,
being equal to 5-10° mol dm™. The molar ratio of G, rg = [G];/ ([ZCD]+[G]) was varied
from 0 to 1 at 0.1 intervals.

'H-NMR spectra were recorded for all these solutions with a Bruker Avance
400 spectrometer after 15 minutes of equilibration. The spectrometer is operating
at 400.13 MHz, with the following parameters: 16384 data points, pulses of 90°, 2
seconds delay between scans (32 scans) and a digital resolution of 0.588 Hz/point.

For solution studies the following procedure was applied: an aqueous
solution of ATE of 2.10™ mol/L concentrations was prepared. This solution was mixed
with solutions of increasing SCD concentrations. These solutions have the following
concentration values: 0.01; 0.015; 0.020; 0.03; 0.04; 0.06; 0.08 mol/L. They were
stored at room temperature for 12 hours. After that, they were measured by an UV-
vis spectrophotometer by using standard quartz cells.

The stoichiometry of the inclusion complexes

The stoichiometry of the complex was obtained by using the well-known
continuous variation method, i.e. the Job’s method’. Let us assume that a complex
C, having the [1 : n] guest:host stoichiometry, is formed:

G+npCDSC (1)

The symbol J; will represent the chemical shift of a proton of a given
species X (X = G, CD) when they are found to be free in solution; J the observed
chemical shift when the observed species is found in the presence of the other; Jc
the chemical shift of a proton in the IC, the last one can not be measured
experimentally but can be calculated. The following differences are also defined:

Adyps = =0 (2)

Ade = J-0¢ (3)

If there is a rapid exchange between the free and bound states for the X
species, each proton will give a unique, averaged signal. In this case, the product
of Adyps by the total concentration of the analyzed substance, [X];, i.e, Adps[X];, will
be proportional to [C].
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By plotting Adws[X]; VS. e One obtains a curve, its maximum indicating the
value of rg at which the maximum concentration of the complex is achieved. This
value is related with n by®®:

re =1/ (1+n) (4)

which allows the determination of the stoichiometry of the obtained inclusion
complexes.

The association (stability) constant

Various methods for the determination of the association constant have been
described in the literature. These are based on techniques such as'®**: conductometric
titration, potentiometric and spectroscopic methods, solubility studies, etc.

The association constant K: can be evaluated from the observed variation
in the chemical shift difference for some drug or cyclodextrin protons. The problem is
that NMR evaluation of this constant depends™* on the proton taken into consideration.
The constant being unique for the whole inclusion process, we prefer the use of
UV-vis spectroscopy to determine the stability constant.

Association constant determination by UV-vis spectropohotometry

In order to determine the stability (association) constant, the differences
between the absorbances corresponding to free ATE, and complexed with 5CD,
respectively, were calculated. The change in absorbance between free ATE and
the complexed one with £#CD was measured at 294 nm for ATE. The stability constant
K for ATE-A-CD was calculated in agreement with the Scott equation™ :

[MT](CD] _ 1 +[CD] (5)
d KclqE €
where d is the change in absorbance between free MT (ATE) and the complexed
with £-CD and ¢ represents the difference in the corresponding molar absorptivities.

Geometry optimisation

In order to optimize the geometry in vacuum, molecular mechanics computation
have been done with the HyperChem software™®; the details of the algorithms are
given elsewhere'’. The well-known MM+ was used with the Polak-Ribiére conjugate
gradient method until a RMS gradient lower than 0.015 kcal mol™ A™* was obtained.

Results and Discussion

Stoichiometry determined by 'H NMR spectroscopy

Fig. 3 presents the "H NMR spectra of several aqueous solutions of ATE
with #CD at different molar fractions.

One can observe the protons that are influenced by the complexation
process. The interaction degree between different protons of the #CD and ATE may
be estimated by plotting the chemical shifts of the f#CD and G vs. rg. The application
of the Job’s method for the obtained complexes is presented in the Figs. 4 and 5:

128



INCLUSION COMPLEX OF ATENOLOL WITH #CYCLODEXTRIN

CD9
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. CD5
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CD1
. L
T 23 a5
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Fig. 3. 'H NMR spectra for different molar ratios of #CD and ATE.
Legend: r = 0.1 for CD1; r = 0.5 for CD5 and r = 0.9 for CD9
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Fig. 4. Job’s plots for ATE (vs. the ATE molar fraction) (g : Hg; e: Hf).
Origin B-spline curves were fitted to the observed pointslg.
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Fig. 5. Job’s plots for #CD (vs. the molar fraction of ATE): A: H3; ®: H4; e: H5.

Origin B-spline curves were fitted to the observed pointsls.

The inspection of the Figs. 4 and 5 reveals that ATE forms an inclusion
complex with /CD with a [1:1] stoichiometry.

The equilibrium constant for the 1:1 complex of SCD+ATE is varying
significantly depending on the proton taken into account, as was reported in other
papers dedicated to the determination of the equilibrium constant by NMR method™*.

The ATE methylene protons suffer a small shift, suggesting that they
remain outside 5CD cavity. The protons whose chemical shift are changed notably
are Hg and Hf. Consequently, we consider that ATE molecule enters inside CD
[-CD ring from the larger side in such a way that the Hg and Hf protons remain in
the central position and the methylene groups remain outside (the hydrogen atoms
are suppressed in order to simplify the drawings).

The stability constant obtained by UV-vis spectrophometric method
By plotting [MT]OCD] _ f([CD]) it is possible to determine the stability
d £

constant from the intercept of the linear plot with the Oy axis, see Fig. 6.

From the values at the intercept, by taking into account the Eq. (8) K¢ value
for ATE--CD as being 110 L/mol was obtained.

By analysing the chemical shifts of the cyclodextrin protons, both for ATE/f#
CD, one see significant shifts for H3 and H5 protons situated inside CD torus. As
concerning the ATE protons, significant shifts are observed for Ha, Hc, Hc’, He and Hf
protons i.e. the ether part of the ATE and the benzene ring enter inside CD torus.
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Fig. 6. The stability constant determination for the ATE-CD complex.

Molecular mechanics

In order to find a theoretical support for the previous hypotheses, molecular
mechanics calculations have been done. The CDs act as complexing agents with
different molecules, which enter inside CD torus, and interact with the OH groups
of CD by Van der Waals, electrostatic forces and hydrogen bonding™. The models
have been built starting by locating the ATE molecule at the larger side of the #CD
cavity. The results of the geometry optimisation in vacuum through MM+ molecular
mechanics of a #CD molecule and ATE molecule is presented in the Fig. 7.

Fig. 7. The structure of the ATE-SCD complex
obtained with the Hyperchem software.

Conclusions

The chemical shifts observed in "H-NMR spectra of different IC mixtures
demonstrate the appearance of an inclusion complex having a [1:1] stoichiometry
in the case of G / #CD, G being ATE molecules.
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The stability constants, obtained from the spectrophotometric measurements
is 110 M™ for ATE/ZCD system. In the case of ATE/ZCD complex the stability
constant obtained by us using the Scott method is somewhat higher than that®
obtained by phase solubility test.

Molecular mechanics calculations using MM+ approximations showed that
the ATE molecule enters inside SCD cavity with the phenyl rings, its methylene
groups remaining outside the cavity. The results of the molecular mechanics
calculations must be taken with precaution, because there are a lot of local minima
in the potential energy surface of the investigated molecules. One must take also
into account the fact that the simulated system is not real, the calculations were
done for the system in vacuum by neglecting the influence of the water molecules.
But the obtained results are in good agreement with our hypotheses. Supplementary
efforts are necessary to establish the nature® of the forces implied in the inclusion
process. The expulsion processes of the intracavity water molecules must be taken
into account®.

To summarize, it has been shown that NMR and UV-vis spectroscopy can
be used to derive satisfactory both the stoichiometry and the association constant
of inclusion complexes. Based on these experimental data, molecular models of
the ATE / £-CD inclusion complex in solution was proposed.
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ABSTRACT. A method of extraction based upon the selective and localized heating of
residual moisture in target (usually plant) materials is microwaves. This localized
heating is very rapid and results in an explosive disruption of the physical structure of
the source material, leading to a direct migration of the desired components into the
surrounding solvent. The solvents are chosen so as to be transparent to microwaves,
meaning that only the source material is heated.

A calorimetric study of the ‘microwave effect — a modification in kinetics of
transition temperatures in inorganic and organic systems under the influence of
microwave radiation — is being developed. We observed that plant material, solvent
polarity and treatment conditions influence the microwave power absorption.

Introduction

The extracts of natural products have been used as food and medicine
since the beginning of civilization. The biological activity of the whole plant extract
is usually related to the constituents that have been identified.

Today, many products are extracted from their original structure, being
undoubtedly the most important step in the preparation of plant material for the
analysis of bioactive compounds. In the traditional extraction process, a heated solvent
slowly diffuses through the material, dissolving and carrying away target compounds.
The choice of solvent is often limited by its diffusivity properties.

Extraction using microwave technology is a good alternative to conventional
extraction techniques. The extraction by microwave as a new extraction technique
has its own specific parameters that need to be characterized for every plant, or
plant-solvent system.

Principles of the microwave extraction process

The base principles of microwave treatments are (one) the direct energy
transfer of the microwave energy on the probe to be treated and (second) the
selectivity of microwave absorption by the dielectric loss of the probe. These two
characteristics imply a time rate of treatments between 2 to 1000 comparatively
with classical processes. Other attractive characteristic of microwave treatments is
the possibility of microwave power control by a local PC or microcontroller.
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The microwave plant-extraction is based on the selectivity of the microwave
absorption in materials. The key of this selectivity is the permittivity loss (or the loss
tangent) of the materials irradiated by microwaves. The interaction microwaves-matter
is characterized by the relative dielectric permittivity:

1) e =gqe j= (1" tg(®) =€’/ €

where:

- €' is the relative permittivity of the material and represents the amount of
microwave energy cumulated in the material by dipoles orientations (or dipole
structures orientations);

- €” is the permittivity loss and represents the microwave energy lost in
different conductive processes or by the dipoles vibrations;

- tg(d) is the loss tangent;

The expression of the microwave power absorbed in the unity volume of
the material is:

@) P.=we, € tgdE? or P,=2mfe, e EZ in (W/m®)

where: g, = 8.856 10™* F/m; E; - internal electric field (in the material), proportional
with the incident microwave power Po; f - microwave frequency; w - microwave
pulsation (271F).

If we assume that all the absorbed microwave power is transformed in
heat, the raising rate of the material temperature is:

(3) (AT/ t) = (we, €' tgd Eo?)/pc

where ATis the temperature rise in the 3t time, pis the density of the material, in Kg/m?,
and c is the specific heat of the material, in J/Kg°C.

If a mixture of different materials (plant and solvent for example) were
irradiated with microwave power, the microwave absorption and the local rise of
temperature would be selective for the different values of the permittivity of the
constituents. This is an important fact in the microwave extraction process. Usually, the
natural probe, from which we intend to extract one component, is immersed in a
nonpolar solvent (microwave loss-less). By microwave irradiation, the temperature
rising rate of the natural probe is bigger then that of the solvent (usually by one or two
magnitude orders, because of the water content) and the natural tissues (vegetal or
animal) are broken up. The different temperatures between the probe and the solvent
determine a local convection, which favorises the transport of the component (esther,
volatile oil, organic oil, etc.), in the solvent [1,5,6].

This process allows for direct extraction of fresh material without the need
to dry them prior to the extraction, as commonly being the prerequisite in most
other methods. Microwave treatment conditions are important criteria and the
microwave generator have to be designed in such a way that the most important
process parameters can be adjusted and controlled throughout the process.

For determination of the plant extraction optimal conditions in microwaves
power treatment it is necessary to determine experimental the power absorption
value for a particular extraction system because the microwave power have a specific
distribution inside the extraction cell as a function of probe nature, solvent, extraction
cell shape and microwave incident power value.
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Experimental measurements
Experimental configuration used for microwave extraction was developed
on the base of three Romanian patents [7,8,9].

Fig. 1. Microwave power system

This microwave power system operates at a fixed frequency (2.45GHz)
and power (500-900W). The microwave input in material is controlled in every
second from 0% to 100% of time.

Extraction solvents: for extraction it was used 25 ml of: methanol, water
and different methanol-water mixtures.

Plant material: it was used flowers of Tagetes patula collected in July 2004.
The powdered dried materials were Soxhlet extracted whit CHCI; to eliminate the
lipophylic compounds.

In order to evaluated the energy absorbed by the sample, the following
classical calorimetric relationship was used (if we assume that all the absorbed
microwave power is transformed in heat, Pa=Wa):

4) Wa= (m c AT)/ tg

where; - W, =the power absorbed by the sample [W]

- m = mass of sample [Kg]

- ¢ =mass specific heat [J/Kg °C]

- AT = the difference of the final and initial temperatures.

- tg = the applied microwave field effective time, defined as: t;=1t 3
t = working time [s]
- ®=duty cycle [%]

For determination of optimal extraction condition measurements was performed
for the same system in different operated condition, for different value of incident power,
duty cycle and the time. During the measurements the extraction cell was cooled to
maintain the solvent temperature at a value less as the boiling temperature.

137



I. BROS, M. MOLDOVAN, S. COBZAC, E. SURDUCAN, V. SURDUCAN, T. HODISAN

To determinate the optimal extraction conditions of bioactive compounds from
Tagetes patula — plant, the power absorbed W, was represented versus the duty cycle
and the treatment total time for methanol-water (50:50 v/v) system (in figure 2).

Conclusions, results and discussion

100

power absorbed (W)

90

power absorbed (W)

—
=

power absorbed (W)

Fig. 2 Experimental condition and the power absorbed at an incident power:
@900 W; @700 W; @600 W.

From the all experimental condition investigated, an incident power of
700W is the best choice, mainly considering the power absorbed/extraction time
yield. At this incident power were done measurements for methanol, water,

methanol-water mixtures and solvent-plant system at a duty cycle of 60% for the
total treatment time of 90s. The power absorbed is presented in figure 3.
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Fig.3. The power absorbed in solvent and solvent-plat system at 700W,
duty cycle 60% and 90s

It was observed that the presence of the plant has a influence to the power
absorption in the solvent-plant system, so the power absorbed by the sample is
influenced by the microwave treatment conditions (incident power Po, duty cycle and
treatment time), solvent polarity and in the plant presence. All these “conditions” define
the microwave extraction technologies. For the best extraction, the extraction time
should be not very brief (it not allow a good extraction of bioactive compounds) and not
very long (the interaction prolonged of microwave with the bioactive compounds may
carry at this degradation); a propre time value in rapport to the incident microwave
power can be only experimental determined. In our case an incident power of 700W
offer the best power absorbed / extraction time yield for this microwave power system

(fig.1).
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ABSTRACT. We have used atomic force microscope (AFM) and Langmuir-Blodgett
(LB) self-assembly technique as tools for studying the effect of two drugs such as
procalne (P) and deferoxamine (DFO), at a drug concentration of 10 and 10° mole
dm?®in the aqueous phase, respectively, on dipalmitoylphosphatidylcholine (DPPC)
films spread as Langmuir monolayers at the air/water interface. These techniques
allowed the investigation of morphology and surface properties of DPPC films in the
presence of these drugs. The experimental data were compared with those of pure
DPPC monolayers and indicate a highly increased stability of mixed DPPC and P and
of DPPC and DFO films. Consequently, the drug effect reveals specific molecular
interactions between these biologically relevant biocompounds in substantial
agreement with their molecular structure and with their nano-structures evidenced
by AFM on LB films. These data demonstrate that both procaine and deferoxamine can
penetrate and specifically interact with membrane lipids stabilizing the biological
membranes at both internal and external membrane interfaces.

1. Introduction

Langmuir-Blodgett (LB) technique and atomic force microscope (AFM) are
useful research tools [1-8] to construct membrane models [4] and to explore
molecular interactions among different molecules in oriented supramolecular structures
[2]. On the other hand, the LB films are widely used to probe various experimental
technigues, such as electron scanning microscopy [9,10], reflection-absorption IR
spectroscopy [11], surface plasmon resonance [12] and fluorescent microscopy [1,
13, 14]. These LB assemblies could find potential applications in advanced spectroscopy,
chemical technology, biosensor industry, microelectronic devices and targeted drug
delivery systems.

It has been shown that phospholipid monolayers spread at the air/water
interface [15, 16], known as Langmuir monolayers, and transferred on solid substrate
[1-3, 5] by LB technique are increasingly used as models for biological membranes.
The biological significance of such model systems is suggested by the fact that a
phospholipid monolayer on water [15] or on a solid substrate [1, 3, 5, 8] resembles half
of the lamellar bilayer membrane [3, 17, 18]. Experimentally, it was shown that electron
diffraction patterns obtained from supported phospholipid monolayers appear similar to
those of bilayers [19].
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Among phospholipids, dipalmitoylphosphatidylcholine (DPPC) is considered a
model compound which self-assembles as a Langmuir monolayer at the air/water
interface [13, 14, 20-23] and forms stable LB films [3, 5]. The behavior of DPPC in
Langmuir monolayers, in the absence and the presence of procaine, was earlier
published by us from compression isotherms [20-22] and from epifluorescent
microscopy [14]. The results indicate that procaine can both penetrate and interact
with membrane lipids and proteins and it concentrates at both internal and external
membrane interfaces.

In this work, we study the LB films of DPPC containing various drugs, like
procaine (P) and deferoxamine (DFO), which are believed to act directly on the
membrane proteins or through a perturbation of the surrounding lipid matrix. We
focus on their micro- and nano-structure to further discuss their phase behavior
and better understand the drug effect on lipid membrane models by using LB
technique and atomic force microscopy (AFM). Both drugs are frequently used to
treat various diseases and it is of interest to understand how the drug distributes
throughout the lipid membrane.

2. Experimental Procedures

2.1 Reagents and Materials

Dipalmitoylphosphatidylcholine (DPPC) and the two drugs, e.g. procaine
hydrochloride (P) and deferoxamine methanesulfonate (DFO), were purchased from
Sigma. The n-hexane was purchased from Merck, and other chemicals were purchased
from Reactivul Bucharest. All chemicals were used without further purification. Our
investigations have been performed at pH 5.6, where both procaine [24] and
deferoxamine [25] are positively charged and DPPC forms a stable Langmuir
monolayer at the air/aqueous solutions interface. The ultrapure water with a
resistivity of 18 Mohm cm used in all experiments was purified with an Elga system.
The hydrophilic glass substrates with both sides optically polished having smooth
surfaces were used for the LB film fabrication. Glass substrates, with a typical size
of 25 x 25 mm? and 0.1 mm thick, were cleaned with chromic mixture according to
a usual procedure adapted in our laboratory [26]. After cleaning the substrates
were rinsed thoroughly with distilled water and after with ultrapure water and finally
dried before they were used.

2.2 Langmuir and Langmuir-Blodgett (LB)Techniques

The Langmuir monolayers of DPPC in the absence and in the presence of
drugs at the air/water interface are studied by experimental methods described by us in
detail elsewhere [20-23, 27-29].

A Langmuir monolayer is generally obtained by spreading a known number
of DPPC amphiphilic molecules on the air/aqueous solution interface in a Langmuir
trough of a precise known area. Teflon barriers are placed across the teflon trough and
serve to vary the area of the Langmuir monolayer in compression; in consequence, the
mean molecular area (A, in AZ) of DPPC is precisely determined, and simultaneously,
the surface pressure is measured by using a surface tension sensor with Wilhelmy
plate method [6, 20-23, 30].
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The surface pressure (11, expressed in mN/m) is calculated as the difference
between the surface tension of the pure aqueous subphase (0, given in mN/m)

against air phase and the surface tension (o, in mN/m) of the air/water interface with
Langmuir monolayer. Our automatic Langmuir equipment is the KSV model 5000,
manufactured by KSV, Finland. For LB film deposition, the Langmuir equipment needs
additional capabilities of dipping a hydrophilic glass, through the Langmuir monolayer
at the air/water interface, at a controlled speed while the Langmuir monolayer is
held at a constant chosen surface pressure, which is easily identified on compression
isotherms (T versus A curves).

DPPC was dissolved in n-hexane at a concentration of 1 mg/ml and spread
on aqueous solutions at 20 °C in a teflon trough. After waiting time for 5 to 10
minutes to allow the solvent to be fully evaporated, the monolayer was manually
compressed at a speed of 10 cm?/min. LB films were prepared as we previously
reported [7, 8, 11] and DPPC monolayers were compressed at a chosen lateral
surface pressure. After an equilibration period of about 10 to 15 min, the vertical
transfer of the monolayer was performed by LB technique at a low transfer speed
of 0.2 cm/min.

2.3 Atomic Force Microscopy (AFM) Tapping Mode

Investigation of surface morphology and domain structure of LB samples of
DPPC in the presence of drugs was conducted in tapping mode on a research
AFM system with a 90 x 90 (x-y) ym scanner described elsewhere [31]. The
calibration of AFM scanner was checked by imaging freshly cleaved highly oriented
pyrolytic graphite (HOPG) and mica sample. Non-contact conical shaped tips of
silicon nitride coated with aluminum were used for AFM tapping mode. The tip was
on a cantilever with a resonant frequency in the range of 200 - 300 kHz and with a
spring constant of 17.5 N/m. We used low scan rates of 1 Hz and high scan rates in
the range of 20-30 Hz to detect noise artifacts. The scan angle was also changed
in different directions to observe real images from those corresponding to noise.

The AFM images were obtained from at least three macroscopically
separated areas on each LB sample. All images were processed using the standard
procedures for AFM. Dimensions of the domains were measured directly from AFM
topographic images and the thickness variations were estimated from cross section
profiles [7, 8]. All AFM experiments were carried out under ambient laboratory
conditions (about 20 °C) as previously reported [7, 8, 31].

3. Results and Discussion

3.1 Surface Characterization of Langmuir DPPC Monolayers

The compression isotherm of pure DPPC monolayer, spread at the air/
water interface, is given in Fig.1, curve 1. At about 8 mN/m, the DPPC monolayer
exhibits a two-dimensional phase transition [20], from expanded liquid (EL) to
condensed liquid (CL), shown on the compression isotherm (Fig. 1, curve 1) by a
sharp break in the isotherm slope. At this main transition, two phases EL and CL
coexist in the DPPC monolayer.
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The linear portion of high lateral surface pressures corresponds to the CL
state, followed by an intermediary liquid [6] corresponding to intermediate surface
pressures (between 8 and 20 mN/m) and by an EL state under 8 mN/m. In the
presence of deferoxamine (10° mole dm™; curve 2, Fig. 1) or procaine (10 mole dm™;
curve 3, Fig. 1) in the aqueous subphase the compression isotherms are moved to
larger molecular areas of DPPC showing the drug expanding effect on DPPC
monolayers.

70

collapse

60 -

S0 -

30 -

JI,mN/m

~

30 50 70 90 10 130 150
A, A? I molecule

Fig. 1. Compression isotherms at the air/ water interface for pure DPPC monolayer (curve 1) and

for DPPC monolayer in the presence of DFO (10'6 mole/dm?®, curve 2) in the aqueous phase, or of

P (10'3 mole/dm®, curve 3), at 20 °C. Dashed lines indicate the limiting areas for DPPC molecule (Ao)
in CL state. Arrows at high surface pressures indicate the incipient collapse state of monolayers.

From compression isotherms, the surface properties of DPPC monolayers
were determined and they are given in Table 1. For instance, the A is the limiting
molecular area for the CL state of DPPC monolayers in the absence or in the presence
of drugs. These A, values are obtained by extrapolation at 1 equals zero of the linear
portion of the isotherms recorded at high lateral pressures (Fig. 1). By comparing the
Ao values (Table 1) it is evidenced the drug expansion effect on the CL state of DPPC
monolayers.

The incipient collapse pressure (17.) is the highest surface pressure to which a
Langmuir monolayer can be compressed at the air/water interface [30, 32] and
corresponds to the sudden slope change observed on the isotherms at high surface
pressures (see, arrows on Fig. 1). The corresponding mean molecular areas are the
collapse areas (A.) and they are also given in Table 1. As can be seen the A. values
are constant. This situation can be correlated with the squeezing out of penetrated
drugs from mixed DPPC and drug monolayers near their incipient collapse.
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Table 1.

Surface characteristics of DPPC monolayers in the absence and in the presence

of P (10®mole dm™) or DFO (10° mole dm®). The mean area values (Ao, and A,)
are given in A%’molecule of DPPC. The T, values correspond to the monolayer collapse.

Monolayer Ao (A9 A (A9 TTe (MN/m)
incipient (advanced)
DPPC 54 42 55 -
DPPC and DFO 69 42 59 (70)
DPPC and P 78 42 63 (70)

In CL state the DPPC molecules are densely packed and A; values (42 A2
Table 1) are in close agreement with the packing area of hydrocarbon chains in
crystalline lipids, e.g. area of 38 A? per pair of chains [33], and with data obtained
for DPPC from geometric models (40 A2 [20]). Similarly, an area of 21 A? for the
hydrocarbon chain was found from AFM observations on lignoceric acid LB films [34].

It is important to emphasize that we have chosen these two very different
concentrations of drugs, because for these conditions procaine and deferoxamine have
an important (see, 1. in Table 1) and comparable effect (see, A and A values) on the
phase behavior of DPPC monolayers. The stability of DPPC films is highly increased
and it is shown by the increased collapse pressures of DPPC monolayers at the
air/water interface in the presence of drugs.

The increased stability of DPPC monolayers in presence of procaine or
deferoxamine reflects stronger specific interactions between these biocompounds, due
to their ability to make stable self assembled supramolecular associations primarily
through hydrogen bonds and electrostatic interactions [35-38].

3.2 AFM images and analysis

3.2.1 Mixed LB Films of DPPC and P

We examine the morphology of mixed LB films of DPPC and P vertically
transferred on glass at two surface pressures 8 mN/m (Fig. 2) and at advanced
collapse state of 70 mN/m (Fig. 3) by AFM tapping mode, which allows simultaneous
acquisition of both morphology data (topographic image) and material-properties
data (phase image), such as elasticity, friction and adhesion. These data demonstrate
that, generally, the topographic and phase images appear to be complementary to
one another showing the structural features of LB samples.

These AFM images indicate that the mixed DPPC and P films are not
homogeneous at low surface pressure (Fig. 2), which is plausible taking into account
the different molecular length of the two molecules, DPPC and P, and their orientation
at low pressures [20, 24, 29]. However, by increasing the surface pressures, AFM
images indicate an increased cohesion among molecules reflected also in topographic
profiles, along the arrows indicated in Figs. 2 and 3 (panels A), which are shown in
Figs. 2 and 3 (panels C).

For example, in Fig. 2C it can be seen that the surface of some ordered
domains is almost flat and the maximum height of LB film is between 1.8 and 2.1 nm,
corresponding to a single molecular layer, when the DPPC molecules probably stand
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with hydrocarbon chains inclined and polar groups parallel to the substrate. We
suggest that this surface configuration corresponds to liquid ordered domains as
determined for LB films of pure DPPC (unpublished results). This situation demonstrates
that some ordering phenomena take place within the monolayers even at low
surface pressures. In addition to these ordered monolayer domains the rest of the
LB film is covered by islands of surface micelles and molecular nano aggregates
and their heights are comprised between 9 A and 18 A, corresponding to a mosaic
of EL domains. Probably, the procaine molecules penetrate among the DPPC
domains increasing the stability of the mixed DPPC and P films.

N
i

height, nm
v o

o
o

0.0 T T |
0.0 um 204 pm 4.8 um 7.24m 9.6 Hm

Fig. 2 The 2D topographic (panel A) and phase (B) AFM images of mixed LB films formed
by DPPC and P vertically transferred on glass at surface pressure of 8 mN/m (see Fig. 1,
curve 3). Section profile (panel C) along the arrow (panel A). Scanned area of 10 x 10 pmz.

Further, by increasing the lateral surface pressures to 70 mN/m, an
advanced collapsed state is reached, which corresponds to a two-dimensional CL
in equilibrium with collapsed bulk fragments (Fig. 3). The AFM images of mixed
DPPC and P film show the formation of large ordered structures, Fig. 3 (panels C).
In addition to these CL highly ordered domains (Fig. 3), three layered fragments
are identified (Fig. 3C), and occasionally colloidal particles are observed with their
height under 20 nm (Fig. 3A).

The analysis of the DPPC film morphology in presence of procaine at
advanced collapse state, given in Fig. 3 (panel A), indicates that the highest
thickness of the DPPC film remains almost unchanged between 33 A and 36 A as
shown in cross section profile Fig. 3C. This thickness corresponds to the height of
DPPC molecule (36 A [20]) in all-trans conformation of both hydrocarbon chains
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(19 A) and the extended conformation of the head phosphatidylcholine polar group
(17 A), both parts of DPPC molecule being vertically oriented on the LB surface.
This value can be considered as an important parameter relevant for the thickness
of a DPPC monolayer relatively well packed at collapse in large condensed domains.

trilayers

monolayers
[Tl

height, nm

0.0 ‘ ‘ . ‘
0.0 pm 2.4 pm 4.8 um 7.2 pm 9.6 upm
Fig. 3. The 2D topographic (panel A) and phase image (panel B), section profile (panel C) along
the arrow (panel A) for mixed LB films of DPPC and P transferred at advanced collapse state
(lateral surface pressure of 70 mN/m). Scanned area of 10 x 10 um?.

Therefore, it is evidenced the persistence of monolayer CL domains at very
high surface lateral pressures in mixed DPPC and P films at advanced collapse state.
The width of domains is up to 1.5 ym and corresponds to supramolecular aggregates,
probably, made up from well oriented DPPC and P molecules primarily through
hydrogen bonds and electrostatic interactions.

3.2.2. Mixed LB Films of DPPC and DFO

AFM observations were also done for the mixed LB films of DPPC and DFO at
low lateral surface pressure as 8 mN/m (Fig. 4) and at advanced collapse state at 70
mN/m (Fig. 5). A good surface coverage by DPPC and DFO self-assembled patches
and a relatively good adhesion of mixed LB films with the glass substrate were observed.

It is important to note that the phase transition from EL to CL, recorded at
8 mN/m for pure DPPC monolayer (Fig. 1, curve 1), vanishes completely in the
presence of DFO (Fig. 1, curve 2). This drug effect suggests that the self-assembled
associations between DPPC and DFO molecules are rather strong and the two-
dimensional packing of the molecules is high and comparable with the case of
mixed DPPC and procaine film (Fig. 1, curve 3). The thickness of condensed monolayer
domains within mixed LB films of DPPC and DFO ranges between 24 A (Fig. 4,
panel C) and 38 A (Fig. 5, panel C) for the surface lateral pressure range between
8 mN/m and 70 mN/m. Within this range of surface pressure the film roughness for
the condensed bright domains is about 0.4 nm in substantial agreement with that
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observed by AFM for mixed LB films of DPPC and procaine and can be attributed
to the uneven alignment of DPPC molecules. However, at advanced collapse state
(Fig. 5), the increase in monolayer condensed domain thickness is too large (38 A, in
panel C) to be compatible only with a molecular reorganization of DPPC molecules
and perhaps it exemplifies strong specific interactions among DPPC and large DFO
molecules. In addition, three layered fragments are identified but their number is
small (Fig. 5A) in comparison with mixed DPPC and procaine films (Fig. 3A).

;;'.
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0.0 pm 2.5 um 5.0 pm 7.5 um 10.0 um

Fig.4. The 2D topographic (panel A) and phase (B) AFM images of LB films of DPPC in the
presence of DFO (see Fig. 1, curve 2) vertically transferred at surface pressure of 8 mN/m.
Section profile (panel C) along the arrow (panel A). Scanned area of 10 x 10 pmz.

height, nm

0'%.0 um 2.5 pm 5.0 um 7.5 um 10.0 um

Fig. 5. The 2D topographic (panel A) and phase (panel B) AFM images, section profiles
(panel C) along the arrow (panel A) for mixed LB films of DPPC and DFO transferred at
advanced collapse state (70 mN/m). Scanned area of 10 x 10 umz.
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The high stability of large condensed domains (with the width up to 2.5 ym),
identified in mixed DPPC and DFO films (Fig. 5 C) at advanced collapse, might indicate
that the flexible DFO molecules are differently oriented than DPPC molecules, and
probably they are horizontally oriented beneath the DPPC monolayer. This interfacial
orientation can facilitate the self — assembled molecular associations and, thus, it
can stabilize the condensed monolayer domains.

4. Conclusions

We have demonstrated that atomic force microscope coupled with Langmuir
and Langmuir-Blodgett techniques gives important information on the film structure of
binary mixtures of DPPC and different drugs, like procaine and deferoxamine.

The AFM images on mixed LB films of DPPC and P and of DPPC and DFO
obtained at a surface pressure (about 8 mN/m), corresponding to the two-dimensional
phase transition from EL to CL in pure DPPC monolayers, show the coexistence of
ordered and less ordered liquid domains.

The largest regular aggregates were observed at advanced collapse of 70
mN/m, which is a phase transition from two-dimensional condensed liquid to collapsed
bulk phase. These self-aggregates consist primarily of highly packed DPPC molecules
in interfacial condensed domains and drug molecules probably penetrate within the
DPPC domains and among these domains reducing the line tension among DPPC
domains.

The increased stability of mixed films of DPPC and P and of those formed
by DPPC and DFO, as compared with pure DPPC films, can be described by the
electrostatic interaction between the zwitterions of DPPC polar head groups and
protonated amino terminal of P molecules and that of DFO molecules in addition to
the interaction between the hydrophaobic tail groups of DPPC and the hydrogen bond
formation among these biocompounds. The collective effect of these molecular
interactions might lead to the formation and to the alignment of ordered interfacial
structures, which can have a physiologic role in vivo.
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ABSTRACT. Some experimental results concerning the pulsed laser deposition
parameters of post annealing epitaxially YBa,CuzO7.x grown films are reported. We have
investigated the stoichiometry, thickness morphology, crystallographic microstructure,
and superconducting properties of the films using elastic recoil detection analysis,
Raman spectroscopy, X-ray diffraction spectrum, and ac magnetic susceptibility
measurement. High oriented c-axis films with high critical temperature at 87 K were
obtained.

Keywords: Pulsed laser deposition, YBCO films

1. Introduction

For small-scale applications of superconducting electronics, thin films with
multi-layers, smooth surface and interface, large area and epitaxial growth are
required. At present high temperature superconductor (HTS) thin films for electronic
applications are dominated by YBa,Cu3;074 (YBCO) and related 123 materials.
Pulsed laser deposition (PLD) is considered to be well suited for a fast process on
a laboratory scale [1]. These materials are some of the most complicated materials
under technological development today. Most of the physical properties are
sensitive to the change in micro-structures and compositions. Therefore, controlling
the microstructures is crucial to obtain high quality thin films with high reproducibility.
Spectroscopic investigation allows us to analyze the morphology, structural and
stoichiometric properties of the YBCO films.

The second section presents the PLD process and its main parameters.

The paper presents in the following section, some details and analyses
concerning the information about the stoichiometry and the thickness morphology
of the YBCO film, respectively, obtained with elastic recoil detection analysis (ERDA).
We used the thickness information of the film named A to determine the typical

"E-mail: branescu@hotmail.com; maria_branescu@yahoo.com, National Institute for R&D of
Material Physics, P.O. Box MG-7, Bucharest, Romania.
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deposition rate in the PLD process of the YBCO films. The Raman spectra present

information about the oxygen content and the crystal microstructure of the film

named B in correlation with the X-ray diffraction spectrum of this film. The complex

susceptibility of the YBCO film B as a function of temperature allows us to evaluate

the critical temperature (T¢) and the superconducting properties of YBCO thin film.
The last section is dedicated to conclusions.

2. Parameters of the laser ablation process

The YBCO target was prepared as reported elsewhere [2]. The X-ray diffraction
spectrum on the powder used for target manufacturing, has showed well structural
data. We used the Seifert diffractometer with the Bragg-Brentano function regime
(1V, 1Kcounts/sec). At 77 K the YBCO target showed a powerful magnetic flux-
excluding Meissner effect.

A KrF* excimer laser with wavelength of 248 nm was used for the films
deposition process. We used a laser fluence of 2.7 J/cm? and 2 Hz the repetition
rate of the laser pulse. The laser beam was focused onto the rotating YBCO target
in a vacuum chamber at 10" Torr. The target-substrate distance was at about 3.5 cm.
The substrate was heated at 800C, controlled by a thermocouple. Oxygen was
added before the deposition processes at 1 Torr. We used LaAlO; single crystals
as substrates, with good behavior at microwave and high temperature.They were
optically polished and cleaned in an ultrasonic bath in acetone before the deposition.
The deposition time varied between 4,000 and 10,000 laser pulses. With a typical
deposition rate of about 0.03 nm/pulse, the films thickness in the range of 0.1 pm to
0.3 pm was obtained. After deposition, the post-ablation annealing treatment was
used. The increasing temperature of the film from 25°C to 750°C in flowing oxygen,
was followed by a slow cooling process (3 ° C/min).

3. The films characterization using spectroscopic investigation

The following spectroscopic methods to characterize the YBCO thin films were
used: elastic recoil detection analysis, Raman spectroscopy, and X-ray diffraction.
Beside the spectroscopic investigation, we used also the ac magnetic susceptibility
measurement to determine the critical temperature of the film B.

The composition of the YBCO film A deposited on LaAlO; substrate was
investigated by ERDA. The measurements were carried out at the 8.5 MV tandem
accelerator using an 80 MeV "“Br'** beam. The sample was mounted in a scattering
chamber with a vacuum better than 6.6x10° mbar and tilted at 15° with respect to
the beam direction. The detector, described in detail elsewhere [3], consists in a
compact total energy (AE — E) telescope placed at 30° with respect to the beam.
The energy loss (AE) is measured in transmission with a gas ionization chamber.
The residual energy (E) is measured with a thick (>300um) Si detector. The energy
loss in the ionization chamber increases strongly (almost 120-fold) in going from H
to Si, thus providing excellent elemental resolution. The recoil spectrometry is a
fairly new technique and involves data collection of more than one parameter. For
the analysis of the ERDA spectra we used our program SURFAN [4]. Note that
because the recoil energy is comparable or > Eg.g the recoil stopping power
depends strongly on nuclear charge.
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Fig.1. ERDA on the YBCO film A and the LaAlO3 substrate

The figure 1 presents the ERDA spectrum on the YBCO film A deposited
on LaAlO; substrate. On can observe mainly the oxygen, aluminum and copper, which
come from the beam scattered on heavy elements (Ba, Y). A small contamination
with C is observed. A film stoichiometry close to YBa,Cus;Og; Was obtained. The
thickness of the film A was evaluated at about 100nm. For 3.5 cm target-substrate
distance and 2.7 J/cm? laser fluence, a YBCO typical deposition rate of about 0.03
nm/pulse was evaluated for our available PLD equipment.
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Fig. 2. Raman spectrum of the YBCO film B
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We have investigated the film B, with thickness of about 300nm, using Raman
spectroscopy, X-ray diffraction, and ac magnetic susceptibility measurement.

The local orientation of YBCO thin film B was estimated by Raman spectrum
analysis. The Raman scattered light was excited by a semiconductor laser diode with
A =785 nm and the power level 500 mW. The detector consist of 2048 Si elements
CCD with 1.5 cm™ frequency resolution and 50 s time resolution.

Comparison of the intensity of the apical oxygen 500 cm™ mode and the
anti-phase oxygen vibration in the CuO, planes 340 cm™ mode (corresponding to
non-superconducting tetragonal phase) allow as to determine the epitaxially grown
orientation direction and uniformity of the film [5, 6]. Figure 2 shows a typical, not
fitted, FT Raman spectrum showing the predominantly c-axis oriented grains of the
YBCO thin film B.

The characteristic spectrum of the Raman shifted Ilnes for the orthorhombic
YBCO phase occur at 340 cm™, 435 cm™, and 500 cm™, corresponding to the
vibrations along the c-axis of planar oxygen in CuO, plane out of phase, planar
oxygen in CuO, plane in phase, and apical oxygen, respectively. Note that the
incident Raman light of our measurement equipment is not polarized. From our
experience, if we have a good oxygenatlon of the sample (with T¢ around 87 K),
we observe a landing between 280 cm™ and 500 cm™ in the Raman spectrum.

The X-ray diffraction patterns of YBCO film was determined using CuKa
radiation from a computer-controlled spectrometer Dron UM-1 with degree resolution
0.05°. Figure 3 shows the X-ray diffraction pattern of the YBCO film B where the
peaks of the substrate are indicated with S. It shows strong 00n orientation of the
film, where n = 1-7, and also an epitaxially grown, c-axis textured, columnar film
structure. The studies are in progress. We have to obtain a better resolution X-ray
diffraction pattern in order to elucidate the lattice constants of the film B and to
appropriate its superconducting phase.
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Fig. 3. X-ray diffraction pattern of the film B

The superconductivity of the film B was analyzed using Oxford Instruments
MagLab System 2000 equipment. The complex susceptibility was measured at 1
kHz as a function of temperature, at a field amplitude H,. = 0.1 Oe. Figure 4 shows
the critical temperature T¢ (x) = 87 K, determined as the temperature where the
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ac-susceptibility become diamagnetic for H,. = 0.1 Oe. The real part of complex
susceptibility (figured with negative y-axe values) shows two superconducting
phases at about 70 K and 87 K. The imaginary component of the ac susceptibility,
X~ (figured with positive y-axe values), represent a measure of the absorption of
the flux inside the weak-links formed in the intra-granular and inter-granular regions
[7]. x~ exhibit only a single broad peak at a temperature < T¢, containing both the
intra-granular and inter-granular regions.
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Fig. 4. The complex susceptibility of the YBCO film as a function of temperature

Conclusions

Using spectroscopic investigations we have determined the YBCO deposition
rate of the PLD process of our available equipment and have characterized the
structural features of our films. We have obtained high c-axis oriented YBCO thin
films with high Tc. The nondestructive, contact-less techniques: ERDA, Raman
spectroscopy and X-ray diffraction spectrum provide us useful complementary tools
to investigate the YBCO films in a rapid way, at room temperature.
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ABSTRACT. The chemical bath deposition (CBD) method has been successfully used
to grow zinc sulphide thin films onto optical glass substrates, from bath containing zinc
acetate, thiourea, ammonia and sodium citrate. The mono- and multilayer technique
was used in order to prepare ZnS/glass/ZnS heterostructures with variable zinc sulphide
film thickness. Photoluminescent copper activated ZnS films were prepared by using a
special doping procedure. The samples were investigated by X-ray diffraction, UV-VIS
absorption and fluorescence spectroscopy.

Keywords: Zinc sulphide, Chemical bath deposition, Luminescence

INTRODUCTION

Zinc sulphide (ZnS) is a semiconducting material with 3.7 eV direct band
gap that has a wide range of applications in optoelectronics. In particularly, there is
a continuous interest in the growth of high-quality zinc sulphide thin films for use in
blue emitting diodes, electro-luminescent displays and solar cells. ZnS thin films could
be produced by a variety of methods including chemical bath deposition, sputtering,
atomic layer epitaxy, molecular beam epitaxy, chemical vapor deposition or
electrodeposition [1,2]. Among all these methods, chemical bath deposition (CBD)
shows many advantages such as the low cost and the low elaboration temperature
as well as the easy coatings of large surfaces.

The paper presents the influence of different preparation conditions on thin
film quality and, consequently, on some of the structural and optical properties of
mono- and multilayer ZnS films deposited onto optical glass. The luminescence of
copper activated ZnS films is also reported.

Experimental part

ZnS thin films were prepared from chemical bath containing zinc acetate,
ammonia, sodium citrate and thiourea. The film growth was performed onto optical
glass substrates by monolayer and multilayer deposition technique. The glass
platelets (3 x 4.5 x 1 cm?) were ultrasonically cleaned with acetone/ethanol mixture
and vertically suspended into the chemical bath. The deposition temperature was
82-84<C and the mixture pH was 9.5-10.5. The detail s of experimental technique

*Correspondence: e-mail: marialadar@yahoo.com
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have been described in our previous works [3,4]. ZnS/glass/ZnS structures were
annealed at 400-550C, in a ZnS-based doping mixture containing copper salts.

Zinc sulphide thin films were characterized by thickness (micro-weighing
method), crystalline structure (standard DRON-3M Diffractometer; CuK, radiation),
UV-Vis transmittance spectra (UNICAM Spectrometer UV4) and photoluminescence
measurements (Perkin Elmer 204 Fluorescence Spectrofotometer).

RESULTS AND DISCUSSION
The morpho-structural characteristics and the optical properties of zinc sulphide
thin films are strongly influenced by the growing conditions and annealing regime.

ZNS THIN FILMS WERE GROWN (EQ.1) BY MONO- AND MULTILAYER
TECHNIQUE, FROM CHEMICAL BATH CONTAINING ZINC ACETATE,
THIOUREEA, SODIUM CITRATE AND AMMONIA. CHEMICAL BATH
COMPOSITION WAS: [ZINC ACETATE] = 15X10° M; [SODIUM CITRATE]
= 7.5X10° + 60X10° M; [AMMONIA] = 300X10° M; [THIOUREA] =
150 X 10° M.

Zn (CH3COO) 2+ (NHZ) »,CS + 20H — ZnS + H,CN, + 2H,0 + 2CH;COO’ (1)

The influence of the concentration of the complexing agent (sodium citrate)
on the ZnS films thickness has been investigated at constant zinc acetate and
thiourea concentrations. The molar ratio between Zn?* and CgHsO,* (abbreviated as
Cyts') species was varied between 1.0: 0.5 and 1.0: 4.0. The preparation conditions
such as deposition technique, growing time, molar ratio between zinc acetate and
sodium citrate as well as the film thickness are presented in table 1. The dependence
of ZnS film thickness on sodium citrate concentration is illustrated in figurel.

Deposition conditions for some some ZnS/glass/ZnS heterostructure-gable .
Samples Molar ratio | DEPOSITION | Deposition time Film thickness
code [Zn*: [Cyt*] | TECHNIQUE n x m* (nm)
EZ: 1.0:4.00 rr:cl)Jrlltg;);irr i ; ;E 18205
i s |miler | 2o i
B2 oz |hilver | S s
S roiso | milarer {2 e
B8 roaco | mllarer {2 i
52| oo [milver | S e
72| ioom | mileer {2 20

where: n = number of layers, m = single later deposition time;
158



SPECTRAL CHARACTERIZATION OF ZINC SULPHIDE THIN FILMS WITH LUMINESCENT PROPERTIES

200 —e— multi-layer

F6 F2 —&— mono-layer

1754

150

125

Thickness (hm)

100

uF1l
754

T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Sodium citrate concentration (mol/l)

Fig. 1. Variation of films thickness with sodium citrate concentration.

For the same total deposition time, one can note that monolayer deposited
ZnS thin films have smaller thickness than those of multilayer deposited ones.

The concentration of complexing agent influences also the film quality.
Depending on Na-citrate amount, two categories of samples could be prepared
namely: adherent and homogeneous films at high concentrations (0.03 + 0.06 M)
and powdery and less adherent films at relatively low citrate concentration.

The optical transmittance of ZnS thin films is strongly influenced by the
preparation conditions of ZnS/glass/ZnS heterostructures, as illustrated by sample
transmission spectra (fig.2). In both cases, the film transmittance decreases with its
increasing thickness. Moreover, the optical homogeneity of the films prepared in
baths with relatively low citrate concentration is poor.

The thickness values and the transmitance spectra suggest that the best
films quality could be obtained in bath with the ratio [Zn**]: [Cyt*] = 1:3. The optimal
deposition bath, considering all ingredients, corresponds to the reagent ratio of: [Zn*"]:
[Cyt3]: [NHg]: [thiourea] =1:3:20:10. These conditions were considered as standard.
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Fig. 2. Transmission spectra of ZnS/glass/ZnS structures formed by multilayer (left)
and monolayer (right) technique.
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The influence of the annealing regime on the photoluminescence (PL)
characteristics of copper doped ZnS/glass/ZnS heterostructures is illustrated in
figure 3. Under ultraviolet excitation (Ag =365nm), the film luminescence could be
observed in the blue-green range of wavelengths. For copper doped ZnS films, the
aparent maximum emission was at 495 — 515 nm resulting from the Cu-centres

emision.
In fact, due to the copper ion incorporation into the ZnS host-lattice, the

specific Cu-green luminescence (A= 515 nm) is supperimposed over the ZnS blue
self-activated emission (Ax= 460 nm). Emission spectra of ZnS thin films put in
evidence the intensification of copper emission, in parallel with the increasing of the
annealing temperature. It is worth mentioning, for PL measurements, relatively

thick (300 — 340 nm) ZnS films have to be used.
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Fig. 4. XRD pattern of the luminescent ZnS

Fig. 3. Emission spectra of ZnS: Cu films
film annealed at 550C

annealed at different temperatures

The structural properties of CBD-grown ZnS thin films have been investigated
by XRD technique (fig.4). The copper doped ZnS film grown in standard conditions
possess a more or less crystallized hexagonal structure (wurtzite type) with crystallite

dimension of about 15 nm.

CONCLUSIONS
Luminescent ZnS thin films were prepared by chemical bath deposition

(CBD) route. The growth of ZnS thin films was performed from zinc acetate —
sodium citrate - ammonia — thiourea system whereas the luminescence generating
annealing was achieved from special doping mixtures containing copper salts. Sodium
citrate concentration proved to be an important factor for the deposition of optical
homogeneous nanostructured ZnS films with controllable thickness.
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ABSTRACT. Understanding of a complex correlation between polymer structure and its
properties is the key to the polymer-specific morphology design ready to meet new
technological requirements such as “smart” polymers, electro-optical materials, artificial
organs, antireflection surface coatings, permselective membranes and drug delivery
devices. The paper describes the results of Electron Spin Resonance (ESR) and
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)
investigations of some polymeric films made by combining in equal proportions
polyvinylformaldehyde resin with protoporphyrine and Tempol as nitroxidic compound
for investigating the microstructure of the prepared copolymeric fims.

Keywords: Polyvinylformaldehyde, thin-film; ESR, ATR-FTIR

Introduction

Polymer systems of interest in applied and fundamental research become
increasingly complex due to the combination of a multitude of polymers and additives
to a single material and the use of nanoscale structuring as a design principle.
Particularly, polymeric thin films are explored as promising basis-materials for the
fabrication of microsensors, or to immobilize chemosensitive compounds.

The principles for the synthesis and preparation of polymeric nanostructured
thin films generally follow specific techniques, upon the final purpose of sensing
and ability to transfer the information. It is reported that the microstructure can be
achieved and controlled by various fabrication techniques. At the basis of such
systems are the nanostructured thin layers of polymers, co-polymers or polymeric
composites, following the application purpose [1]. The need of development of such
materials depends on their structural and homogeneity/heterogeneity characterization.
One of technigue to overcome the selectively targeting microdomains or other structural
features of interest by molecular tracers, i.e. to use the electron paramagnetic
resonance (ESR) spectroscopy with nitroxide spin probes as the molecular tracers.
ESR spectroscopy is the experimental technique, which is able to supply extensive
information on chemical structure (reflected in hyperfine structure of ESR spectrum
resulting from intramolecular magnetic interactions) and concentration of paramagnetic
molecules. In addition, information on rotational dynamics of paramagnetic molecules,
which experience anisotropic intramolecular magnetic interactions, can be obtained.
Lineshapes of ESR spectra of such molecules (typically nitroxide radicals) depend on
the character of their rotational diffusion in the studied system. Nitroxides have usually
been used as “reporter groups” (spin labels), which are able to report rotational
dynamics inside various systems such as polymers, enzymes and others [2,3]. In
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many cases they can thus closely mimic the additive of interest or they can be
directed to the microdomain or structural feature of interest by specific interactions.
In particular, the dynamics of spin probes on time scales between 10" s and 107 s
and their relation to the dynamics of the matrix can be investigated in detail with simple
experiments.

Another technique to study the nanostructured characteristics of the polymers is
Fourier Transform Infrared spectroscopy (FTIR) including Attenuated Total Reflectance
(ATR) method [5].

The aim of this paper is to characterise polymeric films of polyvinylformaldehyde
resin with protoporphyrin and Tempol as nitroxidic radicals by Electron Spin Resonance
(ESR) and Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-
FTIR).

Experimental

Such thin films area routinely prepared in laboratories by controlled allowance
of the polymeric solution from a separation funnel, by adjusting the valve. A clean piece
of thin glass is mounted on the reservoir, and the evaporation of the solvent leave a
thin polymeric layer of high homogeneity wich sticks to the surface. A solution with
the specific mass of 1.230 g/cm3 of polyvinylformaldehyde, C1oH15012, (Merck quality)
in dichlorethane was prepared as in ref. [1]. Tempol (2,2,6,6-tetramethyl-4-hydroxy-
piperidine-oxyl) was obtained from Fluka. The structural formulas of studied samples
are presented in Fig.1:

—CH,—CH—CH,—CH —

L PEASN
o/ CH, 9

n

PVFM = polyvinylformaldehyde

OH

N
J-
O

PPF = protoporphyrine T = Tempol

Fig. 1. Chemical structures of used compounds.

ESR spectra were recorded with a “ ADANI Portable ESR Spectrometer
PS8400", operating in the X-band (9.1GHz — 9.6GHz) equipped with a computer
acquisition system. The computer simulation analysis of the spectra was made by
using POWFIT program that is available to the public through the internet
(http://alfred.neihs.nih/LMB) for obtaining the magnetic characteristic parameters.
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The FT-IR spectra of proteins were recorded in the region 4000-800 cm™
by a Bruker EQUINOX 55 spectrometer, using an Attenuated Total Reflectance
accessory with a scanning speed of 32 cm™ min™ with the spectral width 2.0 cm™.
The internal reflection element was a ZnSe ATR plate (50 x 20 x 2 mm) with an
aperture angle of 45° A total of 128 scans were ac cumulated for each spectrum.
Spectra were recorded at a nominal resolution of 2 cm™.

Results and discussion

Polyvinylformaldehyde was used as skeleton resin in surface and bulk
nanostructured materials because of the good physico-chemical properties for
multifunctional nanostructured systems.

Nitroxyl radicals, who are dispersed (spin probe) in polymer matrix or
covalently bonded to polymer chains (spin label), are sensitive to the environment.
Therefore, molecular motion and microstructure of polymer systems can be evaluated
from the ESR spectra. The changes in the shape of the spectrum are correlated
with mobility of spin label molecules. If nitroxyl radical is in liquid environment its
mobility (spinning) is isotropic and rather speedy which results in averaging of the
ESR spectrum anisotropy. Anisotropic interactions appear at a decreased mobility
rate which leads to broadening of the lines and, correspondingly, to changes of the
amplitudes of spectrum components, and then to a shift of edge components. For
description of radical motion, the notion of correlation time (1) is used. This time is
the time of turninq of free radical by an angle of 90°. For correlation times within the
range from 5.-10"" to 107 s the following semiempirical formula is used [3]:

1= 66500 H,, a4 o)
|

-1

where AH,; is the width of the low field component of the ESR spectrum; I,; and |1
are the amplitudes of the high and low field lines.

At slower motions of nitroxyl radical molecule (1 >10” sec) correlation time
can be measured by the formula [2]:

t1=all-9) @)

where a and b are the parameters that depend on radical type and motion model. The
empirical constants are tabulated in [6]. In our calculations, for small spin probe
(Tempol) the intermediate jump diffusion model was considerate, with coefficients
values of a=8.52"10"and b = -1.16.
In the relation (2)
S:AZZ — H—l_H+l (3)
A H H

zz —1lmax

+1lmax

where 2A',, and 2A,, are the distance between the high-field and low-field components
of the ESR spectrum in the given spectrum (2A’,;) and at the maximally long
correlation time (2A;;), and H.;, H.i, H.imax, Hiimax are the values of magnetic field
strength corresponding to these spectrum components.
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Fig. 2. ESR experimental and simulated spectra.

Simulation of the composite ESR spectra with a set of particular components
was used to determine a fraction of slow/fast components in spectra of nitroxyl
radicals (in this case T=Tempol) correlated with nonuniformity in the nanostructured
polymers (Fig.2). The best fit of experimental ESR spectra, was obtained assuming
two paramagnetic species and a Gaussian lineshape corresponding to two positions
with different magnetic parameters [7].

Therefore, the ESR spectra of nitroxide spin label in nanostructured polimers,
consist of two spectral parts; a part marked with with an asterisk, has a line shape
resembling the powder spectrum of the rigid matrix and is typical for slow anisotropic
rotational motion, and an another part of the spin label is typical for faster isotropic
rotational fluctuations [8, 9]. The part (marked with an asterisk) have a large
rotational correlation times, which must be regarded as typical for slow rotation
and indicate that these spin labels are located in rigid aggregates polymer chains.
The second part, with small correlation times (fast rotation) can be attributed to
localization of spin label molecules inside the structured cavity polymers.

Polyvinylformaldehyde was used as skeleton resin in surface and bulk
nanostructured materials because of the good physico-chemical properties for
multifunctional nanostructured systems [10]. The ATR-FTIR spectra show considerable
differences in the region of 1000-3600 cm™, suggesting the existence of strong
interactions between the two components in the complex (polyvinylformaldehyde
and protoporphyrine).
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Fig. 3. Attenuated total reflectance (ATR) spectrum of PVFM, PPF, PVFM+PPF.

Polyvinylformaldehyde was used as skeleton resin in surface and bulk
nanostructured materials because of the good physico-chemical properties for
multifunctional nanostructured systems. The ATR FTIR spectra show considerable
differences in the region of 1000-3600 cm™, suggesting the existence of strong
interactions between the two components in the complex (polyvinylformaldehyde
and protoporphyrine). It was observed that before cross-linking there exist hydrogen
bonds between PPF and the PVFM resin. In Figure 3 ATR-FTIR spectra are
represented for the starting materials and the complex after the polymerization.
Shifts in absorption bands indicate that the hydrogen bonds remain even after cross-
linking. On the other hand, there were no considerable changes in the absorption
peak intensities indicating that the number of hydrogen bonds has not been
significantly [11,12]. Thus, hydrogen bonding between PVFM and PPF causes shifts in
FTIR bands: a band of PVFM shifts from 1129 cm™ to 993 cm™, a C-H vinyl in-plane
bend band of PVFM shifts from 1432 cm™ to 1425 cm™, and a hydroxyl stretching
band of hydrogen bonded PVFM resin shifts from 3365 cm’ to 3344 cm™. The shoulder
around 3500 cm™ is due to the free hydroxyl groups and it is slightly reduced in the
cured blends.

Conclusions

ESR spectra with a set of particular components were used to determine
the fraction heterogeneous components in spectra of nitroxyl radicals correlated
with nonuniformity in the nanostructured polymers.

The ATR- FTIR spectra show some considerable differences in the reg|on
of 1000-3600 cm™. The broadening and shifting of the characteristic peaks in
the ATR-FT-IR spectrum of polyvinylformaldehyde resin with protoporphyrine, as
compared to the counterparts in their simple mixture, indicate the presence of
certain intermolecular interactions between polyvinylformaldehyde resin with
protoporphyrine in the nanostructured complex.
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1. Introduction

The utilization of the sequences of radiofrequency (RF) pulses in NMR
technique is one of the methods to produce selective excitation or selective saturation
of the nuclear spins [1-4]. Standard selective excitation or saturation methods, in
magnetic fields with linear gradients, are based on the use of a single or few high-
power RF pulse with special shape, sinc, gauss, rectangle [5, 6]. The disadvantage
of this method is the high-power request for excitation and the complexity of the
equipment for generating pulses with special shape. Economy of the RF power can
be obtained if the single high-power pulse is replaced by sequences of many short
low-power RF pulses. Simplest sequences of RF pulses can be produced with
simple equipment.

We tested some particularly RF pulse sequences for the spin manipulation
in the strongly inhomogeneous magnetic field of the MOUSE, DANTE pulse sequence
for selective excitation, and SPREAD pulse sequence for selective saturation.
Experiments and simulation tested the efficiency of the excitation and the saturation.

2. Experimental

We used for our experiments an NMR-MOUSE sensor built on a bar shaped
permanent magnet with the RF coil positioned on the top of the magnet [7, 8]. The
experiments were performed at the resonance frequency 19.2 MHZ, corresponding
to the surface induction of the magnetic field of the NMR-MOUSE. The volume
averaged field gradient was approximately 20 T/m. The NMR experiments were
controlled by a Brucker Minispec PC spectrometer for excitation and data acquisition.
The transmitter and receiver system are characterized by a bandwidth of 0.5 MHz.
We used a sample of natural rubber with the size of 2 cm x 2 cm and a thickness of
2 mm. For each experiment 100 scans were averaged for improvement the signal-
to-noise ratio, with a recycling delay of 0.5s.

3. Results and discussion

a) Selective excitation

Selective NMR excitation can be obtained when the Larmor frequencies of
the nuclear spins are spread over a desired spectrum of frequencies by placing the
sample in a gradient magnetic field. Then the sample is irradiated with a RF pulse
containing in its spectrum the desired frequencies to be excited. Only the nuclear
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spins heaving the Larmor frequencies contained in the frequency spectrum of the
RF pulse sequence are excited and contribute to the recorded signal.

We used for our experiments the DANTE pulse sequence because its
simplicity and the possibility to generate this sequence with very simple electronics.
This pulse sequence consists on n equidistant RF pulses of amplitude B; and
length § separated by a delay time A (Fig. 1 a). The length and the amplitude of the
component pulses are chosen so that each pulse produces a rotation of the
magnetization in the rotating frame with an angle 8< 90° but the net flip angle of
the entire sequence corresponds to 90°pulse, i.e. 6 =yB;dand n 8 =90°[9]. The
excitation spectrum X(w) consists of a comb of sidebands spaced by Aw, each
spike in the comb having the form of a sinc function of width dw~(n A)™ (Fig. 1 b).

¢ A
g j HHEE
l< n pulses, nB=90° ;|

X(w)
b)

A )
Wi w
Fig. 1. a) Schematic representation of the DANTE pulse sequence. b) Excitation spectrum
obtained by Fourier transformation of the DANTE pulse sequence. The spectrum consists
of many excitation bands of width dw, centered at frequencies w; and separated by the
frequency intervals Acw.

The efficiency of the selective excitation is maximum when DANTE-DANTE-echo
pulse sequence is used (Fig. 2). This sequence is analogue to the standard Hahn-
echo pulse sequence, but the /2 and 1 pulses were replaced by DANTE pulse
sequence [10]. The first DANTE pulse sequence produces selective excitation of
the nuclear spins and flips the magnetization of the excited spins in the transverse
plane. The second DANTE sequence contains 2 n pulses and achieves selective
refocusing of the transverse magnetization at the same frequencies as the initial
excitation. This second sequence also functions as a supplementary frequency filter
and increases the selectivity of the entire sequence. Figure 3 shows the Fourier
transform of the recorded echo Y(w) for the sequence with the following parameters,
n=>5,0=6 ps, and A =6 us. The excitation bands are neat and the appears to the
correct frequencies, in agreement with the simulated spectrum. Compared with the
standard Hahn-echo pulse sequence, the amplitude of the pulses of DANTE sequence
is greatly reduced, that indicates an important economy of the RF power. The
results obtained clearly indicate the possibility to produce selective excitation, at
low RF power, in the strongly inhomogeneous magnetic fields.
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Fig. 3. The spectrum of DANTE-DANTE-echo |Y(«)|, (black area), the calculated
excitation spectrum |X(a|, (light area), and the spectrum of Hahn echo recorded in
similar conditions, (solid line). The sequence contains n = 5 pulses of length
o=6 usand 4= 6 /5.

b) Selective saturation

Basically the saturation method builds on the same idea as selective
excitation [6]. One RF pulse or pulse sequence is used to saturate the longitudinal
magnetisation in a selected frequency range. Subsequently the remaining magnetisation
is flipped into the transverse plane and is further manipulated by nonselective RF
pulses to produce an echo. We used for selective saturation the SPREAD sequence
sequence (Saturation Pulses with Reduced Amplitude Distribution) [11].

T
Spread ] Spread
ﬁ/z echo
’7 1 T/
T t

Fig. 4. Schematic representation of the SPREAD-echo pulse sequence.
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This sequence consists of a quasi-random series of RF pulses with different
amplitudes, generated on the basis of the desired spectrum by variation of the pulses
phases under the constraint of minimum RF amplitude. We used this sequence to
produce saturation of the nuclear spins in the strongly inhomogeneous magnetic
field of the MOUSE. The effect of the saturation was tested by the following pulse
sequence (SPREAD),.- (T02) - T - (1)y,.-T echo (Fig. 4). In this SPREAD echo pulse
sequence T is half the echo time. Following the application of the SPREAD pulse
sequence the longitudinal magnetisation is saturated only in the specific frequency
domains. The high power 172 and 1t pulses have a large excitation spectrum and
produce an echo only from the unperturbed spins. The Fourier transform of this echo
Y(w) shows signal only in the frequency windows unaffected by the saturation. The
agreement between the spectrum of the recorded echo and the calculated spectrum
X(w) of the SPREAD sequence is good (Fig. 5). These results clearly demonstrate
the possibility to produce selective excitation by sequences of randomly short RF
pulses in strongly inhomogeneous magnetic fields.

240 - Hahn echo

Spread echo

a)

Y(w)[a.u]

18.6 18.8 19.0 19.2 19.4 19.6 19.8
v (MHz)

saturatiol
saturatio

0.15

b) 0.10

X(w) [a.u]

0.00

1 1 1 1 1

186 188 190 192 194 196 198
v (MHz)

Fig. 5. a) Comparison of the response spectra for the Hahn-echo (solid line) and the
SPREAD-echo Y(«) (shaded area) recorded under similar conditions. SPREAD sequence
with the parameters 0= 1 usand 4= 6 ws. b) The simulated spectrum X(¢) of the SPREAD

sequence with the same parameters.
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4. Conclusions

Selective excitation in strongly inhomogeneous magnetic was obtained by
sequences of short low-power RF pulses. DANTE pulse sequence is one of the
simplest RF pulse sequence used for this purpose. The efficiency of the excitation
is maximum when the DANTE-DANTE-echo sequence is used to obtain the spin-echo.
The RF power requested for excitation is reduced when this sequence is used for
excitation.

Selective saturation of parts of the sensitive volume in inhomogeneous
magnetic fields can be achieved with SPREAD pulse sequence. The echo recorded
after saturation shows signals only in the frequency domains unaffected by the
saturation, in agreement with the calculated spectrum.

These experiments represent an important step towards the development
of new simple and portable NMR equipment.
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ABSTRACT. Magnetic Resonance Force Microscopy (MRFM) was originally proposed
as a means of obtaining three-dimensional images of individual biological molecules,
with Angstrom resolution [1,2]. MRFM also has important technological applications
in material research such as imaging of (sub)surfaces in solids (down to nanometer
resolution) and mapping dopant distribution in semiconductors [3]. Magnetic resonance
force microscopy is a relatively new scanning probe microscopy technique that combines
aspects of nuclear magnetic resonance (NMR) and atomic force microscopy (AFM) [4].

Introduction

Gallium-arsenide, a typical three-five group semiconductor, is one of the
most important materials in electronic applications. However, although it is used in
production of a wide range of devices, from semiconductors, lasers to high speed
transistors. GaAs has a zinc-blende structure at the perfect portion. Because the
crystal structure at the site of the each nucleus of GaAs is characterized by cubic
symmetry, the electric field gradient (EFG) exist only in the imperfect portions
where this symmetry is destroyed. The quadrupolar coupling is a parameter that
offers information about lattice structure and defects as is probes the local symmetry
of the nucleus under study. *’Al, ®*Ga, "Ga, "As are quadrupolar nuclides with
spin 5/2 respectively 3/2, and a normal NMR spectrum of this type of nuclide might
consist of a main and four (*’Al) respectively two (69Ga, "‘Ga, '°As) satellite lines.
If the EFG is distributed, this often occurs in imperfect crystals, the spectral line width
will be broadened. It is impossible to estimate and localized the number of imperfections
by calculating the intensity loss [5], though it is often difficult to derive this latter
value accurately. The fully ordered structures have been proposed as alternating AlAs
and GaAs planes along, e.g., (001) (CuAu-type) or (111) (CuPt-type), respectively
[see Figs. 1(b), 1(c)]. A clustering of Al (and Ga) has also been suggested.

Two-dimensional nutation NMR experiment, originally proposed by Samoson
and Lippmaa [6,7] and specially MRFM nutation are efficient methods for high level
of 3D structure characterizations of GaAs and Al,Ga;,As. In this material we present
the measurements and the structural parameters (Cq. — quadruploar coupling
constant and n - asymmetry parameter) and 3D image obtained on GaAs — refernce
sample and Al,Ga;.,As (with x= 0.3 and 0.5) by nutation NMR respectively MRFM.
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(a)

@rs Harca(Oa @)ca
Figure 1. (a) Two unit cells of the fcc Al\GaixAs lattice. Filled spheres indicate anion (As)
and checkered spheres cation sites (Al, Ga). The neighboring atoms the central As (asterisk)
are numbered according to their coordination sphere. Coordination numbers and the distances
are 4 and 2.45 A for the first sphere (occupied by either Al or Ga), 12 and 4 A for the second
sphere (As), as well as 12 and 4.69 A for the third sphere (Al, Ga). The lattice constant is
given by a,=5.66140+0.00809x A (ref.10). (b) Fully CuAu ordered AlysGagsAs with alternating
AlAs and GaAs planes along the (001) direction. (c) CuPt ordered lattice where planes extend
along (111)

Experimental

The samples were grown by Metal Organic Vapor Phase Epitaxy (MOVPE)
in a horizontal Aixtron 200 reactor at a grow temperature of 923 K and a rate of
1.8um / h using trimethyl-gallium and trimethyl-aluminum as a group-IIl precursors
and arsine as group-V precursor. Disilane was used as the dopant precursor to
obtain n-type doping. Undoped GaAs wafers (2") with crystal orientation (100), 15°
off towards <110> were used as substrates. A typical sample consisted of a 15nm
Si-doped AlAs and a 5 pum undoped Al,Ga;As overlayer. The stoichiometry, used to
identify the samples, was obtained from high resolution x-ray diffraction rocking curve
measurement (HRXRD) immediately after growth. An epitaxial lift-of process [8]
was applied to separate the Al,Ga,,As from the substrate by selectively etching the
intermediate Si-doped AlAs layer with HF solution [9]. The Al,Ga;.As thin films (mg
quantities, [110™®spins) were then powderized for typical grain size of a few pm and
transferred to quartz tubes for NMR measurements or glued on top of the micro
size cantilever (silicon-nitrate; 320um length) for MRFM measurements.

The nutation NMR experimentes were performed with a static high RF fields
(>1MHz) probehead, in a Chemagnetics CMX-Infinity 600 MHz on an Oxford 600/89
magnet. The MRFM image was obtained using a 180 MHz MRFM spectrometer
(Fig.3) on a 180/130 Oxford magnet with antivibration optical stand at the room
temperature and 20010°° - 810" mbar pressure in the probhead.
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Figure 2 (a). Single-pulse “Ga spectra of GaAs recorded at the room temperature
and Larmor freqvency of 1©=144.042 MHz
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Figure 2(b). Single-pulse "°As spectra of GaAs recorded at the room temperature
and Larmor frequency of 1=102.76 MHz
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Figure 3. MRFM probhead setup. Sample on the cantilever, gradient source,
RF-coil and optical fiber are presented.
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Results and Discussion

The first step for obtaining a complete structural characterization it was to
record nutation spectra and then to extract the structure parameters. Figure 2.(a)
and 2.(b) shows the ®°Ga (1=3/2) respectively "*As (I=3/2) spectra of GaAs spectra
recorded at a Larmor frequency of vy=144.042 MHz respectively vo=102.76 MHz
(14.09T field). From the ®Ga and ""As nutation spectra of AlysGagsAs we have
calculate the quadrupolar coupling constant (Cqcc) and the asymmetry parameter ()
values presented in Table 1. The ®*Ga and "*Ga spectra of AlysGaosAs showed a
single Gaussian peak with a linewidth 2.7kHz (**Ga) and 2.9-3.3kHz ("‘Ga),
respectively. Furthermore it was verified by comparison with the GaAs reference that
the observed resonance line intensities for this two nucleus contain the signal from all
spins in the sample. This absence of the broad Ga line is consistent with the fcc lattice
model of Fig.1.(a) which places both Al and Ga in a tetrahedral As cage. However here
we have average signal from huge number of microcrystals and/or nanocrystals.
To obtain structural information relevant for preparation of semi-conductor devices
it is imperative to analyze thin layers using MRFM imaging and localized nutation
spectroscopy. Figure 4 shows *’Al image of an 8 um thick Alg 5Gag 5As layer. The

steps are 1.2um width. From the nutation NMR we have obtained two distinct
relaxation times (T;), corresponding to °As[Gas] and ""As[Al,] configurations with
MRFM we have confirm this situation and much more we can see in real space
how the Al and Ga are distributed in sample. The white part represent *’Al in our
sample.

Tablel.
Al Ga, (As quadrupole coupling parameters and spin-lattice relaxation times (300 K).
Sample \Parameter Cycc (kHz) n T1 ()
*Ga 520420 >0.97 0.360.02
SAs[Gay] 610+20 >0.97 0.44+0.06
"*As[Al4] 82050 >0.88 0.39+0.08
As(other) >9MHz

frequency, MHz

5 10 15
time, s

Figure 4. 2'Al MRFM image. 8um sample high and =1.2um step size
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Conclusion

We have presented a structural NMR / MRFM study on Al,Ga;As thin
films. The locally symmetry "*As[Ga,] and "As[Al,] sites are directly resolved in
*As spectrum, while the other resonances from As[Al,Gas.n] (n=1,2,3), although
undetectable in the direct spectrum due to the large second-order quadrupolar
broadenings, can be tracked by their solid echo.

The measured quadrupole coupling constants agree with the model of a
number of random cation configuration in the second coordination as opposed to a
strongly ordered structure where a dominant fraction with Cg=0 would be
expected. We have presented the first MRFM image on Al,Ga;,As thin film at the
room temperature to confirm the Al and Ga distribution in our samples.
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ABSTRACT. Europium activated yttrium oxide based phosphors were prepared by
the inorganic route of the sol-gel method, using the sequential reagent addition
technique. The influence of some preparation conditions on the morpho-structural
and photoluminescent properties of precursors and yttrium oxide based phosphors
is presented.
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INTRODUCTION

Red-emitting europium activated yttrium oxide based phosphors are
components in many information display devices such as cathode ray tubes (CRT’s),
field emission displays (FED's), electroluminescent devices (EL) or plasma display
panels (PDP’s) [1]. As a result of technical importance this material has been
studied with respect to the luminescent properties, morphological and structural
characteristics [2,3]. The paper present the influence of some preparation conditions
on the properties of some europium activated yttrium oxide (Y,Os: Eu) samples
prepared by sol-gel method (inorganic route).

EXPERIMENTAL PART

The synthesis of Y,03: Eu samples consist in the preparation of yttrium-
europium precursors followed by phosphor thermal synthesis. Yttrium nitrate
(Aldrich), europium nitrate, obtained from Eu,O; (Aldrich) and HNO; (Panreac) as
well as precipitation reagents i.e. ammonia (Panreac) or urea (Aldrich) or thiourea
(Aldrich) were used for precursors preparation. In this purpose, the Y/Eu nitrate
solution was added to the precipitating reagent solution. The precipitation was
carried at 25 or 75 °C, under continuous stirring and the mixture pH was 4 = 9. The
precursor gels were maturated, separated by decantation, dried and milled. Phosphor
synthesis was performed by firing the precursors for 2 hours at 900°C, in argon flow
(table 1).
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Table 1.

Precursor and phosphor samples prepared in different synthesis conditions
Precursor Precipitation conditions Phosphor

code Reagent pH Temperature| Maturation time cade
precL30 ammonia | 6.0-9.1 25°C 1h L30
precL32 ammonia 5.2-7.9 75°C 1h L32
precL33 urea 5.2-5.4 75°C 5h L33
precL34 urea 5.2-5.5 75°C 5h L34
precL35 urea 5.9-5.2 75°C 2h L35
precL36 urea 8.5-8.2 75°C 5h L36
precL37 thiourea 8.8-8.2 75°C 5h L37
precL38 ammonia 8.7-8.1 75°C 5h L38

Precursors and phosphor samples were characterised by X-ray diffraction
(XRD) patterns (SIEMENS D5000 powder diffractometer), morphology (JEOL-
JSM-6300 Scanning Electron Microscope), thermal analysis (Perkin Elmer TGA7
Thermogravimetric Analyser) and FT-IR spectroscopy (SHIMADZU FTIR- 8300
Spectrometer). Photoluminescence (PL) was evaluated (Perkin Elmer 204 Fluorescence
Spectrophotometer) and reffered to Y,03: Eu (Kemira) standard.

RESULTS AND DISCUTIONS

Yttrium-precursors dopped with 5 mol% Eu were prepared by the inorganic
route of the sol-gel method. Different precipitation reagents were used such as
ammonia, urea or thiourea. The reagent addition was performed in sequential addition
technique and the precipitation conditions (pH, temperature) were under controll.

The thermal analysis and FTIR spectroscopy illustrate the influence of
precipitation conditions on the precursors quality (figures 1 and 2).

PrecL33
- PrecL36

weight loss (%)

Absorbance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

. . . . )
0 00 400 600 800 1000

Wavenumber (cm™)
temperature (°C )

Fig. 1. DTG-TG curves of L33 sample Fig. 2. FT- IR spectra of some precursors

Different FT-IR spectra were obtained for yttrium precursors prepared in
various conditions. The specific IR absorptions are as follows: one strong narrow
band at ~1384 cm™ corresponding to NO5 impurity, indicating an insufficient precursor
wash (PrecL36); broad bands at ~1518.64 cm™, ~1420 cm™, ~750 cm™,~690 cm™,
assigned to CO5” (PrecL36, PrecL33); band at ~566 cm™ corresponding to Y- O
vibration; broad bands at 3450 cm™ and ~3615 cm™ for HO™ (precL36 ).
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The thermal analysis (table 2) and the FT-IR data sugest that Y/Eu precursors
are mainly hidroxy-carbonates that decompose according to the reactions 1-3.

Table 2.
Weight loos and the presumed formula for yttrium precursors
Code Weight loss Precursor formula Preparation medium
precL30 31.30 % Y2(CO3)s - 2.5 Y(OH)3 -1.6 H,O Ammonia / HO'
precL32 34.41 % Y2(CO3)3 - 2.8 Y(OH)3-2.7 H,O Ammonia / H"
precL33 38.32 % Y2(CO3)3-1.8 Y(OH); -2.2 H,0 Urea/H"
precL34 39.35 % Y2(CO3)3 -1.6Y(OH)s -2.5H,0 Urea/H"
precL35 40.06 % Y2(CO3)3 - 0.7Y(OH)3 -0.9 H,O Urea/H"
precL36 29.62 % Y2(CO3)s - 5.9Y(OH)s -3.3H,0 Urea/ HO
precL38 29.69 % Y(CO3)s - 4.0Y(OH)s -3.4H,0 Ammonia / HO'
Y(OH)3 -sz(CO3)3 -zH20 Y(OH)3 -ng(C03)3 + zH,0 (]_)
Y(OH)3 -sz(C03)3 — 0.5Y,03 -sz(C03)3 + 1.5H,0 (2)
0.5Y,03 -sz(CO3)3 - (05 +y)Y203 + 3y002 (3)

Photoluminescence (PL) measurements show that, in spite of the relativelly
low firing temperature, all Y,O3: Eu based phosphors exhibit red luminescence, as
illustrated by the emission spectra; the characteristic emission peak is at ~ 611 nm
(figure 3). Emission bands are associated to the following electronic transitions:
Dy -’ F o (~ 580 nm); °Dy -’ F1 (~ 590 nm); °Dy -’ F, (~ 611 and 621 nm).
Excitation spectra (figure 4) consist of many overlaped bands situated in the 280-
550 nm range and reflect the involvement of both the host lattice and europium
activator into the luminescence process. Luminescence peformances are influenced
by the precipitating reagent. For instance, L30 (ammonia) shows only 50% of the
brightness of L33 (urea).

Electronic microscopy put in evidence that the powdery phosphors are
agglomerations of spherical particles whereas the fluffy precursors are formed
mostly from flakes. Phosphor grains are smaller as compared with the corresponding
precursor particles. Samples prepared with urea at different pH possess different
particle size i.e. ~ 35 nm (L36 / HO") and ~200+300 nm (L34 / H").

378 nm
3sanm §
250 [y

800

Blammonia / 25°C
= Clammonia / 75°C E

---- D/urea/pH=-5 w0l /).

G/urea/pH=-8

Emission intensity (a.u.)
g
Emission intensity (a.u.)

100 ’,’ : B/ urea
C/thiourea
so{ ---- D/ammonia

650 700 300 350 400 450 500 550
wavelength (nm)
gth (nm) Wavelength (nm)

Fig. 3. Emission spectra for some Fig. 4. Excitation spectra for some Y,03-Eu
Y203-Eu samples (Aexc=365 nm) samples (Aem=611 nNm)
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XRD patterns illustrate that phosphor samples possess crystalline cubic
structure. Depending on the precipitation reagent, powders with variable phase
compositions and cristallinity were formed.

3500

2500

Intensity

2000

1500

1000

500

2 theta (degree)

Fig. 5. XRD spectra of L37 sample Fig. 6. SEM image of L36 sample

CONCLUSIONS

Europium activated yttrium oxide based phosphors were prepared by the
inorganic route of the sol-gel method. By using the secvential reagent addition
technique, yttrium hydroxicarbonate precursors were formed. The preparation
conditions such as pH, temperature and the precipitation reagent type are factors
that influence the morpho — structural and photoluminescence characteristics of
phosphor.
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ABSTRACT. The aim of this study is the synthesis of finely divided Y,Os:Eu powders
for different opto-electronic devices. In this purpose, rare-earth oxide-based precursors
were prepared by homogeneous precipitation route with urea, by using the reagent
simultaneous addition technique. There are presented our preliminary results illustrating
the influence of some preparative parameters on the quality of precursors and the
corresponding luminescent materials.

Keywords: yttrium oxide, phosphors, luminescence

INTRODUCTION

Europium doped yttrium oxide (Y,Os:Eu) is a classical phosphor that is
used as red emitting material for display manufacture. Usually, the synthesis of
Y,0s:Eu phosphor proceeds by solid state reaction route.[1] Non-conventional
methods were evaluated in order to prepare phosphors for the manufacture of
high-resolution displays such as plasma displays panels, field emission displays or
cathode ray tubes. Sol-gel methods spray pyrolysis, or combustion routes are
currently used in order to prepare highly dispersed powders with good luminescence
performances i.e. superior brightness and high cromatic purity. Depending on the
phosphor synthesis route, nano- or micro-structured luminescent powders can be
obtained.[2,3] The aim of this study is the synthesis of finely divided Y,O3:Eu powders
for different opto-electronic devices. In this purpose, rare-earth oxide-based precursors
were prepared by homogeneous precipitation route with urea, by using the reagent
simultaneous addition technique. There are presented our preliminary results illustrating
the influence of some preparative parameters on the quality of precursors and the
corresponding luminescent materials.

EXPERIMENTAL PART

Europium activated yttrium oxide phosphor samples were prepared by
homogeneous precipitation route, with the reagent simultaneous addition technique. In
this purpose, yttrium/europium precursors were prepared and fired to give Y,0s3: Eu
samples. Y(NO3); and Eu(NO3); solutions with known concentration were prepared
by dissolving Y,03 and Eu,Os in nitric acid. Equal volumes of rare earth nitrate and
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urea solutions were simultaneously added into the diluted urea bottom solution.
During the precipitation stage, the pH and the temperature were kept constant. The
as-obtained precursors were maturated, centrifuged, washed with de-ionized water
and dried. Yttrium/europium precursors were fired at 1150°C, 1h, in air, closed
system to form crystalline particles.

Precursors and/or phosphor samples were characterised by thermal analysis
(Paulik—Erdely OD-102 Derivatograff), X-ray diffraction (DRON 3M Diffractometer;
Cu Ka radiation) and FT-IR spectroscopy (JASCO 610 Spectrometer; KBr pellets
technique). The photoluminescence (PL) properties of Y,O3: Eu samples were evaluated
on the basis of emission and excitation spectra (204 Perkin Elmer Spectrofluorimeter).

RESULTS AND DISCUSSION

The synthesis of europium doped yttrium oxide was performed by homogeneous
precipitation (HP) route. In this purpose, Y-precursors comtaining 2% mol Eu-precursors
were prepared by the simultaneous addition technique of reagents and fired at high
temperature. The precursor precipitation conditions are presented in table 1.

Table 1.
Precursor and phosphor samples prepared by HP technique
Precipitation conditions
Precursor - Phosphor
code Reagent Reagents concentration _H Temp. code
ratio Y-Eu nitrate Urea P
SG1 1:1 0.1M 0.1M 7.5 80°C S1
SG 2 11 0.1M 0.1M 8.2 80 °C S2
SG3 1:2 0.1M 0.2M 8.0 80 °C S3
SG 4 1:4 0.1M 0.4M 8.0 80°C S4

All precursors prepared by HP route are similar in composition as illustrated
by FT-IR absorption spectroscopy. Figure 1 presents a typical precursor FT-IR
spectrum in comparison with the corresponding phosphor. The most prominent IR
absorption bands are: vi0~3500 cm™; Unop ~1384 cm™; Vy.on ~640 cm™ in precursors
and vy.o ~574 cm™ in the corresponding phosphors. FTIR spectroscopy suggests
that during the homogeneous precipitation with urea, the reagent simultaneous
addition technique leads to yttrium-europium basic nitrates precursors.

1.2 1104 SG 1sample

1004

— — S2-phosphor
—— SG2 - precursor

0.8
90

0.6
804

Weight loss (%)

Absorbance

0.4
704

0.2

T T T T T T ,
4000 3500 3000 2500 2000 1500 1000 500 200 Yy 500 800 1000 1200

Wavenumber (cm") Temperature (°C)
Figure 1. FT-IR spectra of SG2-S2 samples  Figure 2. TG-DTA curves of SG1 samples
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The thermal behavior of precursors is also similar, as suggested by TG-DTG-
DTA data. The representative TG and DTA curves depicted in figure 2 illustrate
that yttrium-europium precursor undergo a three-step weight loss. The presumed
precursor formula is presented in table 2.

Table 2.
TG-DTA data and formula of precursor samples
Precursor code Aw (%) DTA peaks Formula

10 125°C: endo

SG1 15 35 345°C: endo Y(NO3)3 -8.5Y(OH)3-9.0H,0
10 550°C: endo
11 140°C: endo

SG2 14 38 340°C: endo Y(NO3)z- 6.0Y(OH)3.7.6H.0
13 560°C: endo
12 145°C: endo

SG 3 12 | 35 350°C: endo Y(NO3)s -7.3Y(OH); -9.8H:0
11 555°C: endo
12 145°C: endo

SG 4 12 36 340°C: endo Y(NOs)s - 6.5Y(OH); -9.0H,0O
12 545°C: endo

On basis of FT-IR spectra and thermal analysis data, the following
decomposition mechanism is proposed for europium-yttrium (RE) precursors:

XRE(OH)3 yRE(N03)3 - zH,O - XRE(OH)3 yRE(N03)3 + zH,O
XRE(OH)3 . yRE(NO3)3 - X/2RE203 yRE(NO3)3 + 3X/2H20
X/2RE203 . yRE(NO3)3 - (X+y)/2RE203 + 3yN02+3y/402

The firing of yttrium-europium basic nitrates precursors generates Y,O0s3:
Eu powders that, under UV excitation, emit strong red luminescence. PL properties
are in agreement with the literature data. Emission spectra (figure 3) consist in
some characteristic narrow emission bands that could be assigned to certain
electronic transitions: °Dy — ' F 1 (~ 590 nm); °Dy — ' F, (~ 610 nm) ; °Dy - ' F4
(~ 650 nm). Excitation spectra put in evidence the strong sensitivity of phosphors
at ultraviolet radiation of about 254 nm (figure 4).
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’:7 1000
\‘i 600
.E 800 500
£ 400l 3 400
4004 é 3004
H 200
2004
100
o T T T T 1
550 575 600 625 650 675 250 300 350 400 430
Wavelength (nm) Wavelength (nm)
Figure 3. Emission spectra of Y,O3: Eu Figure 4. Typical excitation spectrum of
samples (Aexc= 254 nm) Y203: Eu sample (Aem= 611 nm)
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X-ray diffraction patterns illustrate that all Y,Os: Eu phosphor samples
possess cubic crystalline structure whereas the corresponding precursors are
amorphous. The thermal synthesis conditions (1h; 1150C) are in the favor of the
crystalline organisation of the host lattice — activator system (figure 5).

CONCLUSIONS

The precipitation technique, reagent ratio and concentration and medium
pH are extremely important for the synthesis of Y,Os: Eu phosphor through the
ureea homogeneous precipitation route. The reagent simultaneous addition techniques
lead to yttrium-europium basic nitrates precursors that, in our thermal synthesis
conditions, assure an efficient incorporation of europium ions into the cubic crystalline
lattice of yttrium oxide phosphor.

Acknowledgements:
The financial support for this research was provided by the Ministry of
Education, Research and Youth of Romania (CNCSIS Grant 1303).

REFERENCES

1. F. Zhang, H. Paris, C. Summer “Synthesis and characterization of Y,Os:Eu®" powder
phosphor by a hydrolysis technique”, J. Mater. Res. 1998, 13, 2950-2955.

2. G.Blasse, B. C. Grabmaier, “Luminescence materials”, 1994, Berlin-Heidelberg.

3. D. B. Bolstad, A. L. Diaz, “Synthesis and characterization of nanocrystalline Y,03:Eu®*
phosphor”, J. of Chemical Education, 2002, 79, 1101-1104.

188



STUDIA UNIVERSITATIS BABES-BOLYAI, PHYSICA, XLIX, 3, 2004

EPR INVESTIGATIONS ON SOME CALCIUM-PHOSPHATE
GLASSES WITH VANADIUM IONS

'N. VEDEANU, O. COZAR, |. ARDELEAN

Department of Physics, Babes-Bolyai University,
1 Kogalniceanu Str., 400084 Cluj-Napoca, Romania,
nvedeanu@phys.ubbcluj.ro

ABSTRACT. EPR and IR investigations were performed on xV,0s5(100-x)[P20s-CaF;]
glass system with 0.5<x<40mol%. The changes observed in the EPR spectra of these
glasses are explained supposing a superposition of two EPR signals, one with a well-
resolved hyperfine sructure typical for isolated V** ions and the other one consisting in a
broad line without hyperfine sructure characteristic for clustered ions. These ions are
coupled by dipole-dipole interaction until x= 5mol% and by superexchange interaction
at high content of oxide vanadium.

INTRODUCTION

Vanadyl ion(V02+) incorporated in the glass systems as a spectroscopic
probe have been investigated by several researchers in order to characterise the
glass structure[1-11]. The results involve many particular aspects as the geometry
of the structural units of the glass network, the character of the chemical bonds in
glasses or the local symmetry(coordination polihedra) of transitional metal ions.

Hosono et al.[5,6 ] and Bogomolova et al.[4 ] found two sets of h;/perfine
structure(hfs) for vanadyl ions in some phosphate glasses containing Mg=*, Zn*",
Be” and Cd** as modifier cations whereas only a single kind of hfs for other
phosphate glasses with Na*, Li*, Ca®*, Pb*", Sr** and Ba®* was found.

Shames et al. [9] have reported a superposition of hfs signals from three
magnetically nonequivalent VO** centers in O-phenantroline sol-gel differing in
their parameters and concentrations.

Phosphate glasses usually possess low melting temperature, high thermal
expansion coefficient, low glass transition temperature and are very important from
the point of view of technological applications [12,13]. The developement of
inorganic phosphate glasses has attracted both academic and industrial interest in
recent years[14,15 ]. V,Os is one of the transition metal oxides which is of more
interest in the contemporary and emerging technology or application in the fields
like micro-electronics, solid state ionics, opto-electronics, etc. [16 ].

The vanadyl ion VO** is known to form an octahedral oxygen complex and
the V=0 direction is the predominant axial direction.

The present work is an EPR study on xV,0s5(100-x)[P,0s-CaF;] glasses
with 0.5sx<40mol%, following the influence of V,Os content on the local order, the
interactions between vanadium ions and a possible influence of the fluorine on the
EPR spectrum of VO,
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Fig. 1. EPR spectra of the xV,05(100-x)[P.0s-CaF;] glasses

EXPERIMENTAL

In order to obtain the xV,05(100-x)[P,Os5-CaF,] glass system (0.5<x<40mol%)
was first prepared the matrix [P,Os-CaF,] by mixing (NH4),HPO, with CaF, and
melting these admixtures at 1000°C for 12 minutes in a sintered corundum crucible
using a technique previously reported[19]. The matrix was crushed and the resulting
powder was mixed with appropriate amounts of V,0s before final melting at 1250°C
for 30 minutes. The melted glasses were under cooling at room temperature by quickly
pouring onto stainless steel plates.

The EPR measurements were performed at 9.4 GHz(X-band) at room
temperature using a JEOL-JES 3B spretometer.

RESULTS AND DISCUSSION

The EPR spectra obtained for the studied glasses with a small content of
V,05(x<10mol%) show a well-resolved hfs typical for isolated vanadium ions in a
C,4 symmetry, present as vanadyl ions (Fig. 1).

The appropriate spin Hamiltonian for these spectra is:

Hs = Bog B.S; + BogL(BxSx + Bysy) + AyS,l + AL(Sly + Syly) (1)

where: B, = Bohr magneton; g and gL = components of g tensor; By, By, B, =
components of the magnetic field; S,, Sy, S, = components of the electron spin operator;
Ix, ly, I, = components of the nucleus spin operator; Aj and AL = principal components
of the hyperfine coupling tensor.
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The values of the magnetic field for the hfs peaks from the parallel and
perpendicular absorbtions are given by the egs. (2) and (3)[10]:

B (m) = B (0) - A, m—[(63/4) — m*] A1?/2B,(0) )

B1(m) = B1(0) - AL m- [(63/4) — m?|(A? + AL?)/4BL(0) ()

where: m = magnetic nuclear quantum number for vanadium nucleus having the
following values: +7/2, +5/2,+3/2 and +1/2;

B (0) = hv/g B, (4)
B.(0) = hv/g.B, (5)

where v is the microwave frequency.
Spin- Hamiltonian parameters of VO®" ions determined from the observed
positions of hfs lines and eqgs.(2-5) are given in table 1.

Tab.1.
EPR parameters of VO®* ions in xV,0s(1-x)[P,Os-CaF,] glasses
A AL
x(mol%) o]l oL [10.4 Cm-l] | [10-4 Cm-l]
0.5 1.945 1.986 152.6 58.9
1 1.932 1.981 157.9 59.2
3 1.948 1.989 152.4 60.3
5 1.950 1.987 154.5 60.4

The values of of these parameters confirm that the vanadium ions exist in
the studied glasses as VO ions in octahedral coordlnatlon with a tetragonal
compression, particularly C,, symmetry. The V** site in the VO** ion forms coplanar
bonds with each of the four oxygen ligand(xOy plane) The vanadyl oxygen is
attached axially above the V** site along the z-axis (V= O bond) while the sixth
oxygen forming the O- VO4 -O unit lies axially bellow the V* site. The predominant
axial distortion of the VO®* octahedral oxygen complex along V=0 direction may
be the reason for nearly equal g and A values for all the glass samples[10].

The shape of the spectra are modified with the increasing of vanadium ions
content. This modification consists in the partial dissapearance of the vanadyl hfs
and the appearance of a broad line due to the clustered ions coupled by dipole-
dipole interaction. At high content of vanadium ions ( x > 8 %) the superexchange
interaction prevails between clustered ions.

The EPR spectra may be regarded as the superposmon of two EPR
signals; one with a well resolved hfs typical for isolated VO?** ions and another one
consisting in a broad line typical for associated (clustered) vanadium ions.

The composition dependence of the linewidths of the broad line AB
characteristic for clustered ions is given in Fig. 2. It increases with V,0s content
until x = 5 mol% suggesting that the dipole — dipole interaction prevail among V**
ions and decreases for the V,0s content over x > 5 mol% showing that in this
range the superexchange interaction prevails between resonance centers [11].

In order to give attention to the effect of fluorine on the VO** complex, it is
possible that one fluorine atom to coordinate at V* ion in the transposition with respect
to the "yI” oxygen. This fact leads to the weakness of the V=0 bond and consequently
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to the decrease in the tetragonal character of the vanadium coordination polyhedra.
The most probable is that the fluorine atom substitutes the sixth oxygen. In consequence
the possible superhyperfine coupling with the fluorine nucleus leads to the broadening
of the vanadium hfs lines[18].

ABCG 5]
550

RN 5

inn %

n 3 10 15 0 15 in 33 0 5
W0, ,concentration (% ).

Fig. 2. Dependence of the linewidth with V,05 concentration

CONCLUSIONS

EPR investigations on xV,05(100-x)[P,Os-CaF;] glass system inform about
the structural effect of V,Os on the calcium-phosphate glass matrix. The EPR spectra
may be considered as the superposition of two EPR signals; one with a well resolved
hfs typical for isolated VO?* ions and another one consisting in a broad line typical
for associated vanadium ions. For x >5 mol% the superexchange interactions prevails
between the paramagnetic centers.

A careful analysis on EPR spectra gives information also about the
randomness of the glassy network which contains fluorine ions. They can substitute
the sixth oxygen atom from the transposition with respect to the "yI"oxygen (V=0).
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ABSTRACT. The structure of xMoOj3'(100-x)[2P20s-PbO] glass system with 0<x<b5
mol% was investigated by Raman spectroscopy.

The characteristic bands of these glasses due to the stretching and bending
vibrations were identified and analysed by the increasing of MoOj3; content. This fact
allowed us to identify the specific structural units which appear in these glasses
and thus to point out the network modifier role of the molybdenum oxide.

Introduction

The most common glasses are formed by mixing “glass forming oxides”
(typically, SiO,, B,Os, P,Os) with “modifier” metal oxides. The oxygen from this metal
oxide becomes part of the covalent glass network by creating new structural units.
Changing the concentration units can control many glass properties. The structural
characterization of glasses with competitive network formation is a challenging task,
because we have to determine whether the coordination of a glass former changes
when mixed with another one, and how the modifiers oxygens are distributed among
the units of the different species [1].

Phosphate glasses are of technological interest due to their several unique
properties, such as high thermal expansion coefficient, low viscosity resulting in low
melting and softening temperatures, UV transmission and other optical properties,
and electrical conduction. The technological importance of these glasses requires a
detailed understanding of the molecular and structural chemistry in order for glasses to
be designed for particular applications [2].

Phosphorus is four-coordinated in the phosphate glasses and the modifier
decreases the number of bridging oxygens in a (PO,) unit, while increasing its
negative charge. In order of increasing negative charge the phosphate units are:
the neutral “branching unit”, with three bridging oxygens and one double bond P=0
bond; the “middle unit” —O-PO; -O-, often called the metaphosphate unit; the “end
unit” —0-PO5> and the “monomer PO,* or orthophosphate unit [1].

The structure of phosphate glasses has been investigated by different
spectroscopies, such as infrared and Raman scattering. The phosphate network is
based on corner sharing PO, units that form chains, ring or isolated PO, groups [3].

The role of PbO is known [4] to be unique, because it plays a dual
structural role both as network modifier [5] and as a network former [6,7]. Similarly,
it is well-known [6,8] that P,Os exhibits a pronounced tendency to form a glass in
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two- or three-dimensional networks. In these networks, the coordination number of
network-forming phosphorus P atom is typically low. The bonding in these oxides is
predominantly covalent the bonds being strong and directional [9].

In this work the glass system xMoO3-(100-x)[2P,0s'PbO] are characterized
by Raman spectroscopy, in order to understand the role of molybdenum oxide on
the local structure.

Experimental Details

The starting materials used in the present investigation were (NH,4),HPO,,
PbO and MoO; of reagent grade purity. The samples were prepared by weighing
suitable proportions of the components powder mixing and mixture melting in sintered
corundum crucibles at 1250°C for five minutes. The mixtures were put into the furnace
directly at this temperature. The melts were poured onto stainless steel plates.

The Raman spectra have been recorded on a GDM 1000 double
monochromator instrument equipped with a Coherent Innova 90 argon-ion Iaser
The 514 nm emission line was used with an |nC|dent power of about150 mW. A 90°
geometry and a spectral slit width of 3-4 cm™ were used for collecting the scattered
light. The spectra were recorded without polarizer in the gathering optics. The
measurements were carried out at room temperature.

Results and Discussion

The Raman spectrum for x=0 mol% shows the characteristic bands of
2P,0s -PbO matrix (Fig.1). So, the band from 696 cm™ is attrlbuted to the P-O-P
stretching vibration. The P-O stretching V|brat|on arises at 1068 cm™, whereas the
O-P-O stretchlng vibration appears at 1174 cm™. The O-P-O asymmetnc stretching
vibration is present at 1220 cm™ [1,10]. It is know that PbO oxide acts as modifier
or network former in glass matnx The presence in the Raman spectra of the two
bands at 300 cm’ and 380 cm™ may be attributed to the presence of PbO in these
glasses. The 380 cm™ band increases in intensity and is shifted to high wavenumber
(414 cm™) with the MoOj; content. This fact could be explained by the appearance of
the Pb-O-Mo bands in these glasses as in the case of Pb-O-Ga,0;-SiO, system [11].
The other bands from 300 cm™ remain almost constant with the increase of MoO;,
content. On the other hand the presence of the PbO influences the structure of the
P,Os [1,10] which are manifest in the shifts and shape changes of the specific
vibrational bands.

The position and shape of these bands have been found to be sensitive to
the phosphate chain length and the network modifier species.

The shapes of the most bands of the Raman spectra are strongly
influenced by the MoO; content. These changes occur even at low concentrations
of the MoOj3; (x<1 mol%).

For x=0.5mol% the P-O-P stretching vibration and the O-P-O stretchlnq
vibration mcrease in intensity and are shifted to lower wavenumbers at 693 cm
and 1153 cm™ respectlvely The P-O stretching vibration is also shifted to lower
wavenumbers (1053 cm’ ) whereas the O-P-O asymmetric stretching vibration is
shifted at higher (1244 cm™ ) wavenumbers.

The shape of the x=1 mol% spectrum is related to the x=0.5 mol% spectrum.
Nevertheless, a further shift to lower wavenumbers of the P-O-P and O-P-O stretching
vibrations is observed.
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In the Raman spectrum for x=3 mol% the MoO; content acts as a strong
modifier of the glass network. The changes in the spectral shape become more
evident related to the previous spectra. The O-P-O stretching vibration appears
shifted to lower wave numbers at 1145 cm™. The P-O-P stretching vibration decreases
strongly in intensity, appearing as a weak band at 701 cm™.

In the case of x=5mol% spectrum the O-P-O stretching vibration decreases
in intensity and shifts to higher wavenumbers at 1150 cm™ whereas the P-O-P
stretching vibration almost disappears.
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Fig.1. The Raman spectra of xMoQO3-(100-x)[2P,0s-PbO]

There are two frequency regions in the Raman spectra that contain
information about the structure of the phosphate glasses. The frequency bands
region 600-850 cm™ is characteristic for the in-chain P-O-P stretching vibrations.
The bands from the 950-1400 cm™ region are due to the out-of-chain —PO* stretchinq
vibrations [2]. In the frequency region of P-O-P vibration, a main band near 700 cm’
and a shoulder at ~ 800 cm™ appear too (Fig. 1.).

The asymmetric band at ~ 700 cm™ is assigned to the symmetric stretch of
in-chain P-O-P vibration in the long-chain phosphate species. It has been previously
observed in similar phosphate glasses that this band increases in frequency as the
chain length decreases [2]. The shift in the frequency of the band is attributed to a
change in the in-chain P-O-P bond angle depending on the effect of the network
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modifier on phosphate glass structure [2]. The larger wavenumber of the band is a
result of the smaller P-O-P bond angle, which results from shorter phosphate chain
length or smaller metal cation size [2]. The phosphate chain length is shorter in the
phases with high MoO; content due to the depolymerization of phosphate structure.

The shoulder near 800 cm™ may be due to very short phosphate chain
units or ring structures that are know to be increasingly important in the composition
region between the ultraphosphate and metaphosphate compositions.

The change in the wavenumber and width of the bands depending on the
kind and concentration of network modifiers in phosphate glasses has also been
investigated and reported by others authors [12,13]. Rouse et al. [14] have pointed
out that the decrease of the O-P-O stretching frequency is essentially due to an
increase of the O-P-O angle and to larger metal-oxigen force constant [1].

Conclusions

The shape of the Raman spectra is influenced by the presence of
molybdenum oxide in the studied glasses.

At low concentration of MoOj3; (x<1 mol%) the P-O-P and O-P-O stretchmq
vibrations mcrease in intensity and are shifted to lower wavenumbers, at 693 cm
and 1153 cm™ respectively. On the other hand the O-P-O asymmetrlc stretchmq
vibration is shifted at higher wavenumber (1251 cm™). The 701 cm™ and 1150 cm
bands corresponding to the P-O-P and O-P-O stretching vibrations decrease
strongly in intensity for x=3-5 mol% MoO; content.

These changes are correlated with the phosphate chain length, which
decreases with the increase of MoO; content due to the depolymerization of the
phosphate structure. Thus, the number of short phosphate chain units or ring
structures increase also with the MoO3 content.
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ABSTRACT. The local structure of the glasses belonging to the
0.5Gd,03-99.5[xBi03(1-x)Ge0O,] system, with 0.12 < x < 0.875 were studied by
electron paramagnetic resonance (EPR). Differential thermal analysis (DTA) was
used in order to investigate the thermal behavior of the vitreous samples and to
establish the heat treatment temperature for crystallization of the samples. Vitroceramic
samples were obtained by heat treatment of the glass samples at 600T for 24 hours.
The crystalline phases induced in the glass matrix by heat treatment were identified
by X-Ray diffraction. EPR data show that Gd** ions are homogeneously distributed
in the host glass. After partial crystallization the environments of Gd** ions are more
uniform proving a local structure relaxation and are function of the structure of the
identified crystalline phases.

Keywords: Electron paramagnetic resonance; local structure, glasses, vitroceramics.

1. Introduction

Bismuth germanates are intensively investigated for applications in optical
devices [1]. The sillenite crystals, Bi;;GeOy are interesting for applications such as
optical memories, holography or optical phase conjugating devices [2]. The eulytite
crystals, Bi,Ge;O, are used as scintillators or, when doped with rare-earth elements,
as laser materials [3,4]. The study of glassy systems, having similar properties to
those of crystals, is of high interest because of the lower cost and easier production
of glasses with respect to crystals. Vitreous germanates have been proposed as
materials for optical waveguides, due to their transmission characteristics in the
infrared region. In addition, the high Raman scattering cross-section makes these
glasses good candidates for devices such as fiber-optic amplifiers [5].

In recent years, many studies on sillenite and eulytite crystals and mixed
crystals have been performed in order to understand their structural properties.

In order to extend the available information concerning glasses containing
gadolinium ions, in this work we performed a systematic investigation of the
0.5Gd,03-99.5[xBi,0O3 (1-xX)GeO,] system, with 0.12 < x < 0.875, using electron
paramagnetic resonance (EPR) and differential thermal analyses (DTA).

2. Experimental

Bismuth germanate glasses were prepared with different ratio betwen bismuth
and germanium oxides. The glass samples were obtained by melting, of corresponding
mixture from pure oxides. The component powders were mixed and then melted in an

“Corresponding author: udvar@phys.ubbcluj.ro.
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electric furnace in an air atmosphere at temperature 1250C. The time of 10 minutes at
the melting temperature was chosen to permit good mixing of the components while
preventing the evaporation of the highly volatile bismuth oxide. The glass was obtained
by quenching onto a stainless steel plate at room temperature.

The samples were heat treated at the 600C for 24 ho urs in order to obtain
crystalline phases in the glass matrix. The proper heat treatment temperature was
established by DTA. The DTA traces of the glass samples were recorded using MOM
thermal analysis system in the temperature range 30—800<C. The heating rate was
10 /min™.

The vitreous state of the samples was confirmed by X- ray diffraction with a
Bruker X-ray diffractometer. The crystalline phases obtained after heat treatment were
identified by the same method.

The structural order arround Gd** ions were investigated by electron
paramagnetic resonance, before and after heat treatment. The EPR measurement
was made using a ADANI EPR spectrometer system in the range 700-4700 Gauss
of the magnetic field, in the X-band, at room temperature.

3. Results and discussion

Figure 1 shows the DTA traces of the samples with x=0.67  The exothermic
effect corresponding to the crystallization temperature is around 600C. No weight
loss of the samples was observed from the TG curve.
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Fig. 1. Differential thermal analysis curves for x = 0.67 sample.

The increasing of bismuth oxide content determined changes in the local
structure of the matrix reflected in the evolution of the EPR spectra. The EPR
spectra for the glass samples with the concentration of Bi,O; up to 40% are
illustrated in figure 2. These spectra show the resonance lines at g ~2; 2.85; 4.8
and 5.9 being typical for disordered matrices [7 - 11]. The two EPR lines at g ~ 4.8;
and 5.9 have almost the same intensity, and are associated to the Gd** ions with a
coordination number lower (N, < 6), and respectively higher (N, = 6) than six, located in
sites with intense crystal fields [9, 10].
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Fig. 2. EPR spectra of 0.5Gd»03-99.5[xBi,O3(1-x)GeO;] glasses
with low bismuth content.
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Fig. 3. EPR spectra of 0.5Gd»03-99.5[xBi,O3(1-x)GeO;] glasses
with high bismuth content.

Figure 3 shows the EPR spectra for samples with higher bismuth content.
For these samples the same type of spectra as for the samples with lower bismuth
oxide content was observed, showing that the gadolinium environments are not
very much dependent on bismuth content. As resulted from X- ray diffraction
patterns, for the sample with x = 0.12 the structure is only partial crystallized and
for the sample with x=0.2 the 1:2 (Bi:Ge) phase was identified. For sample with
x=0.3 the structure containing the 1:1 (Bi:Ge) phase and in the sample with x = 0.4
the 4:3 (Bi:Ge) phase was observed. Beside the last mentioned phase, 2:1 (Bi:Ge)
phase is present in the samples with x=0.5 and 0.67. In the sample with high
bismuth content almost only the 12:1 (Bi:Ge) phase were identified; the 2:1 (Bi:Ge)
phase being present as impurity phase.
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The EPR spectra of investigated samples after heat treatment are show in Fig.
4 and Fig. 5. In the EPR spectra of these samples several changes appear (Fig. 4).

70

2.85
oL 59 4

3 /\ i0,
PV I

2

3]
o
T

N
o
T

Intensity (a.u.)
8
T

10

1000 2000 3000 4000 5000
Magnetic field (gauss)

Fig. 4. EPR spectra of partially crystallized
0.5Gd»03-99.5[xBi,03(1-x)GeO,] samples with low bismuth content.
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Fig. 5. EPR spectra of partially crystallized
0.5Gd»03-99.5[xBi,03(1-x)GeO,] samples with high bismuth content.

For the samples with high germanium content a new line at g ~ 2.2 arise. The
intensity of the resonance line at g ~ 4.8 for samples with 0.12; 0.2; 0.34 is attenuate in
comparison with that corresponding glass samples, while for the sample with x = 0.4,
this line is not visible being replaced by a new line at g ~ 4.3, superimposed on that
coming from iron impurities. The main increase is observed for line with g ~ 2.85 its
intensity increasing with bismuth oxide concentrations.
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In figure 5 are presented the EPR spectra of the crystalline samples with
higher bismuth oxide content. It is surprising that even from X-ray structural point of
view the samples with x = 0.5 and 0.67 consist of a mixture of crystalline 1:1
(Bi:Ge) and 2:1 (Bi:Ge) phases, the EPR spectra are like for the vitreous samples,
with less intense line at g ~ 2.0 and 4.8, suggesting that the surrounding of Gd**
are very much distorted in these mixture of crystalline phases. For the samples
with highest bismuth content (x=0.875) the EPR spectra confirm that this crystalline
samples is a mixture of 12:1 phase as a major phase and 2:1 phase as impurity.
The line belonging to the 12:1 phase is the preponderant one and is characteristic
for cubic sites as expected in this cubic crystalline phase[6]. The others lines
typically for U type spectrum [7] are assigned to Gd** ions disposed in a distorted
2:1 phase or at interfaces. The sample with x=0.875 reveals a strong absorption at
g ~ 4.3 associated to a 12:1 structural phase.

4. Conclusions

Glasses based on the heavy metal oxide have the capacity to accept rare
earth ions in the network modifier sites. The spectra for the gadolinium doped
bismuth germanate glasses are typically “U* spectrum with the resonance lines at g
~2; 2.85; 4.8 and 5.9, specific for non-crystalline systems.

The results suggest that the Gd** ions are homogeneously distributed in
the host glass and play both the network former and network modifier role in the
studied glasses. After heat treatment the intensity of the resonance line at g ~4.8 is
decreasing by increasing the concentration of the Bi,Os; content evolution
accompanied by the developing of the new line with g ~4.3 associated with Gd**
ions in a cubic environment. For different concentration of the bismuth oxide in the
samples composition the following crystalline phases: 1:2, 1:1, 4:3, 2:1 and 12:1
phases were observed. As results, the EPR spectra for crystalline samples are
superposition of spectra belonging to these different phases.
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ABSTRACT. ’Al MAS-NMR (Magic Angle Spinning Nuclear Magnetic Resonance)
and Fe*" EPR (Electron Paramagnetic Resonance) investigations on Y,03-Fe;Os-
Al,O3-SiO, system evidence the changes produced by iron doping in samples
structure with respect to the coordination of aluminum atoms and to the vicinity of
the iron ions. Mainly tetra- and six-fold coordinated aluminum atoms and two types
of iron environments were identified in the investigated samples. The change in the
relative intensity and position of the peaks corresponding to different aluminum
species can be assigned to the influence of the iron ions on the glass structure. In
samples with low Fe»O3 content (x < 1 mol %) the iron ions are mainly disposed in
isolated sites of low symmetry and strong crystalline fields, but as Fe,O3 content
increases to 3 mol % the surrounding of iron ions becomes more symmetric and
Fe®* ions experience dipolar and exchange interactions.

Introduction

Despite its proven efficacy in the treatment of cancer, external beam
radiotherapy is limited to suboptimal doses because of healthy tissue exposure
within the radiation field. Radioimmunotherapy (RIT), targeting radiation to tumor
by using beta emitting specific and efficient delivery of cytotoxic radiation to systemic
metastases while sparing radioisotopes conjugated to a monoclonal antibodies,
has been proposed to achieve exposure to normal tissues [1]. Even though positive
results in preclinical models were obtained, RIT has failed to achieve reproducible
clinical efficacy in carcinomas [2].

A particularly valuable alternative mode of therapy is the use of intra-
arterially injected radioactive particles of a size sufficient to lodge in endarterioles.
The basis for such therapy is that tumours are usually rich in vasculature and that
liver metastases are almost exclusively dependent on arterial blood supply. This is
very different for the normal liver, which receives most of its flow from the portal
vein [3]. This selectivity can also be increased by the use of vasoactive drugs,
which cause vasoconstriction of the normal liver arterioles, but to which tumour
vessels, lacking smooth muscle, are insensitive [4].

Advanced and special glasses play important roles in biomedical uses.
Some of the glass compositions have distinctive properties that make them preferred
materials for certain applications. For instance, radiotherapy glasses are produced
in the form of small microspheres and are used to irradiate diseased organs inside
the body [5]. The advantage of using these microspheres as in-situ radiation delivery

“Corresponding author: simons@phys.ubbcluj.ro
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vehicles is that much larger doses of radiation can be safely delivered to the target site,
eliminating exposure of other healthy parts of the body. If this internal radiotherapy
is accompanied by the local hyperthermia, easily realised by magnetic crystals
heating under electromagnetic field exposure, the treatment efficiency is enhanced.

The present study is focused on 17Y,03-19AL05-xFe,03-(64-x)SIO, glass
system. The application of this system in the cancer therapy is due to beta emitting
Y-90 isotope activable by neutron irradiation and to iron containing crystals
developed in the glass matrix. The behaviour of these glasses in interaction with
human body fluid and implicitly their biocompatibility is very much dependent on the
glass structure, particularly on the local symmetry around the component catlons For
charactensmg this local symmetry in the investigated system we used *’Al MAS
NMR and Fe™ EPR measurements.

Experimental

Glass samples of 17Y,0;-19A,03-xFe,03:(64-X)SIO, system (0 < x < 3 mol %)
were prepared by melting the component oxides of p.a. purity at 1500°C for 30
minutes and fast quenching to room temperature by pouring and pressing between
stainless })Iates

Al MAS NMR spectra were recorded at room temperature from powder

samples on MAS NMR AVANCE 400 Bruker spectrometer, at 104.2MHz, in magnetic
field of 9.4 T and spinning frequency 15 kHz, using Al(NO3); water solution as
reference.

Fe** EPR spectra were recorded at room temperature from powder samples
on ADANI spectrometer, in X band.

Results and discussion

The prepared 17Y,03-19AlL,03-xFe,05:(64-x)SiO, samples are vitreous, as
evidenced by X-ray diffraction analysis.

Figure 1 shows the recorded ?’Al MAS NMR spectra of investigated
glasses function of iron oxide content. The spectra are quite Iarge being extended
from 70 ppm to —40 ppm. Usually the >’Al MAS NMR spectra in amorphous and
crystalline aluminates [6-13] consist of three lines centred at 0-10 ppm, 20-40 ppm
and 60-70 ppm corresponding to three types of aluminium: hexa- penta- and tetra-
coordinated with ogygens, respectively. In the case of our samples the spectra are
less resolved, so the mentioned lines are overlapped suggesting a high local disorder
degree. Despite this fact it is evident that the main contribution to the spectra is
coming from aluminium tetra-coordinated and only in a small amount from aluminium
penta- and hexa-coordinated. Having in view that the chemical shift anisotropy for
tetra-coordinated aluminium is quite large in silicate glasses [6], one can estimate
that around 80 % from the total visible aluminium atoms are tetra-coordinated.

By increasing the Fe,O3; content, in the low concentration range, no major
influence on the aluminium environment is evidenced, but the total intensity of the
NMR spectra mcreases as result of the favourable paramagnetic effect on the
relaxation time of 2’Al nuclei. For the sample with x = 3 Fe,0O3; mol % the total intensity
is decreasing, showing that a part of the aluminium atoms became NMR invisible as
result of the local magnetic field experienced by them due to the presence of a higher
amount of iron ions in their surrounding. At the same time one remarks that the
features characteristic for penta- and hexa-coordinated aluminium disapeare.
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Fig. 1. 2’Al MAS NMR spectra for 17Y203-19ALO3-XFe;03-(64-X)SIO; glass samples.

The Fe** EPR spectra from the investigated glasses are presented in Figure 2.
For x < 1 they are typical for isolated iron ions contained in disordered matrices [14 - 22].
The resonance signal with g = 9.8 was assigned to Fe" ions disposed in environments
of rhombic symmetry [14 - 18]. The major absorption line occurs at g = 4.3 and arises
from isotropic transitions inside the central Kramers doublet [14 — 16]. When Fe*® ions
are experiencing strong crystalline field they usually occupy octahedral or tetrahedral
distorted sites [14 - 22]. The absorption line around g = 2.0 is considered to arise from
isolated species occupying sites of octahedral symmetry and/or from spin-spin
exchange coupled pairs of paramagnetic ions [14]. For the sample with 3 % Fe,O; the
EPR spectra mainly consists of a relatively narrow line (220 Gs) with g = 2.0, typical for

Intensity (u.a.)

I I I I
0 1000 2000 3000 4000 5000

B (Gs)
Fig. 2. Fe** EPR spectra of 17Y,03-19AL03-xFe,03-(64-x)SIO; glass samples.
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samples containing small magnetic crystals [23], wherein iron ions are subjected to
exchange interactions. The presence of these crystals can explain also the decrease of
the MAS NMR spectrum intensity of this sample (Fig. 1). The fact that these crystals
are not observed by X-ray diffractions indicate their small size and, on the other
hand, their low amount. This means that even for low Fe,O3; concentration magnetic
nanocrystalline phases can be developed in these glass matrices, indicating that
they could be indeed used for medical applications both for radiotherapy and for
hyperthermia.

Conclusions

Mainly tetra- and only small amount of penta- and hexacoordinated aluminum
atoms were identified in the investigated samples by MAS NMR. The change in the
relative intensity and position of the peaks is assigned to the effect of paramagnetic
iron ions. EPR results indicate for the samples with low iron content (x < 1 mol %)
the presence of isolated Fe** ions in sites of different symmetries and crystal field
intensity. As Fe,O; content increases to 3 mol % the surrounding of iron ions becomes
more symmetric and Fe** ions experience dipolar and exchange interactions.
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ABSTRACT. Differential thermal analysis (DTA) under several conditions regarding
the heating rate was carried out on glasses of xFe,03(80-x)Bi203-20Ga203 system,
where x < 20 mol %. The crystallization has been studied by using DTA curves. The
gallium bismuthate matrix shows a more pronounced tendency towards crystallization
than the other compositions.

The thermal diffusivity for the investigated samEIes range from 2.6:10" m?/s
for the gallium bismuthate host glass to 1.5-107 m%s for the sample containing
5 mol % Fe,0s. Further addition of iron oxide up to x =20 mol % determines a slight
increase of the thermal diffusivity, but it does not exceed the value obtained for the
gallium bismuthate matrix.

Introduction

Heavy metal oxide glasses are investigated as potential hosts for fiber-optic
amplifiers because of their low phonon energy, thermal stability and good emission
properties [1]. Heavy-metal oxides have large optical non-linearities which make
them promising for optoelectronic applications [2].

The present paper aims to investigate the activation energy of crystalisation
and the glass sytability of Fe,03-Bi,O3-Ga,03; samples as well as their thermal diffusivity.

Experimental

xFe,03:(80-x)Bi,0320Ga,0; glass samples with x = 0, 5, 10 and 20 mol %
were obtained from Fe,O; Bi,O3; and Ga,O3 melted at 1200°C for 30 minutes in air.
The melts were quickly poured and pressed between stainless steel plates at room
temperature. The colour of the samples changes from metallic yellow for x = 0 to
reddish brown by addition of Fe,Os up to x = 20.

The glass transition temperatures (Tg) and crystallisation temperatures (Tc,) of
the samples have been determined in the temperature range 20-1000°C by using a
MOM equipment. In order to determine the activation energy of the crystallisation
(E.) the DTA traces were recorded at three heating rates a = 5, 10 and 20°C/min.

For thermal diffusivity measurements the samples were mechanically polished
as plates with plan parallel faces. The measurements were performed in the standard
photopyroelectric (PPE) configuration with thermally thick sensor and sample and
optically opaque sample [3]. The room temperature value of the thermal diffusivity
was obtained by performing a frequency scan of the phase of the PPE signal in a
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frequency range for which both sample and sensor are thermally thick. A layer of a
PPE detection cell is considered thermally thick when its geometrical thickness is
larger than the thermal diffusion length in the material.

Results and discussion

Thermogravimetric (TG) and differential thermogravimetric (DTG) curves
show that there are no weight losses for these samples up to 1000°C (Fig. 1). One
also observes (Table 1) that the glass transition temperature (Tg) for all samples is
around 420°C, denoting that T4 in this gallium-bismuthate glass matrix is poorly
affected by substitution of Bi,O3 with Fe,O3 up to 20 mol %.

=T 77
[l

B00-
DTA e —— e 7
500-

400-

300- /

200-

\

100-

time (min.)
Fig. 1. Thermal analysis curves recorded from xFe,03(80-x)Bi,O3-20Ga,03 glass samples
with x = 0 (a), x = 5 (b), x = 10 (c) and x = 20 (d), with a heating rate of 10°C/min.

An exothermic peak around 500°C (Table 1) corresponding to a crystallisation
process (T) is evidenced in the DTA curves. For all samples, without or with iron oxide
content, the exothermic peak is followed by an endothermic event assigned to the
melting of the glass (T.). The melting temperature linearly decreases by Fe,O3;
addition to gallium-bismuthate matrix from 850°C for x = 0 to 810°C for x = 20 mol %
as can be observed from Figure 2.

For different heating rates, a (a = 5, 10, 20 degree/min), the glass transition
activation energy was discussed according to Kissinger’'s formula [4], as given by
equation:

In (T /a) =E. /RT+ const.
where Tgyis the glass transition, E, is the glass transition activation energy and R is
the gas constant.
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Fig.2. Composition dependence of melting temperature for
xFe»03(80-x)Bi03-20Ga,03 glass samples.

Figure 3 shows the plots of In(ngla) versus the reciprocal crystallisation

temperature, T;, for different heating rates. The glass transition activation energy,
E,, was calculated from a linear fitting of Kissinger’s equation.
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In(T ’/a)

104
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10T (KY)
g
Fig.3. Plot of In(T 4 /a) versus 10%T of the samples with
x=0 (H),5 (), 10 (A)and 20 (V) mol % Fe,Os.

The glass stability can be expressed [5, 6] by the difference of crystallisation
and glass transition temperatures, S = AT = T¢-T,. Larger values of AT lead to
higher thermal stability of the glasses. The glass stability can be also expressed
also by parameters like the Hruby parameter, Kg=(Tc~Tg)/(Tm - Ter) [7], or the ratios
(Ter T Ty, Tg/ Ty (TerTg)/ T [8].
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In Table 1 are summarised glass transition and crystallisation temperatures
as well as the calculated values of glass transition activation energy and stability
parameters. Inspecting these data one remarks that the glass with 10 mol %
Fe,03-has the highest thermal stability (Fig. 4) as indicated by almost all glass stability
parameters (Table 1). The gallium bismuthate matrix (x = 0) shows a tendency towards
crystallization more than the other compositions. The glass stability for classical
silicate systems, expressed for example as Ty/Ty, is 0.5 < Ty/Tr, £ 0.74 [9].
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5024 |

v + +
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0 5 10 15 20

X (mol %)
Fig. 4. Composition dependence of Hruby parameter for
xFe;03(80-x)Bix03-20Ga,03 glass samples.
Table 1.
Glass transition temperature (Tg), crystallisation temperature (T,), glass stability S,
Kg, SITq, Tg/Tm and S/T,, and glass transition activation energy (E,)
for xFe,03(80-x)Bi,03-20Ga,03 glass samples.

X Ty | Ta Tm S | Sy | TdTm | S/Tm Ea
mo%) | (K) | (K) K | K Kg kd/mol
0 693 | 768 | 1123 | 75 | 0.108 | 0.617 | 0.067 | 0.211 132
5 693 | 773 | 1113 | 80 | 0.115 | 0.623 | 0.072 | 0.235 121
10 | 688 | 778 | 1103 | 90 | 0.131 | 0.624 | 0.082 | 0.277 120
20 | 693 | 768 | 1083 | 75 | 0.108 | 0.640 | 0.069 | 0.238 127

The glass transition activation energy (E;) of 80Bi,03-20Ga,03-glass matrix is
diminished by Fe,O; addition from 132 to 120 kJ/mol. According the values reported by
Kubuki et al. for the activation energy of 50Ca0O-10Ba0-(40-x)Ga,03-xFe,0; glasses, a
decrease from 7.66 to 5.44 eV is obtained when x increases from 5 to 25 [10].

One observes that E, differently changes with Fe,O3- content. Without doubt,
by progressive addition of Fe,O3 up to 10 mol % E, decreases and then weakly
increases, as can be observed for x = 20 %. These results prove that Fe,Os; causes
weakening of the bond strength but this is not accompanied by a lowering of the
thermal stability. The narrow values range for the changes obtained both for glass
transition activation energy and for glass stability indicates a good thermal stability
of xFe,03(80-x)Bi203-20Ga203 glass samples for the studied compositions.
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The thermal diffusivity measurements were performed in the standard
photopyroelectric (PPE) configuration with thermally thick sensor and sample and
optically opaque sample. The room temperature values of the thermal diffusivity a,
were calculated for all samples using the the thickness of the sample and the slope
of the linear part from the curve representing the dependence of photopyroelectric
signal phase versus frequency square root.

The thermal diffusivities for the investigated samples is of same magnitude
order like for other oxide glasses [11, 12] and range from 2.6-107 m?/s for the
gallium bismuthate host glass to 1.5:10" m?/s for the sample containing 5 mol %
Fe,Os3. The further addition of iron oxide up to x =20 mol % determines a slight
increase of the thermal diffusivity (Fig. 5), but it does not exceed the value obtained
for the gallium bismuthate matrix.
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Fig. 5. Composition dependence of thermal diffusivity for
xFe,03(80-x)Bi»03-20Ga,03 glass samples

Conclusions

The melting temperature of xFe,03:(80-x)Bi,03:20Ga,03; glass samples
diminishes commensurate with the iron content. Glass transition and crystallisation
temperatures are slightly affected as x increases from 0 to 20 mol %, however the
data point out higher values for glass stability of iron containing glasses. The
values calculated for the activation energy are ranging from 132 to 120 kJ/mol by
progressive addition of iron in the investigated composition range.

The thermal diffusivity data are ranging from 2.6-107 m?/s, for the gallium
bismuthate host glass, to 1.5-10" m?s, for the sample containing 5 mol % Fe,Os.
Further addition of iron oxide up to x =20 mol % determines a slight increase of the
thermal diffusivity, but it does not exceed the value obtained for the sample without
iron oxide.

Both DTA and thermal diffusivity results indicate a good thermal stability of
the investigated iron-gallium-bismuthate glass system.
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ABSTRACT . Fe;03-Bi»03-Ga;03 glass samples containing up to 80 mol % Bi,O3
and 20 mol % Ga,0Os were obtained by annealing of melts from 1200°C to room
temperature. The effect of iron addition to the gallium bismuthate matrix was followed
both from structural point of view and with regard to the magnetic properties of samples
in correlation with iron valence states. As Fe,O3 content reaches 20 mol % on the
account of BixOs, crystalline phases of (Bii¢Fe:)sO0s, Bix(Fe,Ga)s0s and FezGaOsg type
are developed, which are presumably in a nanocrystalline state.

Introduction

Current interests in functional glasses include gallium systems, which have
useful optical properties. Due to their high optical nonliniarity, high magneto-optic
effect and extended IR transparency the heavy metal glasses containing gallium are of
technological importance for potential application in optical switching, optical isolators
(Faraday rotators) used to avoid self-focusing in high power laser systems, IR windows
and sensors [1-3]. Gallium bismuthate glasses appear to be promising host materials
for waveguide devices in the microwaves telecommunication windows, broad band
amplifier and high power laser applications [4-7].

The present paper aims to investigate the structure of Fe,03-Bi,03-Ga,03
samples and their properties as shown by electron paramagnetic resonance (EPR),
Mdéssbauer spectroscopy and magnetic measurements.

Experimental

The starting material used to prepare xFe,05-(80-x)Bi,05-20Ga,0; glass
samples (x =0, 5, 10 and 20 mol %) were analytically pure reagents Fe,O3 Bi,O3
and Ga,O3 They were obtained by melting oxide mixtures of desired compositions
in sintercorundum crucibles at 1200°C for 30 minutes in an electric furnace in air.
The melts were quickly undercooled at room temperature by pouring onto stainless
steel support and pressing in form of thin plates. The gallium bismuthate matrix is
metallic yellow. By addition of iron to this matrix the glasses become reddish brown.

The X-ray diffraction (XRD) analysis of as prepared samples was carried with
a Bruker spectrometer on powder samples. EPR spectra were recorded at room
temperature in X band (9.4 GHz) using ADANI spectrometer. Mdssbauer spectral
analysis was performed also at room temperature. The magnetic susceptibility
measurements were carried out on a Faraday type magnetic balance in the temperature
range 80 - 300 K.
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Results and discussion

The cations entering in the structure of investigated samples are bismuth,
gallium and iron. lonic radius, coordination type and ionic field strength of Fe** and
Ga*" are relatively close and both are considerably different from that of Bi** ions [8, 9].
These data support the role of glass former for Bi,Os; and of glass modifier for Ga,Os
and Fe,0s in a heavy metal glass system. Heavy metal oxide glasses might be defined
as those glasses containing over 50 cation percent of bismuth and/or lead which
participate in the glass structure as network formers [10].

| x (mol 3@
: “\A_JR\R 20

Intensity (a.u.)

0 20 40 60 80 100
2 theta (degree)

Fig. 1. X-ray diffraction patterns for xFe,03(80-x)Bi,03-20Ga,03 as prepared glass samples.

The structure of the as prepared samples was analysed by X-ray diffraction. The XRD
patterns are shown in Figure 1. They consist of a relatively broad line typical of vitreous
systems. The patterns do not evidence any narrow lines corresponding to crystalline
phases. The same samples were investigated after an year and new XRD patterns
were recorded (Fig. 2). The samples containing up to 10 mol % Fe,O3 show similar

x (mol %)

Intensity (a.u.)

20 40 60 80 100
2 theta (degree)

Fig. 2. X-ray diffraction patterns for xFe,03(80-x)Bi,O3-20Ga,03 relaxed samples.

216



XRD, EPR, MAGNETIC AND MOSSBAUER STUDIES ON GALLIUM BISMUTHATE GLASSES...

DRX patterns, consisting of very broad lines, typical for the vitreous state, and
broad lines corresponding to poorly crystalline regions. For the sample with x = 20,
over the broad line are superposed sharp peaks which correspond to (Bi;.¢Fe¢)4Os,
Bi»(Fe,Ga),09 and FesGaOg phases, presumably in a nanocrystalline state.

The electron paramagnetic resonance investigation searched for additional
information on the vicinity of Fe** iron resonant centres. The EPR spectrum of the
sample with x = 5 mainly consists of the line with g = 4.3 associated to isolated
Fe®* ions [11, 12], while for the sample containing 10 mol % Fe,O; there is almost
only a large line with g = 2.1 (Fig. 3). This line could be assigned to Fe** resonance
centres arranged in nanodomains of crystalline phases with high iron content. As
Fe,O; content increases to 20 mol % in the EPR spectrum occurs beside the g = 2.1
line a superimposed one with g = 2.0, characteristic for the systems relaxed from
structural point of view or with high iron content [13], associated to dimers of Fe*"- Fe*
or Fe*" - Fe* ions. Although the derivative spectrum of the sample with x = 5 does not
easily point out the existence of the last two types of lines, the integrative spectrum
(Fig. 4) shows that even for this low Fe,O; content there are iron ions involved in
clusters.

r x (Mol%)
F 20
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@ = 10
o L
=
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Fig.3. EPR spectra of xFe,03(80-x)Bi,03-20Ga,0O3 samples.

The existence of both Fe** and Fe®* iron ions in the investigated composition
range is confirmed by the magnetic data. The effective magnetic moments range
from 5.58 to 4.99-ug as x increases from 5 to 20 and are much below 5.9-g, the
value corresponding to Fe*" ions in free state. The temperature dependence of the
reciprocal magnetic susceptibility is presented in Figure 4. For all samples the reciprocal
magnetic susceptibility obeys the Curie-Weiss law with a negative paramagnetic
Curie temperature, 6, for the samples containing up to 10 mol % Fe,Oz; and positive
for x = 20. For the first samples the magnetic susceptibility data indicate that the
iron ions experience negative superexchange interactions and they are predominantly
antiferromagnetically coupled. For x = 20 the temperature dependence of the
reciprocal magnetic susceptibility indicate that the iron ions are dominantly
ferrimagnetically coupled [14, 15].
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Fig. 4. Integrated EPR spectrum of 5Fe203-75Bi203-20G&03; sample
(experimental — solid line, and fitted » with three lorentzian lines --)
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Fig. 5. Temperature dependence of reciprocal susceptibility for

xFe,03(80-x)Bi,0320Ga,03 samples.

The Mdssbauer spectra of the samples with x = 5 and 10 were fitted with a
singlet and a doublet (Fig. 6). The singlet could correspond to iron atoms in non-
magnetic environments, Fe atoms dispersed in a non magnetic phase [16-18]. The
doublet corresponds to iron atoms in paramagnetic environments. As the Fe,O3
content increases, the fraction of the singlet decreases and may indicate that the
fraction of the paramagnetic phase increases, in relation with the increase of the
Fe,O3; content. The Mdssbauer spectrum of the sample with x = 20 reveals only a
paramagnetic doublet. An enlarged spectrum allows to obtain more accurate data. The
spectrum shown in Fig. 7 is slightly asymmetric, and is fitted with two paramagnetic
doublets, with isomer shifts that are characteristic of Fe** ions.
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Fig. 6. Room temperature Mdssbauer spectra for xFe,03(80-x)Bi0320Ga,0O3; samples
(v= #10 mm/s).
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Fig. 7. Enlarged room temperature Méssbauer spectrum for
20Fe,03-60Bi,03-20Ga,03 samples.

Conclusions

In the heavy metal glass system xFe,03:(80-x)Bi,03:20Ga,03 (x < 20) the
iron ions occur both in Fe** and Fe* valence states, as evidenced by magnetic, EPR
and Mdssbauer results. The XRD data indicate that up to x = 20 all as prepared
samples are in vitreous state but 20Fe,03-60Bi,05-20Ga,0; sample shows a lower
glass stability and over a time relaxed sample contains relatively well developed
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crystalline phases. The magnetic susceptibility data indicate for x < 10 mol % Fe,O3
that the iron ions experience negative superexchange interactions and they are
predominantly antiferromagnetically coupled. For x = 20 the temperature dependence
of the reciprocal magnetic susceptibility indicate that the iron ions are dominantly
ferrimagnetically coupled. On the other hand, the EPR data show that part of the
iron ions are associated in clusters and this is already observed for low Fe,O3
content.
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ABSTRACT. The xCuOI[{100-x)[2B,03Te0;] glass system with 0 < x < 30 mol %
have been studied by means of EPR and magnetic susceptibility measurements. In
present work is investigate the influence of gradual increases in CuO on both local
glass structure and magnetic interactions that involved Cu® ions in binary glasses
containing two network formers, B.Os; and TeO,. EPR absorption spectra show
Cu®" ions in axially distorted octahedral environments. Both EPR and magnetic
measurement data pointed out the simultaneous presence in the glasses with x > 5
mol % of Cu®* and Cu" ionic species. The Curie behavior of magnetic susceptibility
indicates the presence in these glasses of isolated or/and coupled by dipole-dipole
interactions of Cu®".

1. Introduction

EPR investigation of transitional metal (TM) ions in glasses are interesting
and have received a considerable attention because the EPR parameters are very
sensitive to the symmetry and strength of the ligand field in the neighbourhood of
paramagnetic impurities [1-3]. Copper (II) Cu®" is the most amenable ion for EPR
studies. The main advantage of using Cu®* as the spin probe is that its EPR spectra
can be easy recorded at room temperature, the spectrum is simple and the spread
of the spectrum are large enough to detect detailed changes in the coordination
sphere [4]. Information about the valence states and interactions involving the TM
ions in vitreous systems were also obtained by means of magnetic measurements.
Different types of magnetic interactions (dipolar, superexchange) between copper
ions placed in borate [5-6] glasses were revealed by the temperature dependence
of the magnetic susceptibility. Mixed valence states of copper ions were also
evidenced [5-7].

This paper presents our results obtained by means of EPR and magnetic
susceptibility measurements performed on 2B,03-TeO, glass matrix doped over a
wide range concentration with copper ions.

2. Experimental details

Glasses of the xCuOI[100-x)[2B,03[Te0,] system were prepared using
pure reagent grade compounds, i.e. H;BOs, TeO, and CuO in appropriate ratios.
Melting was performed in sintered corundum crucibles, in an electric furnace. To
avoid material losses due to the evaporation, the oxide mixtures were introduced
directly at 1250°C in the pre-heated furnace. After 30 minutes the molten materials
were quenched to room temperature by pouring on a stainless- steel plate.
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The structure of the samples was tested by means of X-ray diffraction. No
crystalline phase was detected from the diffraction patterns up to 30 mol % CuO.

EPR measurements of the samples were performed using a Portable
Adani PS8400 spectrometer, in the X frequency band, at room temperature. To
avoid the alteration of the glass structure due to the ambient condition, especially
humidity, samples were poured immediately after preparation and enclosed in
tubular holders of the same caliber. Equal quantities of samples were studied.

The magnetic susceptibility measurements were performed using Oxford
Instruments, MagLab2000 balance in the 10-250 K temperature range.

3. Results and discussion

3.1. EPR data
According to figure 1 the obtained absorption spectra are asymmetric, characteristic
for Cu®* (3d°) ions in axially distorted octahedral symmetric sites. Within Fig.1 EPR
absorption spectra of Cu®" ions in xCuO[100-x)[2B,03[Te0;,] glasses with 0.1 < x <
30 mol % the entire concentration range the spectrum keeps its overall aspect,
suggesting a great structural stability of the vitreous matrix to accept Cu* ions in
units having more or less the same symmetry and configuration.

x [mol %]

'
30

10
,4/\[,?
3
1
0.3
0.1
B(©)

-

(amplif. 200)

Fig.1. EPR absorption spectra of Cu®" ions in XCuOI[{100-x)[2B,03[TeO;] glasses
with 0.1 < x < 30 mol %

222



EPR AND MAGNETIC STUDIES OF CuO-B,03-TeO, GLASS SYSTEM

Within the low concentration range (0.5 < x <5 mol %), the spectra shows
the hyperfine structure (hfs) due to the interaction of the unpaired electron spin with
the nuclear one, | = 3/2, characteristic to Cu®* ions for both *Cu (the natural
abundance 69 %) and °>Cu (natural abundance 31 %). The hfs is resolved in both
parallel and perpendicular bands of the spectra, four hyperfine components being
observed in each part of the EPR spectra. The evolution of the perpendicular hfs
bands when increasing the CuO content is illustrated in figure 2 for some representative
spectra of the glass system. The best resolution was obtained at a low degree of
impurification. As the Fig. 2 Evolution of hfs in perpendicular band when increasing
concentration in XCuOI[L00-x)[2B,0s[Te0,] glasses with 0.1 < x < 30 mol %
concentration of paramagnetic cu® ions raising the resolution diminishes due to
the individual lines broadening, the hfs smears out, so for samples with high
paramagnetic ions content the line reduces to the broad envelope of all contributions
to the EPR absorption. The relatively broad range in which the spectrum shows a
resolved hfs denotes an appreciable degree of short range ordering in vitreous
matrix built by approximately identical structural units, involving Cu®" ions.

(amplif. 200)
x [mol %]

30

Fig. 2. Evolution of hfs in perpendicular band when increasing concentration in
xCuO[(100-x)[2B,03[Te0,] glasses with 0.1 < x < 30 mol %
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The accuracy in estimating the EPR parameters of the spectra obtained for
the investigated systems (g; and g, factors, hyperfine constants) was compromised
by the progressive broadening of the hfs components. The estimated values of g; and
0o satisfy the relationship g, > gp > g. = 2.0023 characteristic to Cu®" ions coordinated
with six ligand atoms in a distorted octahedron, elongated along one axis. The value of
the g factors and h;/perfine constants reveal the predominantly ionic character of
bonding between Cu®" and the ligand atoms [8, 9] but there are also covalence effects
that have to be taken into account. Because CuO could be network-modifier in our
sample [10], there is competition between Cu®* and the network-forming cations B¥, to
attract the oxygen pairs available in their vicinity. The covalence of Cu**-O bonds
increases when the strength of the B-O bonds decreases.

The line width of parallel and perpendicular hyperfine lines increases in
order of m (the magnetic quantum number denoting each hf transition). This
broadening may be attributed to the micro environmental fluctuations around Cu®*
ion that is intrinsic to the glass state [10, 11]. For samples containing x <5 mol %
CuO the shape and structure of the resonance line is typical for isolated Cu®* ions
in sites of axial symmetry. The distance between Cu®" ions is higher than 5A, the
minimum values for that the hfs is not cover by the dipolar interactions [12]. As the
CuO content rises, the line resolution becomes poor due to the individual lines
broadening as the effect of dipolar interaction between Cu®* ions and to ligand field
fluctuations from the neighborhood.

The absorption signal intensity, |, estimated as the line integrate, is proportional
to the number of spins involved in the resonance phenomenon. The intensity of the
absorption line has the concentration dependence given in figure 3. The evolution of

6.725 | ! o~

6.700 '

I [aul]

6.675

T * T * T * T * T * T
5 10 15 20 25 30

X [mol %]

Fig. 3. Concentration dependences of the EPR line-intensity corresponding to
XCuOI[(lL00-x)[2B.03Me0,] glasses

224



EPR AND MAGNETIC STUDIES OF CuO-B,03-TeO, GLASS SYSTEM

I = f(x) follows the progressive accumulation of Cu®* ions during the doping
process. According to figure 3, | does not follow linearly the doping level of the sample
suggesting, for x > 5 mol % CuO, other valence state of copper ions, namely Cu®
ions, Fig. 3 Concentration dependences of the EPR line-intensity corresponding
toxCuOI{100-x)[2B,03[Te0,] glasses which do not contribute to the EPR absorption.
These new ions balance the paramagnetic Cu** species so that the addition of CuO
implies no more proportional changes of the EPR line intensity with the x values.
The Cu® ionic species simultaneously present with the Cu®* ones occur when
preparing samples, being favored in the oxygen rich melt.

3.2. Magnetic susceptibility data
The temperature dependence of the reciprocal magnetic susceptibility of
some investigated glasses is presented in figure 4.

x=5mol %
x=10mol %
x=15mol %
x=20mol %
x =30 mol %

25
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o

1
*d4hpon

[y
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|

x*10° [em.u./mol] *
=
1

0 * T * T * T * T
0 50 100 150 200 250
TIK]
Fig. 4. Temperature dependence of the reciprocal magnetic susceptibility for
XCuOI[[100-x)[2B,03[Te0-] glasses with 5 < x < 30 mol %

The magnetic susceptibility data correlate well with the EPR result and also
complete them. For the investigated glasses, the Curie law is observed for y ™= f(T),
suggesting that copper ions are predominantly isolated or/and participates to the
dipolar interactions in the glass matrix. The values of molar Curie constant, Cy and
the Fig. 4 Temperature dependence of the reciprocal magnetic susceptibility for

XCuOI[{100-x)[2B,03[Te0,] glasses with 5 < x < 30 mol %

effective magnetic moments, U were calculated and are given in Table 1. The peg
values were estimated as pey = 2.827[Cyw/X]"2. This estimation of the pey implies
the assumption that all the copper ions introduced in the batch have 2+ valence
states and contribute to the magnetic moment of the glasses.
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For all the investigated glasses experimental values obtained for molar
Curie constant and consequently for effective magnetic moments are lower than
those which correspond to the CuO content, considering that all copper ions are in

Cu® valence state (MCU2+ =1.73up) [13]. Therefore we consider that in these

glasses are present both Cu** and Cu* ions. The concomitant presence of monovalent
and divalent copper ions was also reported in various glasses [6-11, 14]. From the
He relation we estimate in first approximation the molar fraction of the Cu®" ions
(y), which contribute to the magnetic moment (Table 1).

Table 1.
Molar Curie constant, Cy, effective magnetic moment, f&s, and
molar fraction of Cu®*(y) ions in XCuO {100-x)[2B,0;Te0,] glasses

X CM'102 lueff Yy o
[mol % CuQ] [emu/ mol] [Mg] [mol % Cu”™" O]

5 1.8725 1.73 5

10 1.49476 1.09 4

15 1.15844 0.79 3.1

20 1.00896 0.64 2.7

35 0.8686 0.49 2.4

It observes that the molar fraction of the Cu®* is equal with the CuO molar
fraction only in case of samples with 5 mol %. After 10 mol %, the molar fraction of
the Cu®" ions decreases with the addition of the CuO in the vitreous samples. It can
be remark, that the obtained data from magnetic susceptibility measurements are
in agreement with those obtained from EPR as regards evolution of | parameter.

4. Conclusions

The glasses corresponding to XCuOI{1L00-x)[2B,0s[Me0,] system with 0 < x < 30
mol % were studied.

For all samples EPR absorption spectra due to Cu®* ions were obtained.
Up to 5 mol % CuO, isolated Cu®* ions in axially distorted octahedral site were
detected. The hyperfine structure, resolved in both parallel and perpendicular bands of
the spectra, shows structural stable matrices in accepting Cu®* ions within a relatively
broad concentration range.

Both, EPR and magnetic measurements revealed that the Cu®* are isolated
and/or involved in dipolar type interactions. For samples with x > 5 mol % mixed
valence of copper ions, i.e. Cu®* and Cu*, were evidenced by mean of both EPR and
magnetic measurements.
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1. Introduction

Rare-earth elements incorporated in vitreous matrices have been widely
studied due to their important applications in the field of telecommunications and
laser technology [1-8]. In the last years, glasses containing europium ions became
very studied because these materials gained important positions in telecommunications.

In order to obtain information concerning magnetic and structural properties
of europium ions incorporated in bismuthate glass matrices we studied the
XEu,03(1-x)(3Bi,03PbO) glass system by means of IR spectroscopy, magnetic
susceptibility and electron paramagnetic resonance (EPR).

2. Experimental

Samples of the xEu,03; (1-x)[3Bi,O3[PbO] vitreous system (noted XEBP)
with x = 0.01, 0.05, 0.10, 0.15, 0.20 and 0.25 were obtained using reagent grade
Bi,O3, PbO and Eu,Os. The preparation technique was previously described [7].

IR spectra were recorded in the 400+2000 cm™ range with an EQUINOX
55 spectrophotometer using the KBr pellet technique.

EPR spectra were obtained from powdered samples at room temperature
using a standard Bruker EPR 300E equipment.

Magnetic susceptibility measurements were performed on a Faraday type
balance in a magnetic field of 1T over the 80 to 300 K temperature range.

3. Results and discussion

Fig.1 shows the IR absorption spectra recorded for the XEBP glasses. These
spectra present the features characteristic of the base glass matrix, 3Bi,O3;PbO.
Some of the most important spectral features, namely those located at 478 and
847-869 cm™, are associated to the structural units involving the Bi** cation [5].

The IR absorption band from 847-869 cm™ represents the convolution of
the absorption bands reported for different bismuthate glasses at 847 and 860 cm™,
assigned to the total symmetric stretching vibrations of the [BiO3] and [BiOg] polyhedra,
respectively [5]. Based on the IR spectra obtained for the XEBP glasses, we assumed
that the structure of these glasses is built up by both [BiO3] and [BiOg] structural
units.



E. CULEA, LIDIA POP, I. BRATU, S. SIMON, 1. VIDA SIMITI AND D. UDVAR

1.6
1.5
1.4

13

] x =0.25
1.2 b x =0.20
1.1
1.0 x=0.15

-
S 4
< 099 0.10
4 x=0.

Z 08 X =0.05
2 07
g 077 x=0.01
2 06

0.5

0.4

0.3

0.2

0.1

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.1. IR spectra of the XEBP glasses.

The increase of the Eu,03; concentration, x, of the xEBP samples determines
the slow shift of the absorption band located at 869 cm™ for x=0.01 to 847 cm™ for
x=0.25. This suggests the increase of the amount of [BiO3] structural units with
increasing x. This should be due to the increase of the number of nonbridging
oxygens provided by the Eu®" ions, having as effect the conversion of [BiOg] into
[BiOg] structural units.

The IR absorption band at 478 cm™ is also related to the [BiOg] polyhedra [8].
The increase of the Eu,O3; concentration of the xEBP glasses determines a slow
shift of this band to higher wavenumbers due to the increase of the degree of
distortion of the [BiOg] polyhedra [8].

Fig.2 shows the temperature dependence of the inverse molar magnetic
susceptibility for the xEBP glasses.
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Fig.2. Temperature dependence of the inverse molar magnetic susceptibility for
some of the XEBP glasses (0o = 0.10, m = 0.15, A =0.20 and » = 0.25).
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The magnetic behaviour of the XEBP glasses is due to the presence of the
europium ions since the host glass matrix was found diamagnetic. The magnetic
susceptibility data collapse to straight lines indicating a modified Curie-Weiss type
behaviour (x = X0 + C/(T—Gp), where ¥, is the temperature independent contribution,

C is the Curie constant and Op is the paramagnetic Curie temperature). The negative
values of ep obtained for the XEBP glasses (9 K < /ep/ < 140 K) suggest that the

magnetic interactions between the europium ions are predominantly antiferromagnetic.
The effective magnetic moments of the europium ion, Y, were calculated using the
experimentally determined C values. The obtained p values were between 3.34
and 5.95ug, where g is the Bohr magneton. Note that the effective magnetic
moment of the free Eu** and Eu®" ions is 7.12pg and respectively 3.40pg [6]. The p
values obtained for the XEBP glasses indicate that the europium ions are present
in the host glass matrix both in their 2+ and 3+ valence states. The compositional
evolution of C shows first a rapid increase for x < 0.10 and a slower one for higher
x values). This behaviour suggests a decrease of the ratio of Eu*" ions/Eu ions with
increasing X.

The EPR spectra recorded for the XEBP glasses are due to the Eu*" ions [6].
The increase of the europium content of the EPR glasses exerts only a weak influence
on the EPR spectra consisting in a certain decrease of their intensity. This shows
that increasing x produces the shift of the redox equilibrium between the Eu* and
Eu® valence states toward the second one. Thus the EPR data are in good
agreement with those provided by the magnetic susceptibility measurements.
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ABSTRACT. The influence of CuO and V;0s content on the structure of 3B2O3:SrO
glass was investigated by Raman spectroscopy.

For the sample without transition metal oxide, the Raman spectrum indicates a
structure with majority pentaborate groups. At high wavenumbers there is a broad and
intense band probably due to fluorescence induced by strontium oxide. The addition of
copper or vanadium oxides in 3B,O3:SrO glass causes changes in the feature of the
Raman spectra. The boroxol units, appears when copper oxide content rises. Further
increase of CuO content determines the decrease of pentaborate groups, the
disappearance of orthoborate and diborate groups and the formation of pyroborate
groups. When the V,0s content increases the number of pentaborate groups decreases
and orthoborate groups are formed. The number of non-bridging oxygen increases with
vanadium oxide concentration and the glass structure becomes more randomized. At
high content of vanadium oxide pyroborate groups are present. Therefore, the copper
and vanadium ions act as network modifier in the studied glasses.

1. Introduction

Most glasses are formed by mixing glass-forming oxides (SiO,, B,O3, P,0s3, ..)
with modifier metal oxide [1]. The oxygen from the metal oxide becomes part of the
covalent glass network by creating new structural units [2]. Raman spectroscopy
becomes a very useful tool for resolving the structure of local arrangements in glasses.
Raman spectra and identification of glass forming structural units in borate glasses
were also analyzed by other authors [3, 16]. The introduction of the third element in
the glasses leads to the changes in the glass structure, metal oxide acting as
modifier [5,6]. The structural units from xCuO-(1-x) [3B,03-SrO] and xV,0s:(1-X)
[3B,03-SrQ] glasses with different molar concentration of copper (0 < x < 0.35) and
vanadium (0 < x < 0.1) oxides were investigated by means of Raman spectroscopy.

2. Experimental

The glasses were obtained by mixing HzBO3, SrCO3; and CuO or V,0s in
suitable proportion and by melting the admixture in sintered corundum crucibles at
T = 1150 ° C for 0.5 h. The samples were obtained by pouring the melts in stainless
steel forms. Vitrification was achieved by rapid cooling of the melts at room
temperature and atmospheric pressure. In order to obtain Raman spectra the 514.4
nm line of an Ar-ion laser (Spectra Physics model 2016) was used. The plasma
lines were avoided by means of a filter prism (Anaspek) and the laser beam was
focused on the sample with an Olympus microscope objective (Olympus ULWD 80,
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NA 0.75). The back-scattered light was collected by the same objective and then
was focused on the entrance slit of the detection system. A Dilor XY Raman triple
monochromator with a Peltier cooled, intensified array with 1024 diodes is employed
as the light detection system. The back-scattering configuration allows the observation
of the sample surface before light exposure. The measurements were carried out at
room temperature. The spectral data are processed using Dilor hardware and specially
developed software. The spectra were recorded with a resolution of 2 cm™ and spectral
data were analyzed with XMGR software.

3. Results and discussion

Raman spectra of xCuO-(1-x)[3B,05-SrO] glasses with various content of
copper oxide (0 < x < 0.35) are given in Fig. 1. The following bands are present in
these spectra: 470 cm™, 670 cm™, 770 cm™, 800 cm™, 930 cm™, 960 cm™, 1050 cm™,
1350 cm™ and 1450 cm™. In Fig. 2 few borate groups and their main vibration are
present. The Raman spectra of xV,0s-(1-x)[3B,0;-SrO] glasses with various content of
vanadium oxide (0 < x < 0.1) are shown in Fig. 3. In these spectra the following bands
are present: 475 cm™, 670 cm™, 770 cm™, 800 cm™, 935 cm™, 970 cm™ and 1300 cm™.

In the spectra with low content of CuO and V,0s a broad and intense band
situated at high wavenumbers occurs.
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Fig. 1. Raman spectra of xCuO-(1-x)[3B203'SrO] glasses
a) 0<x<0.01, b) 0.03 < x < 0.35.
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The dominant band in the Raman spectra of vitreous B,Os; is situated at
~806 cm™. This band was assigned to the boroxol ring oxygen breathing involving
a very little boron motion (boron atom coordinate is 3) [7]. (Meera et al. [4] give a
list of borate groups found in borate compounds).

The addition of a modifier oxide determines the appearance of a strong band
at ~770 cm™ and the shift of the 806 cm™ band to a lower wavenumbers (~800 cm™) [4].
Bril [10] assigned the ~770 cm™ Raman band to the symmetric breathing vibration of
six membered rings with one BO, tetrahedron (i.e. triborate, tetraborate, or pentaborate).
The lower wavenumbers band (~775 cm™) was assigned to the symmetric breathing
vibration of six membered rings with two BO, tetrahedra (i.e. diborate, ditriborate or
dipentaborate) [81. Because in presented Raman spectra the 770 cm™ band appears
and the 775 cm™ band does not appear, we conclude that our glasses contain six
membered rings with one BO, tetrahedron.

d) e) f)
Fig. 2. The main borate groups: a) pentaborate group; b) boroxol ring; ¢) metaborate group,
d) pyroborate group; e) orthoborate group; f) B-O-B angle bending.

Since is not possible to distinguish which units are present by taking into
account only this band, additional information has to be added. Crystalline a and 8
KZO-SB%Og, which contain only pentaborate units, give Raman bands at 765 and
885 cm™ and at 785 and 925 cm™, respectively [9]. Crystalline Na,0-4B,05 (consisting
of tetraborate groups) and crystalline Cs,0-3B,0; (consisting of triborate groupsz
have only a very weak response in the 900 cm™ region [9]. Thus, the 770 cm’
band together with ~930 cm™ band can be taken to be indicative of the presence of
pentaborate groups in the studied glasses.

The addition of copper oxide

For the Raman spectra with 0 < x < 0.1 CuO the 770 cm™ and 800 cm™
bands rise above the other Raman bands, the intensity of the 770 cm™ band being
higher than that of 800 cm™ band. Thus, we conclude that pentaborate groups and
boroxol rings dominate the structure of studied glasses. The number of pentaborate
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groups are higher than the number of boroxol rings because the difference in
intensity of the characteristic bands (the cross section of these two borate groups
are very similar). For x > 0.2 CuO the intensity of the 770 cm™ band decreases.
This fact involves the decreasing of the number of pentaborate units when copper
oxide content increases. This behavior can be explained through the transformation of
pentaborate units in another borate units when many copper atoms are connected
in the glass network.

At low CuO content the 930 cm™ band appears like a shoulder of 960 cm™
band. This band decreases in intensity when the concentration of CuO rises and for
x =0.03 it turns into a shoulder of 930 cm™ band. Cr}/stalllne lithium and magnesium
orthoborates exhibit a strong peak in the 950 cm™ region [10,11]. Therefore, the
960 cm™ band can be attributed to orthoborate groups. The behavior of 960 cm™
band, indicates the presence of orthoborate groups in the structure of studied glasses
only at low content of CuO (x < 0.03).

For 0 < x < 0.01 CuO we can observed a small band centered at 1050 cm™. In
borate glasses, the 1050 cm™ band has been attributed to the presence of diborate
groups [12]. This band does not appear in Raman spectra of glasses with high
content of CuO. Therefore, we can presume that the glasses with high content of
CuO do not contain diborate groups.

For aII studied spectra, the 670 cm™ and 470 cm’ bands also appear. The
660-670 cm™ band is assigned to metaborate units [4]. The 470 cm™ band is aSS|gned
to a ring angle bending (B-O-B) from borate units [13]. The intensity of 470 cm™ band
slowly increases when copper oxide content increases.

For low CuO content our spectra present a broad and intense band, probably
due to the fluorescence induced by strontium. The intensity of this band decreases
when CuO content grows. For high CuO content, this band disappears and the
characteristic borate bands at high wavenumbers are present. We presume that
the presence of CuO in B,03-SrO glasses determines the inhibition of the answer
of strontium to incident laser beam.

For x = 0.03 a large Raman band is present at 1450 cm™. This band
|nd|cates the presence of the chain-type metaborate groups [14]. Because the 670
cm™ band (characteristic to metaborate groups) is present in all spectra and the
1450 cm™ band appears at high CuO content, we consider that in our glasses
metaborate groups are only chain-type. We presume that the 1450 cm™ band was
cover by the fluorescence band at low CuO content.

For x = 0,35 CuO the 1450 cm™ band is not so clearly evidenced, but we
observed a band at 1350 cm™, assigned to the formation of pyroborate groups [15].
Therefore, we conclude that at hlgh CuO content the pyroborate groups are formed.

The addition of vanadium oxide

For the Raman spectra with 0 < x < 0.01 V,0s5 the 770 cm™ and 800 cm™
bands rise above the other Raman bands, the intensity of the 770 cm’ ! band belng
higher than that of 800 cm™ band. Accordingly, pentaborate groups (770 cm™) and
boroxol rings (800 cm™) dominate the structure of studied glasses in the mentioned
range of concentration [8,9], and the number of pentaborate groups is higher than
the number of boroxol rings. This affirmation is sustained by the difference in intensity of
the characteristic bands (the cross section of this two borate groups are very similar).
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The introduction of the third element in 3B,03-SrO glass leads to the
changes in the glass structure, clearly evidenced by Raman spectra from Fig 3.
High content of vanadium oxide, determines the growing of the 935 cm™ band intensity
and the appearance of 970 cm™ band. This behaviour indicates the presence of
orthoborate groups [10,11]. The increase in intensity of the 970 cm™ band compared
with that of 770 and 800 cm™ band indicates that the number of non-bridging oxygen
(involved in orthoborate groups) increases with vanadium oxide concentration and
the glass structure becomes more randomized.

Raman Intensity

T T T T T T T T T T T
400 600 800 1000 1200 1400

-1
Wavenumber / cm

Fig. 3. Raman spectra of xV,0s-(1-x)[3B203-SrO] glasses with 0 < x < 0.1.

The very large band at ~1300 cm™ indicates the presence of pyroborate
groups [15] for high content of vanadium oxide.

For all concentrations, the ~670 cm™ band indicates the presence of
metaborate groups [4], while the 475 cm™ band indicates the ring angle bendings
(B-O-B) from borate groups [13].

The broad and intense band situated at high wavenumbers which occurs in
spectra with low V,0s content is due to strontium fluorescence, as we said in
previous section. The addition of vanadium oxide have similar effect with the addition
of copper oxide on the fluorescence band. The fluorescence band due to strontium
ions decreases and at high content of metal oxide it disappears.
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4. Conclusions

Raman spectra reveal bands specific to borate groups such as boroxol
rings, pentaborate groups, orthoborate groups, pyroborate groups, diborate groups
and metaborate groups. The main bands in the observed spectra are characteristic
to boroxol rings and pentaborate groups.

The introduction of the third element in 3B,03'SrO glass leads to the
changes in the glass structure. When CuO content increases the number of pentaborate
groups decreases, orthoborate and diborate groups disappear and pyroborate groups
are formed. When the V,0s content increases the number of pentaborate groups
decreases and orthoborate groups are formed. The addition of copper or vanadium
oxides in 3B,03'SrO glass causes changes in the feature of the Raman spectra;
thereby diversify of the glass structure. The strontium fluorescence band decreases
when CuO or V,05 content grows and vanishes at high content of modifier oxide.

Therefore, we conclude that the copper and vanadium ions act as network
modifier in the studied glasses. The number of non-bridging oxygen increases with
copper and vanadium oxides concentration and the glass structure becomes more
randomized.
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ZS. SZEKRENYES, AL. DARABONT and S. A STILEAN

Faculty of Physics, Babes-Bolyai University, Cluj-Napoca, Romania

ABSTRACT. Nickel nanoparticles were fabricated via nanosphere lithography and
successfully employed in chemical vapor deposition chamber to catalyze the growth of
large arrays of carbon nanotubes on solid substrate. Spatial organization and structure
of as prepared carbon nanotubes were analyzed by scanning electron microscopy and
Raman spectroscopy.

Introduction

Carbon-based materials, such as graphite, diamond, diamond-like carbon,
amorphous carbon, fullerenes, carbon nanotubes, and carbon nanofibes, are
attractive materials due to their diverse forms and remarkable properties, and have
tremendous applications in many mechanical, physical, chemical, electrochemical,
and microelectronic fields [1]. Carbon nanotubes (CNTSs) are of particular interest
for field-emission flat-panel displays due to their low operation voltage and high-
emission current [2]. However, the growth of well-aligned, periodic CNTs is a
critical issue for such potential applications. The first large arrays of aligned CNTs
of controlled diameter and length were made in 1998 using plasma enhanced
chemical vapor deposition (CVD) [3]. In that case spacing and location of CNTs
were predefined on the substrate by using a pattern of nickel (Ni) nanoparticles
fabricated via electron beam lithography. Although electron beam, x ray, and
scanning tunneling microscope lithography are techniques able to yield submicron
dots with perfect edge definition, they are limited by the low processing speed and
high cost. Other approaches, like magnetron sputtering or electrochemical deposition
on porous and masked/prepatterned substrates, were attested as alternatives to
yield catalytic Ni/Fe/Co dots with some inconveniences related to a poor control
over dot position and size.

Recently, a new technique called nanosphere lithography (NSL) has been
emerged to generate regular arrays of noble-metal dots with well-controlled size,
shape and interparticle spacing [4-6]. A monolayer of close packed nanospheres is
used as metal deposition mask in order get periodic arrays of triangular nanoparticles
on a solid substrate. The NSLS appear to be much simpler, faster and less costly
compared to above methods. To our best knowledge there are only few reports in
literature focused on the synthesis of CNTs by using regular arrays of catalytic
nanoparticles made via NSL. Z.F. Ren and co-workers was the first group to apply
NSL to carbon nanotube growth [7].
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Here, we report our first work aiming to get periodic arrays of CNTs by using
NSL. Firstly, we employ self-assembled polystyrene nanospheres as lithographic
masks to fabricate periodic arrays of nickel nanoparticles. Secondly, a thin nickel
film is deposited by electron beam evaporation through nanoholes exhibited by the
polystyrene mask, and, subsequent removal of the nanospheres leaves an array of
triangular nickel nanoparticles on substrate. Then, we successfully employed these
nickel nanopatrticles in chemical vapor deposition chamber to catalyze the growth
of large arrays of carbon nanotubes on a solid substrate. Spatial organization and
structure of carbon nanotubes were analyzed by scanning electron microscopy and
Raman spectroscopy.

Experimental

In the first step of our experiment we had to define both the position and
size of catalytic nickel nanoparticles on silica substrate. To accomplish that we
employ NLS because is fast, cheap and efficient to yield periodic arrays of dots of
20-100 nm lateral size [8-9]. Specifically, we used a single layer of self-assembled
polystyrene nanospheres as lithographic masks to deposit a thin nickel film on
silica substrate. In order to get lithographic masks, water suspension of polystyrene
nanospheres of 390 nm diameter was dropped onto cleaned and functionalized
silica substrate and placed in an oven at 45 °C to evaporate water and initialize
ordering of polystyrene nanoparticles [9]. Fig. 1 shows a SEM picture with self-
assembled polystyrene nanospheres.

Fig. 1. SEM picture of self-assembled Fig. 2. SEM image of regular nickel dots
polystyrene nanospheres (scale left left on silica substrate after
bar represents 10 ym) removing polystyrene spheres

In a second step we used an electron beam evaporation system (tungsten
filament working at 5 KV voltage and pressure of 10° Torr) to deposit a nickel film
of 30 nm thickness through predefined holes made in the polystyrene mask.
Finally, polystyrene nanospheres were removed by dissolution in toluene and we
got regular arrays of nickel dots on substrate, as can be seen in Fig. 2. The metric
of nickel nanoparticle is directly defined from the mask geometries in Fig. 1. In a

240



GROWTH OF PERIODIC ARRAYS OF CARBON NANOTUBES AND THEIR CHARACTERIZATION BY...

third step it follows the chemical vapor deposmon process and carbon nanotubes
synthesis. This process was conducted in an oven heated at 875 °C under a
continue flow rate of 1 ml/minute for benzene and 500 I/h for argon as inert gas.
The topography and structure of synthesized CNTs were analyzed via scanning
electron microscopy (SEM) and Raman spectroscopy. SEM images were collected
using a JEOL electronic microscope and FT-Raman spectra were recorded in back
scattering configuration with a Bruker Equinox 55 spectrometer equipped W|th an
integrated FRA 106 Raman module. The experimental resolution was of 2 cm™ and
radiation of 1064 nm from a Nd-YAG laser was employed for excitation.

Results and discussions

A) SEM characterization of the carbon nanotubes

A piece of 25x25 mm silica substrate patterned with regular arrays of nickel
dots (as seen in Fig. 2) was broken in 4 smaller pieces, each of them being
subsequently kept in oven for different exposition times. Figures 3 and 4 show two
representative SEM images of substrates kept in CVD chamber for 2 minutes (Fig. 3)
and 15 minutes (Fig. 4), respectively. Both pictures prove clearly the formation of
carbon nanotubes. From many similar pictures we infer diameteres between 10-50
nm, values which agree with lateral size of Ni particles given in Fig. 2. The length of
CNTs varies from tens to hundreds of microns. Fig. 3 shows quasi-periodic arrays
of globular forms and nanotubes, those positions correspond well with nickel dots
distribution on the substrate. From the second picture (Fig. 4), the formation of
periodic structure of CNTs appears to be less convincing. In our opinion the
exposition time (15 minutes) was set too long, and, as a result of formation of other
carbonic forms in-between nickel dots, the regular structure situated underneath is
hidden. It is likely that beside well-defined arrays of CNTs, our synthesis produces
many other carbon forms, most likely globular, nanofibers and nanoflakes.

Fig. 3. Carbon nanotubes growth by Fig. 4. Carbon nanotubes growth by

chemical vapor deposition on nickel chemical vapor deposition on nickel
dots arrays. The exposition time in dots arrays. The exposition time in
CVD Chamber was 2 minutes' CVvD Chamber was 15 minutes.
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Our present research is focused on finding solutions to remove such carbonic
forms or to reduce their formation.

B) FT-Raman characterization

Raman spectroscopy is a standard nondestructive tool for the structural
characterization of different carbon materials [10]. The Raman spectrum of as
synthesized carbon nanotubes is presented in Fig. 5. In the first order Raman
spectra of carbon nanotubes, the dominant features are the radial breathing modes
(RBM) located in the 80— 400 cm™ range and the tangential modes located in the
1530- 1610 cm™ range [10,11]. Both these features occur indeed in Fig. 5.

The dominant feature in the spectrum is the first-order tangential band (T-band)
occurring at 1591 cm™. The line broadening is attributed to laser-induced electronic
resonances and to the coupling between phonons and conduction electrons in metallic
nanotubes. Therefore from this line shape, we infer that the dominant contribution
to the spectrum comes from metallic nanotubes. It is known that RBM for an isolated
nanotube depends on the nanotube diameter d in accordance with d=A/w, where A
is a constant (A=234 cm™) and w is the RBM frequency, independent of the chirality of
the nanotube. The large structured features we show in Fig. 5 in the 123-481 cm™
range can be assigned to RBM frequencies in nanotubes of smaller diameters than
nickel nanoparticles size.

1591

Intensity [au]

il I 1DhD I ZDhD I SDhD
Raman Shift [cm ]

Fig. 5. We observe a strong first-order band at 1591 cm™ (corresponding tangential mode region), a
weaker band at 1286 cm™ and a reasonably sharp second order Raman bands at 2552 cm™.

Surprisingly, in other spectra (results not shown) no radial breathing mode
was present, which can be due to the relatively large diameters of CNTs (> 5 nm) or
breaking of resonance conditions. An unusual intense band is observed at 1286 cm™,
which exhibits an asymmetric profile in its low frequency side. The mode is usually
assigned in literature to a disorder structure with nanometric size, such as carbon
nanoparticules, amorphous carbon or defects in CNTs but also to an intense D band
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verifying the presence of single-wall CNTs in our sample. As a matter of fact that a
well-defined second order Raman band is observed at 2552 cm™, CNTs structural
defects are likely to contribute to 1286 cm™ band, though further investigation is
needed. In any case the CNTs density is too high to be able to measure Raman
spectra from identical and/or isolated single (-wall) nanotubes.

Conclusion

In conclusion, our contribution demonstrates clearly that nanosphere lithography
is an operative and inexpensive technique able to grow arrays of CNTs with controlled
location and spacing. We employed a single layer of self-assembled polystyrene
nanospheres as a mask for subsequent nickel dots deposition on silica plate. CNTs
were successfully grown on nickel dots exposited to chemical vapor deposition. Spatial
organization and structure of as prepared carbon nanotubes were successfully
analyzed by scanning electron microscopy and Raman spectroscopy.
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ABSTRACT. The conventional catalytic chemical vapor deposition (CCVD) method
with electric outer furnace heating as well as induction heating (IH) was employed
for the synthesis of carbon nanostructures. The as obtained samples were characterized
by Raman spectroscopy, using several excitation energies, and it was found that
they are single wall carbon nanotubes of different diameters. The samples obtained
with the CCVD-IH method are more abundant but they are less pure as compared
to those obtained with the conventional CCVD method with outer furnace. From the
analysis of the Stokes and anti-Stokes spectra it was found that the samples contain a
mixture of metallic and semiconducting tubes, with a higher rate for the semiconducting
ones.

Introduction

Because of their tremendous potential for future technological applications,
carbon nanotubes are presently one of the most exciting molecular systems. Their
exceptional electronic and mechanical properties make them the best candidates
for future nano-scale electronic devices and composite materials having a strong
resistivity for minimum weight [1].

The procedures most commonly used for single-wall nanotube (SWNT)
production include arc discharge, laser ablation and catalytic decomposition of
carbon-containing compounds over a metal catalyst (CCVD), which attracted much
attention because it appears to be promising technique for scalling-up the production
process at a relatively low cost. By using the induction heating (IH) during the laser
synthesis process of SWNT it was demonstrated the great ability of this particular
heating mode to control the reaction temperature even at high temperatures, whithout
significant heat transfer to the quartz tube containing the reaction region [2]. This
fact stimulated us to explore the possibilities of coupling the induction heating with
the CCVD method in the synthesis of carbon nanotubes.

One of the most powerful techniques employed for the characterization of
SWNTs is Raman spectroscopy. Raman spectra of SWNTs exhibit several important
bands: a radial breathing mode in the low wavenumber range, whose position can
be used to calculate the nanotube diameter, a so-called D-band at around 1350 cm™,
and a tangential mode G band appearing in the 1400-1700 cm™ region [3]. Because



M. BAIA, C. POPA, T. ILIESCU, D. LUPU, A. R. BIRI$, A. WEIDENKAFF, C. DIECKER, W. KIEFER

the Raman intensity is strongly affected by resonance phenomena, the radial
breathing mode peaks obtained at a laser energy do not reflect the entire diameter
distribution of the sample but rather the subset of nanotubes that are in resonance
with the laser photons. Therefore, it is necessary to probe the SWNTs with several
excitation energies. The anti-Stokes spectra of SWNTSs are unique relative to other
crystalline systems, especially in exhibiting large asymmetries with regard to their
corresponding Stokes spectra [4]. According to simple Raman theory and demonstrated
by many experiments, one expects the anti-Stokes spectrum to display the same
Raman shifts as the Stokes-spectrum. The asymmetry of the anti-Stokes spectra of
SWNTs is due to the unique resonant enhancement phenomena arising from their
one-dimensional (1D) electronic density of states.

The aim of the present work was to distinguish between the samples prepared
by CCVD method with electric outer furnace heating and those obtained with the
CCVD-IH technique regarding the SWNTs production, their diameter distribution,
purity and electronic features by using Raman spectroscopy.

Experimental

All carbon nanostructures have been prepared with the CCVD method.
Samples denoted 1 and 3 have been obtained through the conventional CCVD
technique with electric outer furnace heating, while for the samples 2 and 4 the
CCVD-IH method has been employed.

The samples have been obtained by using the Fe:Mo:Al,O3 (1:0.2:16 weight
ratios) catalyst prepared according to the literature [5]. The synthesis of the samples 1
and 2 was conducted at 800°C with 12 ml/min methane flow and 80 ml/min purified
argon for 30 min, while in the case of samples 3 and 4 the synthesis was conducted at
850°C for 60 min.

The Raman spectra were recorded with a Dilor LabRam spectrometer
equipped with an Olympus LMPlan Fl 50 microscope objective. The 633 nm (1.96 eV)
and 514 nm (2.41 eV) laser lines were employed for excitation with a power incident on
the sample of 50 and 3 mW, respectively. The resolution was of about 2 cm™.

Results and discussion

TEM pictures of carbon nanostructures synthesized with the CCVD method
with outer furnace (1) and IH (2) are displayed in Fig. 1.

The TEM images illustrate standard SWNTs organized in bundles mixed
with isolated SWNTSs. A close analysis of the TEM pictures shows that the carbon
nanostructures are more abundant in the case of the CCVD-IH method and their
quality is increased as compared to those obtained with the CCVD technique.
These characteristics should be further revealed by Raman measurements.

Raman spectra of all samples recorded by using the 633 nm (1.96 eV) and
514 nm (2.41 eV) laser lines are presented in Fig. 2. By looking at the spectra one
can remark the fingerprint bands of the carbon nanostructures.

Moreover, one can also observe the higher intensity of the Raman bands
of the samples 2 and 4 that suggests the existence of more abundant SWNTs
obtained by CCVD-IH method relative to those obtained with the conventional
CCVD technique.
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Fig. 1. TEM images of nanostructures obtained with the CCVD method
with outer furnace (sample 1) and CCVD-IH technique (sample 2).
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Fig. 2. Raman spectra of carbon nanostructures recorded with
the 633 and 514 nm laser lines.

For an isolated SWNT, theoretical calculations have shown [6] that radial
mode frequency (dR exhibits a particularly simple dependence on the tube diameter

d as w, =224cm™ hm/d . For a SWNT bundle, it has been shown that an

additional constant term (14 cm™) is needed to include the effect of tube-tube
interactions within a bundle. In this case [6], w, =14 +224cm ™ (hm/d .

247



M. BAIA, C. POPA, T. ILIESCU, D. LUPU, A. R. BIRI$, A. WEIDENKAFF, C. DIECKER, W. KIEFER

In Table 1 we display the SWNT diameters calculated from the expression
above and based on the observed radial breathing mode frequencies. By analyzing
the data from Table 1 one can see that no significant differencies concerning the
diameter distribution appear between the samples obtained with the different
heating techniques.

It should be noted that the spectral features present in the radial breathing
mode region around 250 cm™ indicated with asterisk are associated with the
catalyst/alumina [5].

Table 1.
Raman radial breathing mode and corresponding tube diameter.
Sample Radial mode peaks (cm™) Tube diameter (nm)
A =633 nm A =514 nm A =633 nm A =514 nm
1 188, 211 154, 180, 203 1.28,1.13 1.6,1.34,1.18
2 188, 210 156, 182, 203 1.28,1.14 1.57,1.33,1.18
3 188, 213 160, 179, 203 1.28,1.12 1.53, 1.35, 1.18
4 188, 208 153, 179, 197 1.28, 1.15 1.61, 1.35, 1.29

The 1000-2000 cm™ spectral region of the Stokes and anti-Stokes spectra
of the samples 1 and 2 for two different laser excitation energies are shown in
Fig. 3. As one can see the behavior of the Stokes and anti-Stokes spectra for the
tangential band does not change significantly as a function of excitation energy and
relative to one another. At both laser energies the Stokes and anti-Stokes spectra
are almost similar and are typical of resonant Raman spectra of semiconducting
nanotubes [4, 7] (strongest feature at about 1580 cm'l). Small contributions from
metallic nanotubes (the shoulder around 1550 cm'l) can be also observed in the
Stokes and anti-Stokes spectra of both samples for both excitation energies.

633nm Stokes

1576

Siokes Anti-Stokes 8 514nm 514nm
g

1581
3
1576

Anti-Stokes

Raman intensity
Raman intensity

1322

T T T
2000 1500 000 1000 1500 2000 2000 -1500 1000 1000 1500 2000

-1
Wavenumber/cm™—— Wavenumber /em™*—__

Fig. 3. Stokes and anti-Stokes spectra for samples 1 and 2
at 633 and 514 nm.
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The Stokes and anti-Stokes spectra of the samples 3 and 4 for the 633 and
514 nm laser lines are shown in Fig. 4. As can be observed for both excitation
energies the Stokes scattering appears mainly from resonant semiconducting
nanotubes (strongest Raman line near 1580 cm™), whereas the anti-Stokes scattering
benefits also from small resonance enhancement of metallic nanotubes, and therefore
features near 1580 and 1560 cm™ associated with metallic nanostructures appear
at the anti-Stokes side.

Stokes|

Stokes Anti-Stokes 514nm 514nm

1579
1583
1582

Raman intensity
Raman intensity

T T T
-2000 -1500 -1000 100 18mM 20M 2000 -1500 -1000 1000 1500 2000

Wavenumber /fem* Wavenumber /cm™*

Fig. 4. Stokes and anti-Stokes spectra for samples 3 and 4
at 633 and 514 nm.

The Raman spectra can be used to qualitatively describe the purity of
SWNTs. An increase in the ratio of the area of the tangential G peak to that of the
D peak (G:D ratio) is correlated to increasing graphite crystallite size and a decrease in
the amount of unorganized carbon in graphitic materials [8]. By comparing the
calculated G:D area ratios for all samples for both laser energies it was found that
the SWNTs obtained through the CCVD method are more pure that those obtained
with the induction heating technique.

Conclusion

Carbon nanostructures have been obtained through the conventional
CCVD method with electric outer furnace heating as well as induction heating (IH)
and characterized by using TEM and Raman spectroscopy. It was shown that the
samples produced by CCVD-IH method are more abundant but they are less pure
as compared to the samples obtained by CCVD technique. The diameters of the
SWNTs produced through both methods have been calculated and no significant
differences have been evidenced. From the analysis of the Stokes and anti-Stokes
spectra it was found that the samples contain a mixture of metallic and semiconducting
tubes, with a higher rate for the semiconducting ones.
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ABSTRACT. We report the fabrication of silver-polystyrene composite nanostructures
via nanosphere lithography procedure. Both scanning electron microscopy (SEM) and
optical measurements were employed to characterize the as fabricated samples. We
are interested in their potential for operating as active substrates for surface-enhanced
Raman scattering (SERS), fluorescence control and optical biosensing.

Introduction

In the last decade there has been an increased interest in the development
of nanostructured materials and study of their size-dependent properties. These
nanostructures show novel optical, electrical, magnetic, thermal properties all being
determined by the nanoscale features they present. The reduced dimensions,
degree of ordering, interparticle interactions, chemical or biological function are the
main parameters which control these properties. One of the main directions in
nanosciences is the investigation and exploitation of these properties with the aim
to develop performant (nano)devices. That is why it is very important to design and
develop methods to prepare in a controlled manner nanostructures of well-defined
size, shape, composition, chemical or biological functions.

Regular two-dimensional (2D) arrays of metallic nanoparticles or thin
metallic films with nanoscale features are examples of nanostructures that can
exhibit interesting physics resulting from the behavior of the free electrons confined
in these systems. It is known that contrarily to a planar dielectric-metal interface, in
a nanostructured metallic film, surface plasmonic (SP) modes can be excited by
simply illuminating the film with a laser beam [1]. The relevant principle that governs
the coupling between a laser photon and a surface plasmon is given by the momentum
matching conditions. In the planar case the photon wavevector is always smaller
than the SP momentum. The periodicity on the scale of visible wavelengths enables
photons to scatter increasing their momentum, thus the SP momentum can be matched.
Therefore the fabrication of metallic nanostructured films or 2D arrays of nanoparticles
with a high degree of ordering is one of the challenges of nanotechnology.

There are two possible approaches to build these metallic nanostructures: the
so called top-down and bottom-up techniques. The first category includes photolithography,
holographic interferometry, electron beam lithography, X-ray lithography. Recent
development of scanning tunneling microscopy, atomic force microscopy and scanning
probe lithographic techniques shows also great promise [2]. The alternative for these
hard, expensive, high sample cost techniques comes from nanosphere lithography
(NSL), which is a powerful fabrication technique to inexpensively produce nanopatrticle
arrays with well controlled shape, size and interparticle spacing.
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In this paper we report the fabrication of a silver-PS composite nanostructure
obtained via nanosphere lithography. We obtained highly ordered 2D arrays of 400 nm
diameter PS nanospheres by using the simplest experimental setup. What we obtained
is a silver nanostructured film on top of the nanosphere array. Both scanning electron
microscopy (SEM) and optical measurements were employed in order to characterize
the samples.

Experimental

We used 24x24mm glass microslides as substrates. First the substrates
have to be carefully cleaned and functionalized. This process comprises several steps:
first the glass slides are sonicated in isopropylic alcohol for 30min for degreasing.
Afterwards the slides are treated in piranha solution (three parts 95% H,SO, and
one part 30% H,0,) for 24h followed by rinsing ultrapure water. This is followed by
functionalization of the glass surface by sonication in a mixture of ultrapure
H,O/NH,OH/H,0, in a 5:1:1 volumic ratio. This last step is very important because
it yields a hydrophilic surface, due to the —OH groups attached to it, without which
the drop-coating would be impossible. The so derivatized substrates are stored in
deionized, ultrapure water until nanosphere deposition. A suspension of polystyrene
nanospheres was dropped onto the cleaned and functionalized substrate (Fig.1A).

A
Ag €
W B
Fig.1. Preparation of periodic arrays of PS spheres: Fig.2. Schematic representation of
(A) drop-coating, and (B) self-assembling of the the vacuum chamber of the
spheres vapor deposition system

The volume of solution that is directly deposited on the substrate in order
to cover its entire surface can be determined from simple geometric considerations,
L°D . L2

o
the volume concentration of the PS solution and A is a numeric constant. The
coated substrate is placed on a glass plate and put in an oven at a slight angle to
initialize ordering along a particular edge (Fig.1B). The temperature is maintained
constant at 65°C. Evaporation of the water takes about one hour. We prepared
several samples, and used the best three of them for their characterization. A sample
was kept as it is, and on the other two samples we deposited, by means of vacuum
evaporation, silver films of different thickness, 30nm and 60nm respectively. A
schematic representation of the electron beam evaporation system is shown in
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andis v = A is the substrate area, D is the diameter of the spheres, C is
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figure 2. It must be mentioned that silver is deposited on top of the nanospheres
and directly on the glass substrate also, through the interstices between the spheres.
Therefore what we obtained is a composite nanostructured material consisting of
an array of silver triangular nanoparticles deposited directly on the substrate, an
array of PS spheres, and finally a silver film on top of them.

We measured transmission spectra of each of the three probes by the use
of a spectrophotometer (JASCO-530). Spectra were taken for three different incident
angles: normal incidence, 20° and 40° incident angles. SEM imaging (JSM-5510)
was also employed to check the topology of the samples.

Results and disscution

In the literature it is generally accepted that the mechanism and the governing
forces of the 2D particle assembly in evaporating wetting films involve a two-stage
process: (1) formation of a nucleus, under the action of attractive capillary immersion
forces, and (2) crystal growth, through convective particle flux caused by the water
evaporation from the already ordered array [3]. This implies that the 2D crystal
nuclei are formed under the capillary attraction arising when the tops of the spheres
protrude from the water layer. The origin of the lateral capillary forces is the overlap
of perturbations in the shape of the liquid surface surrounding the PS nanospheres.
The dynamics of ordering is strongly dependent on the evaporation rate [9], which
we control only by choosing the suitable volume of the glass covering our coated
substrate and the right temperature.

The first proof that the regular array was formed is given by the naked eye.
The as prepared probes show in reflection beautifully iridescent colours of green,
blue, violet depending on angle of observation. This phenomenon is explained in terms
of diffraction on a two-dimensional grating. The various colours we can see at the
same angle of observation are due to different domain orientations and to the fact
that on the substrate there are several grating constants. Contrarily, if observed in
transmission the probes appear to be brownish-red coloured.

Optical transmittance of the samples was measured for three different incident
angles. As the reference we put a glass slide of the same type with the ones used
as substrates. The upper spectrum in figure 3 corresponds to the first sample, the one
with no silver deposited; the second and third ones from up to down are spectra of the
samples with 30nm and 60nm silver film thickness respectively. Resonant phenomenon
between the incident light and the eigenmodes of the regular array of nanospheres [4]
are responsible for the clear dip around 480nm, observed in the uppermost spectrum.
Its existence demonstrates the ordering of the spheres, bulk polystyrene film not
being an absorber at these wavelengths. Diameter of the nanospheres and refractive
index of polystyrene are parameters that determine the position of this dip, while
polycrystallinity and defects play on its width.

Looking at the other two upper spectra in panels B) and C) a redshift of this
dip is observed when increasing incident angle. As the angle of incidence increases
the photon wavevector projection in the plane of the array also increases, meaning
the increase of the incoming wavelength to match the eigenmodes of the PS
lattice.
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After silver deposition this dip
shifts to lower wavelengths; this shift
could be attributed to changes in the
overall refraction index of the array,
which affects the photonic bands of the
crystal. The features observed at lower
wavelengths of the spectrum could be
associated with the apparition of higher
orders of diffraction and excitation of
surface plasmons modes. It is also clearly
seen from the spectra that as the silver
film gets thicker these features are more
pronounced, the transmission being very
much decreased. A strong dependence
on the incident angle is observed below
575 nm. At larger wavelengths something
more interesting happens: a new trans-
mission gap appears as silver is deposited
on the samples and the position of this
dip depends only slightly on incident angle.
In order to clarify this let us remember
that during evaporation silver was depos-
ited directly on the substrate also. This
has led to the formation of a lattice of
triangular nanoparticles. In a study of
Van Duyne’s group [5] for Ag triangular
nanoparticles of 120nm perpendicular
bisector and 46nm height an absorption
peak at 638nm was observed. From ideal
geometric calculations our particles should
have a perpendicular bisector of about
95nm, but they are definitely larger (small
divergence of the beam of depositing Ag
atoms). In another study [6] for a similar
array of triangular nanoparticles obtained
with 390nm PS spheres a dip in the
transmission at 615 nm was reported.
According to these results and the fact
that the position of the dip doesn't depend
too much on angle of incidence, we believe
that this dip can be attributed to localized
surface plasmon resonant absorption
of silver triangular nanoparticles.
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Fig.3. Transmission spectra of arrays of PS
spheres: (A) normal incidence, (B) 20°,
© 40° incident angle; upper lines-
no Ag, mid lines-30nm Ag, lower lines-
60nm Ag deposited.

Employing transmission electron microscopy (TEM) reveals that the PS
nanospheres form a regular hexagonal close packed array, as can be seen in
figure 4A. A few domains where the spheres form a rectangular lattice can also be
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observed. The polycrystallinity and formation
of rectangular array domains is due to the fact
that the growth of the hexagonal lattice starts
in more than one point at a time. If a number
of spheres are confined between two or more
such hexagonal domains they are forced to form
a rectangular array.

In higher magnification images (not
displayed here) it can be seen that the silver
film follows the morphology of the PS spheres,
which appear to be covered in a fluffy material.

There are some zones on the probe
where a multilayer structure occurred in the
process of self-assembling (fig.4B). This is a
clear indication that this self-assembling method
could be further improved for the fabrication of
3D photonic crystals.

The interesting defects in figure 4C
should be objects of further investigations. Line
defects could find applications as waveguides
and the places where a sphere is missing could
support localized optical modes. For example
placing a molecule in one of these “hot-sites”
should modify its fluorescence lifetime.

In some of the defect regions of the
probe some of the spheres felt out from the
substrate after the silver deposition. It can be
seen in figure 4C that in this region a metallic
film with nanoholes is obtained. These nano-
apertures where shown to be ideal for isolating
individual nanometer-sized objects in lumines-
cence studies [7].

Conclusions

Regular arrays of 400 nm diameter PS
nanospheres on solid substrate were prepared
by a self-assembling method. A thin nanostruc-
tured silver film on top of the nanosphere array
was obtained by evaporative deposition and
characterized by optical transmission spectra
and scanning electron microscopy. As the optical

—

Fig.4. TEM images of self-assembled
PS spheres: (A) monolayer; inset
shows a rectangular array do-
main, (B) multilayer, and (C)
some defects

response of these nanostructures is dominated by the excitation of surface plasmons,
we are investigating their potential for operating as active surfaces in surface-
enhanced Raman scattering (SERS), fluorescence control and optical biosensing.
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ABSTRACT. Experimental and theoretical studies in recent years have shown that
heat transfer in nanostructures differs significantly from in macrostructures. Solid-state
energy conversion technologies such as thermoelectric and thermoionic refrigeration
and power generation require materials with low thermal conductivity but high electrical
conductivity and Seebeck coefficient, which are difficult to realize in bulk semiconductors.
This paper summarizes some of the past experimental and modeling work and our
current understanding of the heat conduction mechanisms in nanostructures. Applications
of the nanoscale heat conduction phenomena in energy conversion and conversion
between nanoscale and macroscale.

Introduction

Modern technology has enabled the fabrication of materials and devices
with characteristic dimensions of a few nanometers. Examples are superlattices,
nanowires, and quantum dots. At these length scales, the familiar continuum Fourier
law for heat conduction is expected to fail due to both classical and quantum size
effects [1-4]. Heat conduction in dielectric materials and most semiconductors is
dominated by phonons. Size effects appear if the structure characteristic length is
comparable to or smaller than the phonon characteristic lengths. Two kinds of size
effects can exist: the classical size effect, when phonons can be treated as particles,
and the wave effect, when the phonon wave phase information becomes important.
Distinction between these two regimes depends on several characteristic lengths,
which we discuss below.

Characteristic lengths and heat transfer regimes

From quantum mechanics, the energy carriers have both wave and particle
characteristics. At macroscale, wave phenomena such as interference and tunneling
usually do not appear and we often treat the energy carriers as particles. At nanoscale,
however, wave effects become important and even dominant in some cases. A key
question is when one should start to consider the wave characteristics. There are a
few important characteristic length and time scales that determine the answer to this
question, including the mean free path, the phase coherence length, the wavelength,
and the thermal (de Broglie) wavelength, which we will explain.

U dristoiu@chem.ubbcluj.ro
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The mean free path is the average distance that energy carriers travel
between successive collisions, such as the phonon-phonon collision in a dielectric
material and the electron-phonon collision in a conductor or semiconductor. The
corresponding average time between successive collisions is the relaxation time.
Direct calculation of the mean free path is generally difficult, particularly for electron
and phonon transports in solid. The kinetic theories and experimental thermal
conductivity, k, data are often used to estimate the mean free path. The important
characteristic lengths of phonon heat conduction are the mean free path, the
wavelength, and the phase coherence length [5]:

k=Zcv’r=Lcua (gases) 1)
3 3
2
Kk :M/\ (electronsin metals) 2
my.

(phonons) 3

w

1“’ma>< 5 /\wmax
k== _[ Cy,r,dw=— Ivawdw
3 0 3 0

where C is the volumetric specific heat (i.e., the specific heat per unit volume), T is
the relaxation time, v is the velocity of carriers, A is the mean free path, m is the
electron mass, n is the electron number density, and vg is the electron velocity at
the Fermi surface. The integration in Eq. (3) is over all the phonon frequency and
correspondingly, C,, v, and T, are the volumetric specific heat, the velocity, and
the relaxation time at each frequency, respec-tively. This distinction is necessary
because phonons are highly dispersive. If Eq. (1) is used to estimate the phonon
mean free path, using the measured specific heat and the speed of sound, the
mean free path can be an
order of magnitude lower

10° pr—r—r—rr T g

Figure 1. Mean free path for representative energy carriers.
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In Figure 1, we
show the mean free path
in representative media.
Also shown in this figure is
an example of the phonon
mean free path in silicon
estimated based on Eq. (1),
using the reported data
on specific heat and the
speed of sound, which is
an order of magnitude
shorter than that estimated
from considering the
phonon dispersion.
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Heat conduction in nanostructures

Thermal boundary resistance

For heat conduction perpendicular to an interface, phonon reflection
implies that energy transfer by heat carriers will be reduced compared to the case
when there is no interface, or, equivalently, a resistance for heat flow exists at the
interface. This phenomenon, called Kapitza resistance or thermal boundary resistance,
has been known since the pioneering work of Kapitza for liquid helium-solid
interfaces [8]. Extensive experimental and theoretical studies have been carried out
in the past. At extremely low temperature when the phonon thermal wavelength is
long, the interface reflection is close to specular, models based on acoustic reflection
and refraction for thermal boundary resistance agrees well with experimental data.
At room temperature, however, the phonon wavelength is short and diffuse scattering
can be dominant. There is no proven easy way to model the phonon reflectivity and
transmissivity for such diffuse scattering processes. For two solids in perfect contact,
the thermal boundary resistance is on the order of 10%-10° m*K/W. Such a thermal
boundary resistance corresponds to the thermal resistance of a solid layer of
thickness 1 nm - 1 um with a bulk thermal conductivity of 1-100 W/m K. When dealing
with films of comparable thickness or smaller, the interface thermal resistance
contributes significantly to the total thermal resistance.

Heat conduction in thin films, nanowires, and nanotubes

A thin film has two interfaces. If the mean free path is longer than the film
thickness, phonons will be scattered more frequently at the interfaces and may
experience multiple scattering events. For heat conduction perpendicular to the film
plane (cross-plane), the phonon reflection and the corresponding thermal boundary
resistance phenomena add additional resistance to the heat flow, which is manifested
as a smaller effective thermal conductivity. Along the film-plane direction (in-plane),
the thermal conductivity will be reduced if the interface scattering is diffuse,
because diffuse scattering means some phonons that originally travel along the film
plane direction are redirected backward. However, if the interface is specular, the
classical size effect model leads to an in-plane thermal conductivity of a free-
standing film identical to that of the bulk material. This is because the thin film acts
simply as a waveguide for the heat flow. When the film thickness is thinner than the
thermal wavelength, wave effects may be important. However, lattice dynamics
calculations show that wave effects on the energy density and group velocity lead
only to a small reduction in thermal conductivity for specular interfaces [9], although
there are also suggestions that the scattering mechanisms will be significantly
changed, which leads to a lower thermal conductivity. Quite extensive experimental
studies have been carried out on the thermal conductivity of thin films [1, 2, 10].

Thermal conductivity of nanowires is also attracting great interest. Naturally, the
interest is in transport along the wire axis direction. If the surface of the wire is
specular and there is no scattering inside the wire, energy transport is ballistic and
phonon energy states are quantized. A universal phonon thermal conductance was
predicted [12], and experimentally demonstrated at very low temperature under 0.8 K
[13]. At slightly higher temperature (>3K), the diffuse interface scattering effects begin
to appear.
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Experimental data on single nanowires at near room temperature are just
becoming available on some nanowires and indicate a significantly lower thermal
conductivity, again suggesting the importance of diffuse interface scattering [13]. In
contrast to nanowires, a free-standing single wall carbon nanotube has all the atoms
on the surface and the phonons can only propagate along the axial direction [14].
This latter attribute also means that unlike a solid nanowire in which the phonon
modes inside the wire can hit the boundary (assuming boundary scattering is strongly
phase breaking), phonons on the carbon nanotubes sheet have no boundaries to
interact with. In addition, the strong modification of the phonon dispersion can also
change the scattering mechanisms. It is thus suggested that carbon nanotubes can
have a thermal conductivity even higher than that of diamond. Measurements and
simulation data so far vary widely. Measurements on an isolated multiwall carbon
nanotubes lead to high thermal conductivity values [15], but tangled and aligned
carbon nanotubes have values orders of magnitude smaller [16]. At this stage, reasons
for such a large discrepancy are unclear. It is quite possible that although a free-
standing nanotubes has high thermal conductivities, a nanotube embedded in a host
sees increased interface scattering which reduces its thermal conductivity values.

Nanoscale heat transfer phenomena
With the discussion on various characteristic lengths and heat transfer
regimes, we will now move on to discuss several size effects associated with three
different modes of heat transfer. Because all energy carriers have both wave and
particle characteristics, we will discuss first some general phenomena associated
with transport in the coherent and incoherent regimes. For optical waves, a
particularly interesting phenomenon is the total internal reflection when the
refractive index of the incident medium is larger than that of the second medium
and when the angle of incident is larger than the critical angle; that is [19], where
n, and n, are the refractive indices of the two media. In this case, there is an
evanescent field in the second medium that does not carry a net energy into the
second medium. The evanescent field decays exponentially, e™, in the second
medium, with a characteristic decay length
A= A (10)
27m,/(n,sing, /n,)? -1

Although the example is given for an electromagnetic wave, the total
reflection and the evanescent wave phenomena also exist for electrons and
phonons. In addition to the evanescent wave, there can also exist surface waves
that decay exponentially at both sides of the interface and propagate along the
interface, such as surface plasmons which are mixtures of electron and photon
waves and surface phonon-polaritons which are mixed states of photons and
phonons, and surface acoustic waves [20]. Some of the impacts of surface waves
on heat transfer processes have only recently begun to be explored [21, 22].

When there are two interfaces or the interfaces have closed topology
themselves, such as the two interfaces of a thin film or the surface of a sphere/wire,
the waves can experience multiple reflections inside the structure. If the phase of
each reflection is preserved, the superposition of the waves creates interference/
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diffraction effects. The new wave functions inside the structure can also be interpreted
as new energy states from quantum mechanical point of view, which can also be
obtained from solving the Schrddinger equation. If the interfaces are periodic (i.e.,
the structures are periodic), there can be regions (for specific wavelength and
periodicity combination) in which the waves are completely cancelled and no wave
exists, either in specific directions or in all the directions. An example is for
electromagnetic waves traveling inside a periodic thin film structure, as shown in
Figure 4. In the stop band region, the reflectivity is 100% and no waves at this
frequency exist inside the film.
| . . : . The corresponding quan-
: tum phenomenon is the for-
‘\ r v\ r “\ ] mation of electronic bandgaps
08 . that distinguish metals from
Stop Band 1  semiconductors and insula-
] tors, due to the reflection of
. electrons in the periodic atomic
] potentials. Wave effects offer
rich possibilities because the
&‘ end results depend sensitively
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on the phase of the waves. By
changing the structures slightly,
one can significantly change
the phase of the waves and
... ) thus potentially engineer the
15 2 2.5 3 transport processes. However,
Wavenumber=1/Wavelength (um=") the phases are not always pre-
Figure 4. Calculated reflectivity of a Bragg reflector as ~ Sefved. Phase breaking scat-
a function of the incident photon wavelength. The tering events inside the solid
refractive indices of each layer are 3 and 3.5 and the and at the interfaces can de-
corresponding thicknesses are 417 and 352 A for each stroy the phases and thus the
layer, respectively. wave effects. In the incoherent
transport regime, the interfaces
can still impact the transport because of interface scattering. These interface scattering
processes generally reduce the energy flux, which can be either a problem, as for
the thermal management of electronic and photonic devices [3, 4], or a blessing for
other applications that demand good thermal insulation, as for thermoelectric
energy conversion [6, 11]. With these general pictures, we now move on to discuss
some specific heat transfer phenomena observed in nanostructures.

0.2

-

Application to thermal-electric energy conversion

The nanoscale heat transfer phenomena discussed above have important
implications for microelectronics, optoelectronics, data storage technologies, and
energy conversion technologies [5]. An example is thermoelectric cooling and power
generation based on the Peltier effect and the Seebeck effect, respectively [17].
The efficiency of a thermoelectric device is determined by the thermoelectric figure-
of-merit of the material ZT =aS*T/k, where S is the Seebeck coefficient, o is
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electrical conductivity, k is the thermal conductivity and T is the absolute temperature.
Currently, the best commercially available thermoelectric materials based on Bi,Te;
and its alloys have a ZT of around 1.

Thermoelectric devices based on this material cannot compete in performance
with other well-established technologies for energy conversion. Several approaches
have been explored to increase the thermoelectric figure-of-merit. Among those,
low-dimensional thermoelectric materials structures such as quantum wells,
superlattices and nanowires have been extensively investigated [18]. Quantum size
effects on electrons in nanostructures can be utilized to improve the electron energy
conversion capability [23], while the reduced thermal conductivity of nanostructures
due to increased scattering of heat carriers from interfaces can be exploited in
reducing the denominator of ZT. In the past two years, different low dimensional
thermoelectric materials that show improved cooling capacity as compared to bulk
materials have been reported [23, 24]. This suggests that phonon engineering is a
primary tool in developing better thermoelectric materials. The wave effects on
radiation heat transfer can be utilized for thermophotovoltaic energy conversion in
different ways. Photonic crystals can have the spectral emissivity tuned to match
the bandgap of semiconductor photovoltaic cells [25]. Tunneling effects are being
explored to increase the energy density delivered from the heat source to the
photovoltaic cells [13, 26]. Surface waves, such as surface plasmons and surface
phonons, can be utilized for nearly monochromatic thermal radiation, which increases
the efficiency of thermophotovoltaic energy conversion [7, 24, 27] as well as the
energy density if small gaps are employed to take advantage of the high energy
density of surface waves. The analysis and modeling of nanoscale heat transfer
phenomena are challenging and complicated by several factors. One is that the
mechanisms of nanoscale heat transfer are not well understood. Figure 3 shows
different possible regimes of heat transfer. The determination of which regime a
specific problem at hand falls into is nontrivial. Another major problem is that heat
transfer rarely occurs only at nanoscale because eventually heat is dissipated into
the macroscopic environment. Many heat transfer problems are multidimensional
and multiscale spanning from nanoscale to macroscale.

SUMMARY

This paper discusses some nanoscale heat conduction phenomena. Nanoscale
heat transfer phenomena can have significant implications for a variety of contemporary
technologies, some undesirable as the classical size effects on the thermal management
of microelectronics and optoelectronic devices, while others can be utilized to
improve the data storage density or energy conversion efficiency, as in thermoelectric
cooling and power generation and in thermophotovoltaic energy conversion.

Nanoscale heat transfer is also related to nanomaterial synthesis and
nanofabrication and some emerging biotechnologies. Size effects occur when the
heat carrier characteristic lengths, particularly the mean free path, become comparable
or longer than the characteristic lengths of the structures or the transport processes
(such as the diffusion length). A well-documented example is the reduced thermal
conductivity in nanostructures such as thin films and superlattices, which has
important implications for microelectronics, photonics, and thermoelectric energy
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conversion. The nanoscale heat transfer processes also have implications for fast
laser materials interactions and photothermal diagnosis techniques that remain to
be explored further.
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ABSTRACT. 5Fe,033Gd,03 micropowder and 5Fe,03B3Gd,0s—dextran nanoparticles
were prepared and studied by magnetic susceptibility and nuclear magnetic resonance
measurements. The magnetic behavior of 5Fe,0;[B8Gd,Os—dextran nanoparticles in the
presence of the blood was also examined. Interesting applications in varied biological
fields can be estimated.

1. Introduction

In the last years the study of the nanoparticles has received increasing
attention. Altered electrical, magnetical, electrooptical and chemical properties
accompany reducing of particle size to nanometer range. These special properties
are caused by the changes of band structure with quantum — size effect [1].
Besides their employment for obtaining new devices, techniques based on using
magnetisable solid-phase supports have found application in numerous biological
fields. Thus, it can mention the susceptibility contrast agents for Magnetic Resonance
Imaging, drug targeting, molecular biology, hyperthermia-causing agents for cancer
therapy, etc [2-3].

The purpose of this paper is to study the magnetic properties of 5Fe,033Gd,0s
compound obtained as micropowder and as nanoparticles, by magnetic susceptibility
and nuclear magnetic resonance measurements. The behavior of nanoparticles in
the presence of the blood was also investigated.

2. Experimental

Synthesis of 5Fe,03[83Gd,03 microparticles was described in reference [4].
The size of the micropowder was about 0.02-0.1um. The particles size was determined
by width of the peaks from X-ray diffraction spectrum that were performed on a
DRONS3 diffractometer using CuK, radiation.

The 5Fe,O3; 3Gd,0O3 nanoparticles coated in dextran were prepared by
microemulsion method [4]. The molecular weight of dextran was 40000. We
appreciated that the median diameter of the dextran-stabilized particles was distributed
between 800A and 1200A, whereas the (5Fe,0;B8Gd,0s) core mean diameters

were about 35-45A.
Magnetic susceptibility measurements were performed on a Faraday type
balance in the temperature range 80-300K.
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Measurements of the longitudinal and transverse relaxation rates T, and
T, respectively, have been carried out as a function of molar concentrations of
particles. All measurements have been made at room temperature (about 25C) at
a proton Larmor frequency vo = 90MHz. The pulsed NMR spectrometer utilized
was a commercial Bruker SXP4/100 spectrometer. Transverse relaxation rates
were measured using the Carr-Purcell method, while longitudinal relaxation rates
measurements using the inversion recovery pulse sequence, 180°-1-90°. All data
exhibited single — exponential behavior.

R: and R, relaxivities, in mM™s™ were obtained from the least-squares
determination of the slopes of plots 1/ Ti,, versus molar concentration of the
compound, using at least five independent measurements at several concentration
between 0 and 2mM.

3. Results and discussion

Figure 1 shows the dependence of the inverse magnetic susceptibility as a
function of temperature for the 5Fe,03[3Gd,0z—dextran nanoparticles and also for
the 5Fe,03[3Gd,03 micropowder. The data collapse to straight lines indicating that
the magnetic susceptibility follows a Curie-Weiss type behavior.

X" =(T-96,)/C (1)
where C is the Curie constant and 6, is the paramagnetic Curie temperature. The
solid lines in Figure 1 represent the computer fit of experimental data according to
Eg. (1). These plots permitted to derive the two important magnetic parameters namely
6, and C,, (the molar Curie constant). The values obtained for these constant are 8,= -
40K, C=103.68emulB/mole for 5Fe,0;BGd,Os—dextran nanoparticles and 8,= -52K,
C=66.74emulK/mole for 5Fe,05[B3Gd,0; micropowder. The paramagnetic Curie
temperature 6, is a rough indicator of magnetic interaction between the iron and
gadolinium ions ( Fe™®, Fe™ and Gd*). The negative values obtained for 8, suggest
that the interaction between the magnetic ions is antiferromagnetic and its intensity is
higher for the micropowder sample.

20
" 5Fe,0,x3Gd,0,

® (5Fe,0,x3Gd,0,)-dextran
L)

1/X 10' [emu’.gr]
s 3

o
L

M-
%% 100 150 200 250 300 350
TIK]

Fig. 1. Temperature dependence of the inverse magnetic susceptibility

The measured R; and R, relaxivities of nanoparticles and microparticles
studied in blood, aqueous and respectively in carboximethylcellulose solutions are
shown in Table 1. For purpose of comparison the R; and R, relaxivities of magnetite
and SPIOs (the commercial magnetite coated in dextran) are shown too.
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Table 1.
R; and R; relaxivities for the studied particles

Compound R (MM s [ Ry(mM7s™) R./R,
microparticles
5Fe,03[83Gd,0s-dextran nanoparticles 61.78 201.4 3.26
5Fe,03[3Gd,0; — dextran and blood 11.86 188.73 15.91
Magnetite [5] 3.02 55.29 18.31
SPIOs [6] 30 100 3.33

The proton relaxation rates (Figures 2 and 3) are linearly dependent on
concentration of compounds. This certifies the absence of solute — solute interaction

[71

= (5Fe,0,+3Gd,0,)

® (5Fe,0,+3Gd,0,)-dextran

601 A (5Fe,0,+3Gd,0,)-dextran and blood
= blood

A

.0 0.4 0.8 1.2 1.6 2.0
mM

Fig.2. Proton lonaitudinal relaxation rates as a function of particles concentration

%

80
m  (5Fe,0,+3Gd,0,)
® (5Fe,0,+3Gd,0,)-dextran
60] 4 (5Fe,0,+3Gd,0,)-dextran and blood
- blood
"-II)
— 401
E
-
20 A
A
-
- W8
[} T T T T
0.0 0.4 0.8 1.2 1.6 2.0
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Fig. 3. Proton transverse relaxation rates as a function of particles concentration

The relaxation rate increase produced by magnetic particles is a contribution
of several complex mechanisms. The size and the composition of these particles
represent the essential parameters. The particles possess very large magnetic moments
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in the presence of a static magnetic field. Dipolar interactions between the magnetic
cores and surrounding solvent protons results in increasing both longitudinal and
transverse relaxation rates, especially for nanoparticles (below 100A).

Smaller particles are adequately described by the microscopic outersphere
theory [8] which predicts that the transverse relaxivity R, of water will increase with
the radius of the particle, whereas the longitudinal relaxivity Ry, will first increase
then reach a maximum for wyTg = 1 and finally decrease. wy is the proton Larmor
frequency and tg is the time required for a water molecule to diffuse over a distance
equal with radius of the particle. Due to the small dimension of the magnetic core, iron
oxide — gadolinium oxide —dextran nanopatrticles and also SPIOs have higher values
for Ry and consequently lower values for the ratios R,/R;.

The susceptibility difference between the particles and the surrounding
medium generates strong magnetic field gradients, particularly around the periphery
of each inclusion. Diffusion of protons leads to an irreversible dephasing of the
transverse magnetization that cannot be completely rephased by application of a
180° radio-frequency pulse. Thus in a Carr-Purcell (90 - T -180) sequence, where 1
is the spacing between the 90° and 180° pulse, the estimated transverse relaxation
rate is considerably increased. The magnetized particles with large size domains
(up to 100 A) affect T, more that T,. For this case the mechanism of action can be
related more to diffusion-induced magnetic field gradients than to dipole-dipole
interactions.

Decreasing in R; relaxivity observed for iron oxide-gadolinium oxide-
dextran nanoparticles in the presence of the blood should be moreover explained
by PRE effect [9]. The PRE effect is operative when metal ion or intact compound
is covalent or non-covalent attached to a macromolecule (for example to protein
amino acid residues). This decreasing of R; relaxivity in the presence of the blood
implies probably a covalent binding to proteins, consequently a higher mass and
size, high degree of internal flexibility and a low number of bounded water molecules.

4. Conclusions

5Fe,03[3Gd,0; micropowder and 5Fe,03[3Gd,0z;—dextran nanoparticles
were prepared and their magnetic susceptibilities and R; and R, relaxivities were
measured. Magnetic susceptibility data suggest the Qresence of antiferromagnetic
interactions between the magnetic ions ( Fe**, Fe* and Gd*® ) of the samples,
these interactions being stronger for the micropowder sample. The increase or
decrease of R; and R, relaxivities depends on the number of factors as compound
mass, size and composition, and is the combined result of more than one type of
relaxation processes. The relaxation measurements in the presence of the blood
recommend the 5Fe,03[3Gd,0Os—dextran nanoparticles as contrast agents in NMR
tomography. These nanoparticles could be applicable to improved visualization of
the reticuloendothelial system, possibly through the use of carrier-delivery systems
of other tissues. An efficient accumulation in liver and spleen could allow successful
diagnosing maligned tumors or metastases in these organs. The MR lymphography
and MR angiography are also feasible. The (5Fe,05;+3Gd,03)-dextran compound
should be taken into account too for magnetic fluid hyperthermia (MFH) method [11], a
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promising approach for cancer treatment. In view of the fact that gadolinium compounds
have higher pyromagnetic coefficients than other compounds [10], this fact seems
reliable. Because the “thermal bystander effect” offers broad perspectives in drug
targeting, gene and immune therapy [2], the (5Fe,O;+3Gd,03)-dextran compound
could be used in these areas.
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ABSTRACT. The synthesis and X — photoelectron spectroscopy (XPS), X — ray
diffraction (XRD) and transmission electron microscopy (TEM) of Ni isolated single
domain particles, obtained from powdered CeNis oxidized in air at different temperatures
up to 800°C, are reported.

Introduction

Nanosized particles of ferromagnetic metals (Fe, Co, Ni) have been widely
studied as they present an interest both for fundamental physics and potential
applications such as catalysis and magnetic recording. Several methods have been
used to produce these particles : evaporation, e.g. [1-4], sputtering, e.g. [5], and
various chemical methods, e. g. [6-8]. Evaporation techniques allow to produce
isolated particles whereas the others are used to produce particles dispersed in an
insulating matrix.

Magnetic nanoparticles covered with a layer of antiferromagnetic oxides
exibit large coercive forces due to the exchange anisotropy at the ferromagnetic —
antiferromagnetic interface [9]. This anisotropy could lead to improved permanent
magnets if antiferromagnetic coating materials with a Néel temperature above
room temperature can be produced (e. g., Ty = 525 K for NiO).

Rare earth oxides are potentially useful materials for various optical and
electronic applications. One such material is cerium dioxide (CeO,) due to his high
refractive index (~2), high transparency in the visible and near — infrared region
and large dielectric constant (~ 26 ) [10].

The compound CeNis crystallizes in the hexagonal CaCus structure type
(Pearson symbol hP6 ) with the Ni — Ni distances very close to that in Ni metal.
This compound is an exchange — enhanced Pauli paramagnet and Ce ions are in
the intermediate valence state [11]. The magnetic susceptibility of CeNis arises mainly
from the Ni 3d electrons which are very close to the onset of ferromagnetism [12].
Taking into account the great oxygen affinity of Ce and the strong magnetic interactions
between Ni atoms in this compound, we tried to obtain isolated single domain particles
of Ni by transforming mechanically the bulk CeNis in a very fine powder followed by a
thermal treatment in air at different temperatures up to 800 °C.

X — ray photoelectron spectroscopy has been proved to be of central
importance both in the surface analysis and in the study of the electronic structure
of various groups of materials [13].

Experimental

The starting material CeNis was prepared by argon arc melting. The purity of
the elements was 99.9% for both Ce and Ni. X — ray powder diffraction measurements
showed that the compound is single phase with the expected structure type and
lattice parameters a = 0.487 nm and ¢ = 0.402 nm. The Ni — Ni distances in CeNis
and Ni metal are 0.244 nm and 0.249 nm, respectively.
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The XPS spectra were recorded using a PHI 5600ci ESCA spectrometer
with a monochromatized Al K, radiation (hv = 1486.6 eV) at room temperature.
The spectrometer has an argon etching system and the pressure in the ultrahigh-
vacuum chamber was about 5 x 10 ~° mbar during the measurements. The particle
features were observed with a TESLA BS — 500 transmission electron microscop.

Results and discussion

The powder of CeNis becomes magnetic upon exposure to air for 40 min.
at 400 °C. Taking into account that Ce is much more sensitive to oxygen than Ni,
this results suggest that Ni atoms diffuse into particles to form magnetic clusters,
due to the strong magnetic interactions between the nearest - neighbors Ni atoms,
and Ce ions migrate to the surface of the particles during heat treatment to form
the oxide layers of CeO, and Ce,0O;. The Ce oxide layers and in a very small
quantity NiO formed on the surface of Ni particles are not continuous and consist of
very small crystallites. The surface of Ni particles is completely oxidized after a new
heating for 1 h at 590 °C.

The response of the surface of CeNis fine particles upon oxidation has been
studied by following the modification of the XPS valence bands and Ni 2p and Ce 3d
core levels with the treatment temperature and time. Futhermore, the as — prepared
sample were sputter using an argon ion beam and a surface profile depth was
performed. In Figs. 1 and 2 are shown the valence bands and Ni 2p and Ce 3d cores
levels, respectively, of the as-prepared samples at the treament temperatures 340°C
and 590 °C before etching and after a 10 min. and 17 min argon etching. The spectra
point out the occurrence of the NiO, CeO, and Ce,03 oxides on the particles surface.
The quantity ratio of cerium oxides CeO,/ Ce,03 and the thickness of the NiO layer

NiO
satellites
a a
%)
=
c
>
g |b
©
N—r
ey
2
S c
o
=
O2s Ceb5p T .
Ni metal
L 1 L 1 L 1 L 1 L 1 L 1 L
30 25 2 0 -5

0 15 10 5
Binding energy (eV)
Fig. 1. XPS valence bands of powdered CeNis oxidized in air at a) t = 590 °C for t=1h and
exposure time to ion etching T = 10 min., b) t = 590 °C for T = 1h without sputtering
and c) t = 340 °C for T =40 min.and T = 17 min.
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Fig. 2. XPS Ni 2p and Ce 3d core levels of powdered CeNis oxidized in air at a) t = 590 °C
for T = 1h and exposure time to ion etching T = 10 min., b) t = 590 °C for T = 1h
without sputtering and c) t = 340 °C for T = 40 min.and T = 17 min.

increase with the annealing temperature. The Ni metallic component was detected
both in the valence bands and core levels spectra only after sputtering. At 800 °C
only CeO, was detected. In Fig. 3 is shown the XPS Ni 2p and Ce 3d spectra for as
— prepared sample after a time sputtering of 10min. One can observe the specific
spectra of pure NiO[14] and CeO,[10] with their satellite structures and the spin-
orbit splitting for Ni metallic component [15].

Intensity(arb.units)

[ s = satellite lines
1 1 1 1
840 860 880 900 920 940

Binding energy(eV)

Fig. 3. XPS Ni 2p and Ce 3d core levels of powdered CeNis oxidized in air at t =800 °C for

T = 1h and exposure time to ion etching T = 10 min.
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Fig. 4 shows the X-ray diffraction pattern of powdered CeNis oxidized at 800°C
for T = 1h. All peaks can be indexed according the characteristic lines of crystalline
Ni metal, NiO and CeO, oxides. Using Scherrer's equation[8], d = 0.9 A / 3 cos 6,
wherein A is the X — rays wavelength, (3, the angular width at half-maximum intensity
and 6, the diffraction angle, it is possible to estimate the diameter d of the particles.
The average crystalline size of the Ni core and of the oxides layers NiO and CeO,
formed on the surfae of Ni particles were evaluated to be 19 nm, 10 nm and 15 nm,

respectively.
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=
=
=
o
(=}
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o

NiO (111)
Ce02 (220)
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Ce02 (420)

NiO (311)

Ce02 (320)

Ce02 (210)
Ce02 (400)

24. . .32. l ‘40. I .48. .56. 64. 72 80
20
Fig. 4. XRD pattern of powdered CeNis oxidized at 800 °C for T = 1h

The transmission electron microscopy picture (Fig.5) shows the presence
of darker particle centers surrounded by a light colored coating in most of the
particles. This could be attributed to a core-shell type of structure, where the core
consists of metallic Ni and the lighter shell due to NiO and Ce,O; oxides. The mean Ni
partcle diameters are in agreement with the results from XRD.

25 nm

Fig. 5. TEM micrograph demonstrating the nucleation of Ni metal in powdered
CeNis oxidized at t = 800°C for T = 1h
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ABSTRACT . We report results of small angle neutron scattering studies on aqueous
solutions of 1,2-hexanediol and 1,2,3-octanetriol above their CMC, at different
temperatures. The radii of the micelles, the correlation lengths of the attractive
interactions between them were determined, and the aggregation numbers were
calculated. The experimental results indicate that 1,2,3-octanetriol forms more compact
micelles than 1,2-hexanediol.

Introduction

The study of structure and properties of hydroxylic compound solutions is
of much interest because of molecular self organization due to intermolecular
hydrogen bonding. Diols are amphiphilic molecules with two distinct parts, very
much unlike concerning their solubility. Such a molecular shape makes possible the
arrangement of these organic compounds in various structures in their solutions:
concentration fluctuations, compact micelle-like aggregates, or lamellar structures.

Many structural and thermodynamic investigations indicate the aggregation
of these molecules. Kato in 1962 determined the CMC of a series of glycols using
various methods, such as refractive index, surface tension, and solubilization
measurements [1]. Micellar behavior of 1,2,3-octanetriol (abbreviated as OT) was
demonstrated by Durand with light scattering, refractive index and specific heat
measurements [2].

Small angle neutron scattering (SANS) is a direct method for measuring
the aggregation of the similar species in a multi-component solution, if the sizes of
the aggregates are of the order of 1-100nm. D’Arrigo et al. [3,4] carried out SANS
measurements of some diol and triol solutions, and analyzed the data in terms of
micelles coexisting with concentration fluctuations. In a recent SANS study we showed
that the 1,7-heptanediol aqueous solutions could be well characterized by assuming
statistical concentration fluctuations [5].

In the present work the structure of 1,2-hexanediol (HD) and OT heavy water
solutions were studied by SANS. Their aggregation dependence on concentration
and temperature was observed.

Experimental

The measurements have been carried out at the Yellow Submarine SANS
spectrometer of the Budapest Neutron Centre. The alcohols were purchased from
Fluka, and used without further purification. Heavy water was used as solvent, in
this way the scattering length density difference (the contrast) between the two
components is increased, thus giving higher scattering intensity. The studied
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concentrations were above CMC. Because of low solubility of OT these samples
were measured only at 70°C. The HD solutions were measured at: 15°C, 25°C and
60°C, the temperature was kept constant with accuracy of +0.5°C. The
measurements were made in the momentum transfer (q) range 0.02-0.4 At

whereq = %gn%, A being the neutron wavelength, © being the scattering angle.

The measured scattering curves were brought to absolute units.

Result and discussion

The scattering intensities 1(q) are displayed in Fig.1 for HD and Fig.2 for OT.
The enhanced scattering is due to the aggregated alcohol molecules in the solution.
The scattering curves were analyzed with the model used by D’Arrigo et al. [3] which
assumes spherical micelle like aggregates with spatial correlation between them,
surrounded by a homogeneous mixture of D,O and free alcohol molecules:

I(q) = 9A{Si”(qR)_ R COS(qR)JZ[u B J+ Bg &

(arR)? 1+q%?

0.2 T 1 T ]
0.02 0.1 0.5 0.02 0.1 0.5

q A" q A*

Fig.1. SANS scattering curves of 1,2-hexanediol solutions

I(q), cm™

3%
- 2%
1%

0.1 T
0.03 0.1 05

q A

Fig.2. SANS scattering curves of 1,2,3-octanetriol solutions
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The fitting parameters are: scaling parameter A (cm'l), radius of the sphere
R (A), dimensionless amplitude of the concentration fluctuations B, correlation
length of the fluctuations g‘(A), and the background Bg (cm'l). The first part of the
equation is the form factor of a sphere; the second one is the Ornstein-Zernike
structure factor describing the spatial correlation between the micelles.

The results of the least squares fitting of equation 1 are collected in Tablel
and Table2. In the case of HD in the concentration range 3-5 mol%, and in the case
of OT (in the studied concentration range), the alcohol aggregation increases with
increasing concentration and temperature. For HD solutions, with increasing the
alcohol content above 7 mol%, an intensity decrease was observed. Starting with this
concentration the temperature dependence is reversed, and it can be observed from the
increase of the variance of residuals (xz), that the used model is describing with
less accuracy the measured data.

Table 1.
Fitting results for 1,2-hexanediol solutions.
conc. (mol%) A (cm?) R (A) B EA) Bg (cm™)
3 0.458 9.4 4.901 115 0.303
5 1.013 9.6 2.718 11.6 0.425
7 1.678 9.8 0.841 125 0.530
8 1.428 9.4 0.387 12.7 0.536
8.5 1.496 9.4 0.306 15.6 0.542
9 1.530 9.2 0.240 27.6 0.553

The radii of the hexanediol micelles are bigger than the length of one molecule
(LHD=7.1A), while for octanetriol they are approximately the same (LOT=9.7A). It can
be said that OT forms more compact micelles than HD in their solutions. Assuming
dry OT micelles their aggregation numbers vary from 18 to 21.

The fitting results of the 1% OT solution generally agree with those found
by D’Arrigo at the same concentration [3], but in our case the radius of the micelle
is smaller, this may be due to the fact that our measurements were carried out at a
much higher temperature. It can be mentioned that the radii collected in Table 2 are
much smaller than the hydrodynamic radius found by Durand for OT in aqueous
solution (19.4A) [2].

Table 2.
Fitting results of eq.1 to the SANS data of 1,2,3-octanetriol.
conc. (mol%) | A (cm™) R (A) B &R Bg (cm™) Nagr
1 0.173 9.6 5.947 9.4 0.180 18
2 0.602 9.8 3.554 9.6 0.251 19
3 1.290 10.2 1.507 10.7 0.331 21
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Conclusion

Our observations indicate the presence of dry 1,2,3-octanetriol micelles
and more loose 1,2-hexanediol micellar aggregates, and a significant attractive
interaction between them.
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ABSTRACT . A computer program was developed to simulate coherent light scattering
on disordered systems. The typical target is a suspension having RBC as scattering
centers. The pattern variation with the scattering centers concentration was analyzed
and found to be in good agreement with experimental results on both inorganic and
organic scattering centers. The outcome of the study is a fast method of assessing the
scattering centers concentration in a suspension.

Keywords: light scattering, biological fluid, disordered systems

1. Introduction

Laser light scattering on random surfaces was extensively studied and the
literature abounds on reports. The diffraction pattern contains a large number of small
bright spots, called laser speckles, described in papers like [1 - 4]. A typical image
is presented in [3]. A similar pattern should result when laser light is scattered on
disordered systems like a biological fluid as blood, where the scattering centers are
randomly distributed. A computer code was developed and used to simulate
coherent light scattering on suspensions. Scattering center concentrations over a
wide range were considered as input data. The configuration and the way the
program works are described in the next section (section 2). The light intensity on a
screen was calculated for different number of scattering centers and configurations.
The light intensity variation on the square area and the results of the statistical
calculations are presented in section three, experimental results in section 4.

2. The computer code

A coherent light beam is assumed to be incident on a sample containing
scattering centers, randomly distributed. The model of the sample is erythrocytes (Red
Blood Cells, hereafter RBC) randomly distributed in diluted blood, having a complex
movement, which is the overlapping of sedimentation in gravitational field and the
Brownian motion. The dimensions of the scattering centers are those of RBC, that
is a 7.5 um diameter disk [5]. The scattering center concentration range was selected
in such a way to make multiple scattering imErobabIe. The RBC volume is about
90um? [5] and that yields a maximum of 8+*10*/mm?® corresponding to a hematocrit
of 5*10™. The number of scattering centers was selected in the range 50 -10000.

The cuvette-screen distance was considered to be 2 m. The screen area
where the scattered light intensity was calculated was a square of 2x2 cm?, having
an angular deviation of 4 degrees. Over the 2 cm that is the screen area dimension,
the angular variation of the scattered beam is less than 0.6 degrees; therefore, the
phase factor variation was neglected [6].
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3. Computer simulation results

The calculated light intensity on the screen was plotted for each of the calculated
images. A speckled image was found, in good agreement with the experimental work
reported in [4] and [7] and with the computer simulation reported in [8].

Examining the intensity variation plots for the whole set of 26 different
scattering center configurations and numbers we found that that the pattern is the
same, with randomly distributed maxima and minima. The number of maxima was
carefully counted for each configuration. The average number of maxima is 47 and
the variation from one configuration to another is within 0.5 standard deviations,
therefore we can conclude that the number of maxima does not depend of the
number of scattering centers in a sample.

Examining the plots of the average light intensity on the screen and of the
average standard deviation per point with the number of the scattering centers we
found that both variations are linear, which is confirmed by the values of the R?
parameter very close to unity (0.9929 for the average intensity fit and 0.9896 for
the average standard deviation per point, R = 1 meaning the perfect fit).

4. Experimental results

In order to verify the computer simulation results an experiment using a
collimated laser beam incident on a 1 mm thick cuvette having both inorganic
(barium sulphate) and organic suspensions (human diluted blood, natural juices)
was conducted. The image produced by the laser beam on a screen and the average
light intensity values are in very good agreement with the computer simulation
results. These results suggest a fast procedure to determine the scattering centers
concentration in a sample by first getting a digital image of the scattered light,
normalizing the image, performing statistical calculations and comparing the results
with the calibration data. A direct application might be a fast way of assessing RBC
Count and of the scattering centers concentration in biological fluids.

5. Conclusion

The results of the computer simulation performed so far reveal that the number
of maxima on the screen does not depend of the number of scattering centers in
the sample. Moreover, the average of the light intensity on a certain location on the
screen and the average standard deviation have a linear increase with the concentration
of the scattering centers. The good agreement of the computer simulation with the
experimental results suggests a simple and fast procedure of assessing the scattering
centers concentration in a sample (like the RBC count in human blood) as described
in the previous section. Work is in progress on this subject.
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ABSTRACT. Preliminary vibrational studies on new 2-carboxyalkyl-thio-5-mercapto-
1,3,4-thiadiazole derivatives, CoN»S3sHR, R = —-(CH2),COOH, n =1 (1), 2 (2), 3 (3)
are discussed, using FT-IR and Raman spectroscopy. The spectroscopic data are
consistent with the molecular structures of 1 — 3 and suggest that all compounds
exist mainly as thione tautomers (HN-C=S) in solid state.

Introduction

Recent developments in the structural chemistry of heterocyclic ligands
containing SCN fragments has produced interesting supramolecular architectures,
revealing nanometric cavities and channels." Many of these compounds have
proved excellent zeolitic properties.™ The design of such patterns requests the
election of molecules with a flat, rigid geometry and containing an extended number of
electronegative heteroatoms (E) and E-H groups, able to generate intermolecular
interactions. Moreover, the presence of exo- and endocyclic sulfur atoms may give rise
to SIIB interactions which are of great importance in the supramolecular construction
of nonconventional superconductors (commonly known as “organic metals”).>® In
this respect, we become interested in mercapto-aza heterocyclic derivatives, partly
from the aspect of applications in analytical chemistry, biology and industry and also
because of their specific molecular structure which can generate supramolecular
assemblies via E-HIIE’ (E, E’ = N and/or S) and short SIS interactions.”™*

The aim of this work is to provide the first preliminary IR and Raman
characterization of three new compounds: 2-carboxyalkyl-thio-5-mercapto-1,3,4-
thiadiazole derivatives, C,N,S3;HR, R = —(CH,),COOH, n = 1 (1), 2 (2), 3 (3) (Scheme 1)
and to elucidate their tautomeric form (thione, HN-C=S / thiol, N=C-SH) in solid state.

HN-N
S%S
n=1(1),2(2),3(3
Schemell

S— (CHy)p— COOH
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Experimental

The starting materials were purchased from commercial sources (Aldrich)
as analytical pure reagents and were used with no further purification. Compound 2
was prepared by literature method. Compounds 1 and 3 were prepared by the
reaction of Bismuthiol | with the appropriate CI(CH,),COOC,Hs (n = 1, 3) derivative
in chloroform at room temperature, followed by the acid hydrolysis of the resulting
ester at 100°C. The reactions worked with a global yield of 40 — 80%. Purification
was performed by recrystallization from methanol. The products are air stable and
soluble in alcohols.

FT-IR and FT-Raman spectra on solid samples were recorded using a
Bruker FT-IR Equinox 55 spectrometer with an integrated FRA 106 S Raman
module. The excitation of the Raman spectra was performed using the 1064 nm
line from a Nd:YAG laser with an output power of 250 mW. An InGaAs detector
operating at room temperature was used. The spectral resolution was 2 cm™

Results and Discussion

The FT-IR (3500 - 500 cm™) and Raman (3500 - 200 cm™) spectra of 1 — 3
are presented in Fig. 1 and 2, respectively. The spectral data and vibrational
assignments of 1 — 3 are presented in Table 1. The following discussion is based
on the comparison of the spectral data recorded for 1 — 3 with the literature data
published for dimercapto-thiadiazole (Bismuthiol I, DMTD) methyl-mercapto-thidiazole
(MMTD) and amino-mercapto-thiadiazole (AMTD)

Intensity

203 1494 1174 1047
1693

T 1 T 1 T 1 T 1 T 1
3500 3000 2500 2000 1500 1000
Wavenumber, cm-1

Fig. 1. FT-IR spectra of 1 - 3.

The 3500 — 1800 cm'spectral range — Both IR and Raman spectra of
compounds 1 - 3 reveal bands at 3250 - 3088 cm™, characteristic for the v(NH)
stretching mode. These aSS|gnments are in good agreement with those reported for
MMTD (3051 3049 cm’ ) and AMTD (3139 cm’ ) both found as thione tautomers in
solid state.™® On the opposite, the Raman spectra show no spectral behavior of 1 - 3 in
the approx. 2500 - 2400 cm™ range where the fundamental v(SH) stretching mode
would be expected, while the IR spectra are irrelevant due to plethora of OH bands. In
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addition, the characteristic (OH) band (ca. 3400 cm™) is absent in all spectra which
might suggest a tautomer equilibrium between the —COOH group and the neighboring
endocyclic N atom.

1457

2957 1059 408

Intensity

MMM

T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber, cm-1

Fig. 2. FT-Raman spectraof 1 - 3
Table 1.
Selected FT-IR and FT-Raman data (cm™) for the compounds 1 — 3
and the proposed assignments.

1 2 3 Vibrational
IR Raman IR Raman IR Raman | Assignment
3093m 3088w 2995w 3249s 3250w V(NH)
2950m 2953m 2967w | 2948mw 3030- 2957m Vas(CHy)
2896br
2903ms 2915s 2898m 2907mw 2907w vs(CHy)
1693vs 1694m 1687vs 1687vw 1687vs 1638vw v(C=0)
1494vs 1498mw 1506s 1505w 1484m 1489vs v(C=N)
1453w 1453vs 1449m 1452vs 1449m 1457ms v(C=N)
1407s 1410mw | 1397ms 1412m o(ring) + v(C-N) +

1293s | 1302mw | 1288s | 1290mw | 1307w | 1303mw | &CHya) +v(C-O)

1266s 1270w 1243vs 1243vw 1257m 1254w 4(ring) + wag(CHy)
1047vs 1051s 1059vs | 1056mw 1065w 1059s v(C=S) + v(N-N)

1040s 1042s 1048m
724ms 726w 717s 720w 707s 710w Vas(CSC)endo
670m 678s 662m 663s 669s vs(CSC)endo
559s 561m 504w v(C-S")exo
402ms 401mw 408m O(NCS)op
321ms 341m 353mw O(NCS,CCS)

Abreviation: vs — very strong, s — strong, ms — medium strong, m — medium, mw — medium
weak, w — weak, vw — very weak, br — broad, v - stretching, & - bending, wag —
wagging, endo — endocyclic, exo — exocyclic.
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The 1800 — 1000 cm™spectral range — is the most relevant spectral region
as it concerns the identity of the heterocyclic skeleton and the carboxyalkyl
substituent. The most important bands fall in the approx. 1700 - 1450 cm™ spectral
range and are assigned to the v(C=0) and v(C=N) modes. The later stretching
mode is assigned in all spectra to two bands (1506 - 1489 and 1457 - 1449 cm™),
comparable with the two fundamentals found for DMTD (C,, symmetry): v,s(C=N)
(1510 -1506 cm™) and vs(C=N) (1452 -1450 cm™), respectively.”® As the molecules
of 1 - 3 have a lower symmetry (C;), we suppose that the two v(C=N) modes
correspond to two differently delocalized CN units. The assignment of v(C=S)
mode in the approx. 1070 - 1040 cm™ range is in good agreement with the spectral
data reported for DMTD®® and support the proposed thione tautomer form of 1 - 3.

The 1000 — 200 cm™spectral range — The most relevant bands of this
region are assigned to fundamentals of endocyclic CSC and exocyclic C-S goups,
in the 724 - 504 cm™ spectral range.
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ABSTRACT. The conversion of tetramethyl 3,7-dihydroxybicyclo[3.3.1]Jnona-2,6-diene-
2,4,6,8-tetracarboxylate into bicyclo[3.3.1]Jnonane-3,7-dione was achieved by using a
conventional method and under microwave irradiation. The IR and Raman spectra were
obtained and vibrational assignments could be made. The Density Functional Theory
(DFT) was applied to calculate the structure and spectra and good agreement with
experimental data was obtained.

Introduction

Supramolecular chemistry offers the potential to construct synthetic macro-
molecules with control at molecular level, a goal which has only truly been realised
in natural bio-macromolecular systems. The performances of synthetised materials
are critically dependent on the spatial arrangement of the constituents at molecular
level. An additional development direction is to apply the synthetised material for
nanofilms® obtaining. The investigated compounds are potential macrocycles precursors,
the major application of the method developed here bein% the films growing in situ,
under similar reaction conditions on a surface or interface”.

The aim of our work was to elucidate the structure of the tetramethyl 3,7 -
dihydroxybicyclo[3.3.1]nona-2,6—diene - 2,4,6,8-tetracarboxy late (1) and
bicyclo[3.3.1]nonane-3,7-dione  (2) using vibrational spetroscopy, in conjunction
with DFT calculation. The straightforward conversion of the tetramethyl 3,7 —
dihydroxybicyclo [3.3.1]nona - 2,6 - diene - 2,4,6,8 — tetracarboxylate into bicyclo[3.3.1]
nonane-3,7-dione by the one step conventional and microwave irradiation conversion
was proposed in our earlier work®. Our spectroscopic study reveals that such kind
of molecules participate into a keto-enol tautomeric equilibrium®. The compound 1 mainlél
exist as a dienol whereas the compound 2 exists as a diketone at ambient temperature”.
Theoretical calculations were used in order to gain a deeper understanding of the
vibrational experimental spectra and structure of these complex molecules.

In particular, we used DFT as it is known that this method is a performant
computational alternative to the conventional quantum chemical methods, since it
is less computationally demanding and take account of the effects of the electron
correlation.
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Fig. 1. Theoretical structures for compound 1 and compound 2.

Results and Discussion

The theoretical study has been done at DFT method with the B3LYP
exchange-correlations functional, using 6-31G** Pople’s basis sets implemented in
GAMESS® quantum chemical program package. The geometry structures were
optimized at B3LYP with analytical gradient method, while the harmonic vibrational
frequency values of theoretical IR and Raman spectra were obtained considering
6-31G** basis set.

Tetramethyl  3,7-dihydroxybicyclo[3.3.1]nona-2,6-die  ne-2,4,6,8-tetracar-
boxylate. The large number of harmonic vibrational frequency makes very difficult
the identification and assignment of the normal modes of different molecular
fragment with the different frequency values. Since a lot of vibrational frequencies
have small intensity only that values can be picked out from the spectra which have
a significant intensity and which could have implication in our investigation. In the
spectral segment of 800 — 820 cm™ several theoretical frequency lines were found,
corresponding only to the p(C-O-H) fragment vibrations, where three different IR
active and a single Raman frequency can be observed with a significant magnitude
of intensity. In the 980 — 1060 cm™ spectral region of the IR spectra, for the
different theoretical spectra can be found a number of five-six IR active and two
Raman active modes with significant intensity. Their vibrations are more difficult to
locate because of the complexity of vibrational motion. Even so, for most of case in
the collective motion of atoms can be observed a characteristic vibration of the -C-
C-C- bridge situated in the molecular skeleton. The segment situated at the 1140 —
1290 cm interval of absorption spectra is the largest compact band region and the
most densely loaded with frequency lines. Similarly to the previous region the
vibrations of this spectral region are also complex being involved simultaneously
the motion of the tetracarboxyl groups, the -C-O-H groups, and the molecular
skeleton. Some frequency values could be found also in the bicyclo[3.3.1]Jnonane-

3,7-dione IR spectra, such as Vg, . The few frequency lines are present in the 1320

— 1400 cm™ spectral region, that are characteristic to the bridge of molecular
skeleton and to the -C-O-H fragment. The region 1620-1780 cm™ is characteristic
for double bond vibrations of >C=0 situated into the methoxycarbonyl groups and
the -C=C- into the molecular skeleton, having the highest intensity in the whole
spectrum. The frequency intensities of these normal mode vibrations are some of
the most intense lines in the whole IR and Raman spectra, supporting the
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explanation of the local character of fragment's vibrations. The experimental
spectra reveal also very strong IR bands at 1661, 1734 and 1743 cm™, and 1627
(very strong), 1729 and 1740 cm™ as weak-medium bands in the FT-Raman spectrum

(Fig. 2).
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1200 1400 1600 1800
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Fig. 2. The experimental and theoretical FT-IR and FT-Raman spectra of 1.

Bicyclo[3.3.1]Jnonane-3,7-dione (2). Due to the molecular symmetry a
considerable number of frequency lines are missing both from the IR and Raman
spectra, while the other lines have very small intensity. However, both absorption
spectra are more simple than in the case of structure (1). The frequency line at 708
cm™ is characteristic for the carbon rings motion and due to the molecular
symmetry the Raman shape is more intense than the analogous IR line intensity.
An excellent confirmation was experimentally observed in the FT-Raman spectrum
(Fig. 3), where this is the most intense band.
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Fig. 3. The experimental and theoretical FT-IR and FT-Raman spectra of 2.

In 1000-1400 cm™ spectral region can be found the bulk of the lines in both
vibrational spectra. The vibrational motion of these normal modes are very complex
and could not be localized to the single bond distance or bond angle. Besides of
the C-C-C bridge and C-C-C ring vibrations, different C-H vibrations (bending,
rocking, and twisting) could be observed. The 1600-1750 cm™ spectral region is
characteristic to the >C=0 stretching vibrations, which are both IR and Raman
active. The experimental spectra reveal very intense bands at 1698 and 1705 cm™
(FT-IR) and a strong band at 1700 cm™ with a shoulder at 1710 cm™ (FT-Raman)
(Fig. 3).
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Conclusions

The investigations of the molecular structure of compounds 1 and 2, in
solid state, using FT-IR and FT-Raman spectroscopy in conjunction with the DFT
calculations, revealed both tautomers of 1 (major enolic form) and exclusively ketonic
form for the compound 2. The intramolecular O...H bonds from the molecule of 1
are established between the H atom of the p(C-O-H) fragment and O atom of C-O-
CHjs fragment of the methoxycarbonyl group, both connected in the C=C moiety.
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ABSTRACT. Alumina monohydrate can be used as binder in the preparation of
porous adsorbing layer for catalitic purposes. The paper presents some of our
results referring to the characterisation of alumina hydrate samples obtained as
nanostructured powders in different preparation conditions.

Key words: alumina hydrate, boehmite, catalysts.

1. INTRODUCTION

Alumina monohydrate known as boehmite (Al,O3-H,0) is frequently used
as binder for the manufacture of metallic and ceramic monolith catalysts [1].

Crystalline structure, particle size and chemical composition of alumina
hydrate influence the quality of the support washcoating i.e. surface area, porosity
and adherence to the metallic or ceramic substrate.

The paper presents some of our results refering to the synthesis of nano-
structured alumina monohydrate that is to be used as binder for the manufacture of
the absorbing layer on the metallic substrate.

2. Experimental part

Alumina hydrates [Al,O3-xH,O] samples were prepared by adding nitric
acid to sodium aluminate solution obtained from aluminium turnings and sodium
hydroxide. The diluted HNO; solution was slowly added, under constant stirring,
until the medium pH was 9. The separated gel was centrifuged, washed and dried
at 110°C for 24 hours. The as-obtained alumina hydrate samples were conditioned
with specific solvents, dried, milled and sieved.

Alumina hydrate samples were mvestlgated by thermal analysis (Paulik-
Erdely OD-102 Derivatograff; heating rate = 6 C/mln) X-ray diffraction (DRON 3M
Diffractometer; CuK, radiation) and FT-IR spectroscopy (JASCO-610 Spectropho-
tometer; KBr disks). The micro-structural parameters were calculated by using the
RXLINE program (Warren Averbach theory).

Correspondence: kaszoni@icrr.itim-cj.ro
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3. RESULTS AND DISCUSSION

In order to prepare alumina monohydrate for catalytic purposes, sodium
aluminate solution obtained from aluminium turnings and sodium hydroxide was
treated with diluted nitric acid.

2Al + 2NaOH + 6H,0 — 2NaJAl(OH),] + 3 H,?

Na[AI(OH),] + HNO; O PTEP & ALOS-xH,0 + NaNO,

Taking into consideration that the quality of alumina hydrate is strongly
influenced by the precipitation conditions [2] the effect of reagent concentration and
ratio was studied (Table 1).

Table 1.
Preparation conditions of alumina hydrate samples
CAIZOS *
Samples (mol/l) Vnoa/Vaiz03 pH (%)
B15.1 0.440 18 24.1
B15.2a 0.088 2.8 9.0 23.2
B15.2b 0.088 25 : 18.9
B15.3 0.044 18 245

*preparation yield (as Al,O3)

Thermogravimetric (TG), differential thermogravimetric (DTG) and differential
thermal analysis (DTA) as well as infrared absorption spectroscopy (FT-IR), and X-ray
diffraction (XRD) were used to evaluate the quality of as prepared alumina hydrate
samples.

The thermal behaviour of samples prepared by using various reagent
concentration and ratio is different. The experimental thermal weight losse of all
samples is quite equal and almost twice the theoretical value (15%) of the anhydrous
boehmite AIO(OH). Every sample is characterised by a very strong endothermic effect
(associated with the water removal process) whose position is very different. The
dehydration process is very intense at about 315°C for sample B15.1 and at about
190°C for sample B15.3.

TG-DTG-DTA curves suggest that, in our preparation conditions, two types of
alumina hydrate are obtained possessing different hydratation degrees (table 2).

Table 2.
Thermal behaviour of the two-alumina hydrate series
Thermal analysis data Alumina
Samples Aw T nax Effect Estimated h)t/%:te
(%) (°C) formula
140 Weak endo-effect
B15.1 33.1 315 Strong endo - effect Al,03-2.80 H,0O Al(OH);
160 Strong endo-effect
B15.2a 25.6 240 Weak endo - effect Al,05-1.95 H,0
200 Strong endo-effect
B15.2b 26.5 360 Weak endo - effect Al,03-2.04 H,0O AIO(OH)
190 Strong endo-effect
B15.3 28.3 435 Weak endo - effect Al,03-2.16 H,0O

** from DTA curves
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The vibrational spectra and the XRD patterns evidenced the difference
between the crystalline structures of alumina hydrate samples.
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Figure 1. FTIR spectra of two types of

alumina hydrate samples

Figure 1 suggests that the B15.1 lattice
is better organised than B15.3 sample.
The structure of the spectrum in the
high frequencies domain suggests the
simultaneous presence of adsorbed
water, crystallisation water and free OH
groups. For the B15.1 sample, the pair
of bands at 980 and 1032 cm™ could
be associated with the characteristic
vibrations of the AI-OH bonding. The
wide absorption band with maximum at
3465.45cm™ is due to the vibration of
H,O molecules, hydrogen bonded to
Al,O; surface.

In the case of B15.3 sample, an intense broad band at 3434.59 cm™ (Vyv.0.1)
was observed. This suggests a high content of unstable H,O. The specific absorption
bands of the boehmite prepared with nitric acid are noticed at 1060-1080 cm* (Varon);
~1385 cm™ (Vnoz); ~ 1650 cm™ (Viom); ~ 3200-3700 cm™ (Va.on).

FTIR analysis proved the existence of two types of alumina hydrates, namely
with AI(OH); composition (B15.1 sample) and with boehmite AIO(OH) structure
(B15.3 sample).
XRD patterns confirmed this supposition (figure 2). Sample B15.1 corresponds
to monoclinic aluminium hydroxide with bayerite structure and possesses high
cristallinity degree. Sample B15.3 can be associated with orthorhombic aluminium
oxy-hydroxide with boehmite-pseudoboehmite structure and show relatively low
cristallinity.
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Figure 2. XRD patterns of two type of alumina hydrate samples

The calculated micro-structural

parameters illustrate that boehmite

samples are nanostructured, with medium crystallite size of 50-65 A (figure 3). The
two boehmite samples possess different lattice strain distribution.
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Figure 3. Deformation coefficient distribution (up) and crystallite size distribution (down) of
two sortiments of boehmite samples

4. CONCLUSIONS

Infrared absorption spectroscopy, X-ray diffraction and thermal analysis put
in evidence that, in our experimental conditions, two different types of alumina
hydrate were obtained: type | - containing mostly aluminium hydroxide i.e. alumina
trinydrate Al,O33H,0 < Al(OH); and type I, consisting mainly in nanostructured
boehmite i.e. alumina monohydrate Al,OzH,0 = AIO(OH). The reagent concentration

and ratio determine the composition and the crystalline structure of alumina hydrate
obtained and its binding ability.
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