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CHITOSAN-COATED BIMETALLIC GOLD-SILVER
NANOPARTICLES: SYNTHESIS, CHARACTERIZATION
AND SERS ACTIVITY

A.-M. HADA'2, M. POTARA?", S. SUARASAN?,
A. VULPOP and S. ASTILEAN'2

ABSTRACT. In this study we report a fast and non-toxic approach for the
synthesis of bimetallic gold-silver spherical nanoparticles coated with
chitosan biopolymer. The obtained hybrid nanoparticles were characterized
by UV-vis-NIR extinction spectroscopy, transmission electron microscopy
(TEM) and zeta potential measurements. In view of future applicability in
molecular sensing, we tested the feasibility of chitosan protected bimetallic
nanoparticles to operate as surface-enhanced Raman scattering substrates.

Keywords: chitosan; plasmonic nanoparticles; localized surface plasmon
resonance; surface-enhanced Raman spectroscopy; transmission electronic
microscopy; zeta potential
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INTRODUCTION

An important challenge of nanotechnology is the preparation of
nanoparticles with desired properties and functions. In many cases the
physical and chemical properties as well as the applications of nanoparticles
are critically controlled by their dimension and shape [1]. This is also the
case of noble-metal nanoparticles which exhibit extremely interesting optical
response in interaction with light. When the incoming light couples with
the oscillation frequency of the conduction electrons, a so-called localized
surface plasmon resonance (LSPR) arises, which is manifested as an intense
absorption band [2]. However, the precise spectral position of the plasmon
resonance depends on several parameters, among which particle size and
shape and their degree of assembling are the most important [3].

Due to their unique physical and chemical properties, noble-metal
nanoparticles also called plasmonic nanoparticles are very attractive in a
variety of biomedical applications such as: molecular sensing [4], molecular
diagnosis [5], antibacterial action [6], drug delivery [7], bio-labeling [8],
cancer therapy [9], etc. Besides the size and shape control, the usefulness
of plasmonic nanoparticles in different applications strongly depends also on
their structural and optical stability in the growth medium. For example, the
plasmon-enhanced spectroscopies require stable and well-defined resonances
and a shift of plasmon resonance can reduce the signal intensity by orders of
magnitude.

The use of natural polymers to stabilize the plasmonic nanoparticles
has received considerable attention recently [10], [11], especially for the
safety point of view. Among them, chitosan shows very interesting biological,
physical and chemical properties which make it possible to use chitosan-
protected nanoparticles in biological applications [12]. Chitosan is a cationic
polysaccharide obtained by partial deacetylation of chitin. It is an inexpensive
polymer which possesses several favorable biological properties such as an
excellent biocompatibility, low toxicity, biodegradability and adsorption ability
[13].
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The metal type is another parameter that influences the applicability
of plasmonic nanoparticles. For example, gold nanoparticles exhibit higher
chemical stability in comparison with the silver ones. However, silver is
a more efficient plasmonic material than gold and can be excited with
more energetic light due to a significantly reduced damping for interband
transitions which make it an ideal candidate for sensing applications based
on plasmon-enhanced spectroscopies [14]. In this context, bimetallic gold-
silver nanoparticles could be a good option for sensing application.

In this work we report a facile, rapid, and inexpensive route to
synthesize bimetallic gold-silver spherical nanoparticles. Due to its interesting
biological, chemical and physical properties we selected chitosan biopolymer
for the stabilization of the particles. The produced chitosan-coated bimetallic
gold-silver nanoparticles were characterized by UV-vis-NIR extinction
spectroscopy, transmission electron microscopy (TEM) and zeta potential
measurements. The surface-enhanced Raman scattering efficiency of the
fabricated nanoparticles was assessed with para-aminothiophenol (pATP)
as a probe molecule.

EXPERIMENTAL DETAILS

Chemicals

Chitosan flakes (medium molecular weight), HAuCls, and paraamino-
thiophenol (pATP) were purchased from Aldrich and used without further
purification. Glacial acetic acid (99.8%), silver nitrate (AgNOs) and ascorbic
acid were obtained from Merck. Glacial acetic acid was diluted to a 1%
aqueous solution before use. All reagents employed were of analytical grade
and the solutions were prepared using ultrapure water with a resistivity of at
least 18 MQ cm. The glassware used was cleaned with aqua regia solution
(HCI:NOs3 3:1) and then rinsed carefully with ultrapure water. A solution of
2 mg/mL chitosan was prepared by dissolving the polymer in 1% acetic acid
solution. The mixture was kept for a day until the solution became clear.
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Preparation of chitosan-coated bimetallic gold-silver nanoparticles

Chitosan-coated bimetallic gold-silver nanoparticles (Au-AgNPs) were
synthesized using a two-step approach. In the first step, spherical gold
nanoparticles (AuNPs) were prepared by mixing a volume of 10 M HAuCl4
with 18 ml chitosan solution and keeping this mixture at 50 °C under magnetic
stirring until the solution turns red. In the second step, ascorbic acid,
AgNOs and 5 ml of as-prepared spherical gold nanoparticles were combined
and kept at room temperature for 30 minutes under continuous magnetic
stirring. For SERS measurements, 990 pL of Au-AgNPs were incubated at
room temperature for several hours with 10 uL solution of pATP, followed
by centrifugation and re-suspension in ultrapure water.

Equipment and characterization methods

A 2 mm quartz cuvette was used to collect the LSPR spectra, using a
Jasco V-670 UV-VIS-NIR spectrometer with 1 nm spectral resolution.

The transmission electron microscopy (TEM) images were collected
using a high resolution electronic microscope FEI Tecnai F20.

The Raman spectra were recorded on a confocal Raman microscope
(CRM alpha 300R from WITec GmbH, Germany) in backscattering geometry,
employing 532 nm laser line as the excitation source directed through a
20x objective lens with a numerical aperture (NA) of 0.4.

The zeta potential of the AuNPs and Au-AgNPs was determined
using a Malvern Zetasizer Nano ZS-900. The analysis was performed at a
temperature of 25°C, with a He-Ne laser (5mW).

The theoretical extinction spectra were calculated using the method
Finite Difference Time Domain (FDTD) provided by the software FDTD
Lumerical Solutions [15]. The FDTD method solves electromagnetics problems,
Maxwell’s differential equations to be more specific. We calculated the
extinction spectrum for a 16 nm gold sphere enveloped in a silver layer of
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2.2 nm and surrounded by water (n=1.33). In order to perform the simulation,
we used a 0.2 nm mesh and an electromagnetic source with a domain
between 300 nm and 700 nm.

RESULTS AND DISCUSSION

AuNPs are obtained using the reducing agent chitosan, which is also
a stabilizer agent, to reduce the Au ions and form the nanoparticles as
crystalline networks of Au atoms. The UV-Vis spectrum of the AuNPs (Fig. 1)
shows a narrow band with a single peak at 524 nm which is typical for
monodispersed spherical AuNPs. The lack of band in the near-infrared (NIR)
region indicates that the AuNPs do not aggregate.

0,154

0,104

0,054

Extinction (a.u.)

0,00 R S —
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 1. The extinction spectrum of chitosan-coated AuNPs

In the interest of obtaining more information about the size and the
shape of the AuNPs some TEM images were taken, a representative TEM
image of the synthesized AuNPs being presented in Fig. 2. As can be seen
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from the TEM analysis, the NPs are spherical with the mean particle diameter
of 16 nm (see histogram in Fig. 2(a) inset). The results were obtained by
analyzing several TEM images.

(a) B (c)

‘.

(b) (d)

—— AUNP — Au-AghF

Total counts
Total counts

-100 -SID I]I SID 100 -150 -1 ;}I] -SID I]I 5‘I] 1EIH} 150
Zeta potential (mV) Zeta potential (mV)

Fig. 2. (a) A representative TEM image of the chitosan-coated AuNPs, (b) the zeta
potential of chitosan-coated AuNPs (c) A representative TEM image of chitosan-
coated Au-AgNPs, (d) the zeta potential of chitosan-coated Au-AgNPs

Zeta potential measurements were further performed to evaluate
the electrostatic repulsion between polymer-coated AuNPs. The value of
the zeta potential gives us information about the stability of the colloidal
solutions. Nanoparticles with a value of the zeta potential higher than £ 30 mV
are considered stable. The zeta-potential analysis from Fig. 2(b) reveals that
the particles are positively charged (+62.4 mV) due to the polymeric coating.
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Au-AgNPs were obtained by gradual reducing silver ions with ascorbic
acid into a solution of chitosan-coated AuNPs. Reduction of silver ions leads
to the formation of bimetallic gold-silver nanoparticles. Fig. 2(c) illustrates
a representative TEM picture of obtained Au-AgNPs which clearly reveals
the formation of individual particles mainly of spherical shape. The strong
positive surface charge of Au-AgNPs in Fig. 2(d) (+ 42.6 mV) indicates the
presence of polymeric coating around Au-AgNPs and the good stability of
colloidal suspension.

Fig. 3 (black line) shows the extinction spectrum of Au-AgNPs which
features two LSPR bands resulting from the hybridization of individual surface
plasmon resonance localized on gold nanosphere coated by silver layer and
surface plasmon resonance localized on silver nanolayer. To understand the
plasmonic response of Au-AgNPs a numerical simulation of hybridization was
carried out using FDTD software (Lumerical). For simulation we considered a
gold sphere of 16 nm diameter covered by a silver layer of 2.2 thickness
surrounded by water (n =1.333). The simulated spectrum in Fig. 3 (red line)
clearly exhibits two distinct bands indicating once more the bimetallic
structure of the fabricated nanoparticles.

—— Au-AgNPs experimental

10 —— Au-AgNPs theoretical

0,8 +

0,61

0,4 -

Extinction (a.u.)

0,21

0,0 T T T T T T M

300 400 500 600 700
Wavelength (nm)

Fig. 3. The experimental and theoretical extinction spectra of chitosan-coated Au-AgNPs
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Next, we investigate the SERS activity of Au-AgNPs using pATP as a
probe molecule. Fig. 4(a) illustrates the extinction spectra of Au-AgNPs before
(black spectrum) and after incubation with pATP (red spectrum). We noticed
that the shape of extinction spectrum was preserved and no sign of aggregation
is observed. This suggests that chitosan provide good stability to Au-AgNPs
keeping nanoparticles far from approaching and preventing their aggregation.
However, a 3 nm red shift of the plasmonic band at 500 nm was observed
in the presence of pATP molecules. This result indicates that chitosan preserves
the stability of nanoparticles, while allows the exchange with surrounding
medium, keeping the ability of Au-AgNPs to sense the modifications of
refractive index values. This is why we assume that pATP molecules can
diffuse through the internal nanoporosities of chitosan and immobilize on
the particles surface, leading to an increase of the refractive index of the
medium surrounding the particles.

(a) (b)
0,40 1500
—Au-Ag —— Au-AgNP - pATP
0,354 ——Au-Ag + pATP
- 030 ]
3 I3 1000
& (5] a}
g Q
2 0201 o
e £
£ 015 s
= @ 500
w4 g
=
0,05
0100 T T T O T T T T T T T
300 400 500 600 700 400 600 800 1000 1200 1400 1600 1800

Wavelenght (nm) 1

Wavenumber cm™)

Fig. 4. (a) The extinction spectra of Au-AgNPs before (black spectrum) and after
(red spectrum) the addition of pATP (b) SERS spectrum of pATP on colloidal
suspension by laser excitation wavelength 532 nm
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In Fig. 4(b) we recorded the SERS spectrum of pATP molecules in
solution at a final concentration of 10 x 10® M. The illustrated spectrum
clearly identifies the characteristic bands of pATP when is adsorbed onto
the surface of Au-AgNPs. In particular, the most intense bands at 1080 cm™,
1582 cm™, and 1184 cm™ are assigned to ai vibrational modes of p-ATP,
namely, C-S stretching vibration, C-C stretching mode, and C-H bending
mode [16]. Considering the final concentration of pATP in colloidal solution
relatively low and no sign of aggregation observed after the addition of
pATP, the signal detected from adsorbed molecules clearly demonstrates a
good SERS activity of as prepared Au-AgNPs.

CONCLUSIONS

In conclusion, stable chitosan-coated bimetallic Au-AgNPs dispersed
in agueous solution were prepared through a rapid, environmentally friendly
procedure. The presence of chitosan onto the surface of Au-AgNPs was
evidenced by zeta potential measurements. The bimetallic structure of the
fabricated nanoparticles was confirmed by comparing the experimental
and theoretical extinction spectrum of Au-AgNPs. The morphology of Au-
AgNPs was investigated by TEM analysis, which revealed the formation of
individual nanoparticles, mainly of spherical shape. The obtained Au-AgNPs
were found to be excellent SERS substrates.
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XRD CHECKING OF CRYSTALLINE FORMS RESULTED BY
SLOW EVAPORATION OF 5-FLUOROURACIL SOLUTIONS
OBTAINED WITH DIFFERENT SOLVENTS

C. MOISESCU-GOIA2, M. MURESAN-POP3,
V. SIMON?®3*

ABSTRACT. The present study aimed to obtain new crystalline forms of
5-fluorouracil (5-FU) chemotherapy drug after 5-FU solvation in different
solvents, considering the crystallization by slow evaporation. The expectation
was to obtain 5-FU polymorphs. 5-FU was tested in aqueous solutions of
14 solvents. After slow evaporation of solutions (11) or suspensions (3),
the obtained crystalline forms were examined by checking their X-ray
diffraction patterns. Only for acetonitrile solution resulted a polymorph of
5-FU.

Key words: 5-fluorouracil; solubility; X-ray diffraction; polymorphs.
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INTRODUCTION

Polymorphism has important consequences in the development of
drugs. The existence of multiple crystal forms with differences in the solid-
state properties can translate into significant effects on the bioavailability
of the active drug substance [1].

The 5-fluorouracil is an efficient agent largely used in the clinical
practice for treatment of solid tumors. It is an antimetabolite drug of pyrimidine
class with antiviral and anticancer activities [2] and is one of the most effective
chemotherapeutic agents administered in colorectal cancer treatment [3-5].
This chemotherapeutic agent has N—H donors and C=0 acceptors (Fig. 1) and
exhibits the diversity of hydrogen bonding motifs from a crystal engineering
viewpoint [6].

H
|
'N

Y()

O

Fig. 1. Chemical structure of 5-fluorouracil

Nevertheless, 5-fluorouracil is sparingly soluble in water and slightly
soluble in alcohol, and therefore the testing of its solubility in different
solvents, as well as the identification of 5-fluorouracil polymorphs could
be of biomedical interest. Such results are important also in the approach
to obtain co-crystals or salts with proper coformers for achieving new
pharmaceutical solid forms which may be may influenced by a particular
solvent system [7].

In this study we carried out a preliminar investigation on solubility
and polymorphism of 5-fluorouracil compound by initial solvent screening
for 14 solvents.

16
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EXPERIMENTAL

The test on the solubility and the identification of 5-fluorouracil
(noted 5-FU) polymorphs was accomplished by solving 5-FU in different
solvents, followed by crystallization at room temperature by slow solvent
evaporation, and X-ray diffraction analysis of the resulted crystalline phases.
The X-ray diffraction (XRD) patterns were recorded with a Shimadzu XRD-
6000 diffractometer with graphite monochromator. The measurements
were performed at room temperature, in 26 range between 3—-35°, with Cu
Ka1 radiation (A = 1.5406 A, operating conditions 40 kV and 30 mA).

An amount of about 20 mg 5-FU provided by Alfa Aesar was added
to 1000 pl of 14 solvents and the mixtures were heated at 40°C. The 1000 pl
of each solvent was progressively supplied in 5 steps of 200 ul each one.
Under these conditions the 5-FU dissolution was obtained only in water.
Consequently, to the other solvents were added amounts of 200-500 ul

water (Table 1).
Table 1. Solubility test data

Crt.nr. Solvent 5-FU | Added water | o, 0 yation
(mg) (i)

1 water 20.8 200 solution
2 ethanol 19.9 400 solution
3 dioxane 19.8 400 solution
4 acetonitrile 20.4 200 solution
5 2,2,2 trifluoroethanol 19.7 500 solution
6 n-heptane 19.6 400 suspension
7 ethylacetate 20.0 400 solution
8 toluen 19.5 400 suspension
9 3dimethyl-2butanone 20.7 400 suspension
10 dichloromethane 20.2 500 suspension
11 tetrahydrofuran 20.6 500 solution
12 etoxyethanol 19.8 500 solution
13 methanol 20.3 500 solution
14 2-butanone 20.1 500 solution

17
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RESULTS AND DISCUSSION

With respect to the solubility test, excepting the solvents based on
n-heptane, toluen, 3 dimethyl-2butanone and dichloromethane which led to
suspensions, in the case of all other solvents we could obtain 5-FU solutions
after water addition to about 20 mg 5-FU and 1000 ul solvent (Table 1).

The X-ray diffractograms recorded from the powdered samples
obtained after slow evaporation show that the only sample which clearly
delivers a different diffractogam from that of 5-FU is obtained for the
sample resulted from the 5-FU solution with acetonitrile (Fig. 2), while all
other samples deliver XRD patterns with the characteristic lines of 5-FU
(Figs. 3 and 4).

The main characteristic signals in the diffraction line of 5-fluorouracil
occur as a very intense peak at 20 = 28.7° and a much weaker one at 20 =
16.3°. Due to the very high intensity of the peak recorded at 20 = 28.7°,
this was truncated in all XRD patterns.

5-FU /acetonitrile

-FU
> I w
' 3I0 ' 3

5 10 15 20 25
20 (degree)

Intensity (a.u.)

5

Fig. 2. XRD patterns of 5-FU and crystalline form resulted after evaporation
of 5-FU solved in water solution with acetonitrile.
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Intensity (a.u.)

2,2,2 trifluoroethanol I
P AAWAA i
R
n-heptane 1 R I
ethylacetate
B A, i,
toluene
N
dioxane A " A “
A A

5 10 15 20 25 30
20 (degree)

35

Fig. 3. XRD patterns of crystalline forms resulted after evaporation of 5-FU solved
in water and in water solutions with dioxane, toluene, ethylacetate, n-heptane,

Intensity (a.u.)

ethanol and 2,2,2-trifluoroethanol.

L.2-butanone \ _ |
L.methanol . \ I

ethoxyethanol o . . l
l.3dimethyl-2butanone " - I

| tetrahydrofuran M l

Ldichloromethang

5-FU f

T T T T T T T T T T T
5 10 15 20 25 30
20 (degree)

35

Fig. 4. XRD patterns of crystalline forms resulted after evaporation of 5-FU solved
in water solutions with dicloromethane, tetrahydrofuran, 3-dimethyl-2butanone,

ethoxyethanol, methanol and 2-butanone.
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By checking the XRD patterns of the samples resulted by slow
evaporation of 5-FU aqueous solutions with different solvents, it is first
remarked a very pronounced enhancement of the diffraction line at 26 =
28.7° and the mentening of 5-FU signature (Figs. 3 and 4), excepting the
crystalline form resulted from the solution with acetonitrile (Fig. 2). At the
same time, one notices differences related to relative intensities of the
diffraction peaks and this result can be primary assigned to occurance of
5-FU hydrated forms, because in hydrated forms the lattice constants are
modified [8]. For the crystalline form obtained from acetonitrile aqueous
solution the XRD pattern indicated the formation of a 5-FU polymorph,
with crystaline structure different from that of 5-FU before solvation.

CONCLUSIONS

The solubility of 5-fluorouracil (5-FU) chemotherapeutic agent was
tested in 14 solvents: water, dioxane, toluene, ethylacetate, n-heptane,
ethanol, 2,2,2-trifluoroethanol, dicloromethane, acetonitrile, tetrahydrofuran,
3-dimethyl-2butanone, ethoxyethanol, methanol and 2-butanone. By heating
at 40°C, an amount of about 20 mg FU can be solved in 1.2 ml water or in
aqueous solutions obtained by addition of 0.2-0.5 ml water to 1 ml solvent,
excepting n-heptane, toluen, 3 dimethyl-2butanone and dichloromethane,
in which, under these solubility test conditions appeared suspensions.

The structure of the samples resulted by slow evaporation of 5-FU
solutions and suspensions was examined by checking their XRD patterns.
Only for the crystalline form obtained from acetonitrile aqueous solution
the XRD pattern indicates the formation of a 5-FU polymorph, while in all
other cases the crystalline forms may are structurally similar to 5-FU before
solvation and could be assigned to hydrated forms of 5-FU.

The 5-FU polymorph obtained by slow evaporation of acetonitrile
aqueous solution could pay attention for further investigations related to
new solid forms of 5-FU active drug substance.
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ABSTRACT. Biologically inspired polydopamine (Pd) has served as a universal
coating of nanoparticles for various applications in nanobiotechnology
research fields. In this study, we report the encapsulation of gold nanorods in
Pd through the self-polymerization of dopamine molecules under alkaline
conditions. The obtained core/shell nanoparticles were optically and
morphologically characterized using UV-vis absorption spectroscopy,
transmission electronic microscopy, dynamic light scattering and Zeta
Potential measurements.
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INTRODUCTION

In the last decade, nanoscience and biotechnology have shown great
potential in developing nanoinstruments for use in biological applications
such as biosensing, bioimaging and drug delivery. There has been a great
appeal in gold nanoparticles (GNPs) over the last years because of their
unique shape and size-dependent optical properties originating from their
surface plasmon resonances (SPR), arising from the collective oscillations of
free electrons at the nanoparticle surface upon interaction with light. The
increasing interest in rod-shaped GNPs, also known as gold nanorods (GNRs),
is due to the split of the SPR band into two modes: one longitudinal mode
(LSPR), parallel to the long axis of the rod, and one transversal mode,
perpendicular to the first. As a result of this split, GNRs can absorb light from
the visible to the near-IR region of the electromagnetic spectrum by altering
their aspect ratio. The biological tissues are transparent in the near-IR region,
enabling the use of GNRs in a wide variety of applications such as biological
imaging, drug delivery, therapy of cancerous cells, etc. [1].

A new challenge nowadays in bionanotechnology is the fabrication
of nanoscale plasmonic devices with high stability, low cytotoxicity and good
biocompatibility to be used in practical applications as in-vivo or in-vitro
assays. Because of its ease to use and fascinating properties, polydopamine
(Pd) has attracted considerable interest in this matter [2]. Dopamine, a
well-known neurotransmitter, can undergo self-polymerization onto many
solid surfaces at alkaline pH conditions forming robust adherent Pd films
[3,4]. The surface of Pd contains amino and cathecol groups, allowing for
further conjugation with bio-molecules [5]. More interestingly, Pd coating has
been reported to be very biocompatible and stable for in vitro and biomedical
applications [6]. Recently, Pd-coated NP have shown great attraction in
biological applications, like bioimaging, biosensing, and photothermal therapy,
due to their ease of formation, good stability and special molecular absorption
[7]. For example, Ju and co-workers designed a dual-mode nanocomplex
for magnetic resonance and Raman imaging based on Pd-capped hollow GNPs
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conjugated with bio-molecules [8]. On the other hand, Pd-coated GNRs were
demonstrated to be efficient in targeted photothermal therapy of breast
and oral cancer cells [9]. More recently, Wang et al. synthesized Pd-capped
GNRs loaded with methylene blue and doxorubicin, for multifunctional
drug delivery and multimodal light-mediated therapy [10].

In this paper, we successfully enveloped GNRs in a Pd shell by using
dopamine as precursor and adjusting the pH of GNRs’s solution to an
appropriate alkaline value to ensure polymerization. The coating of GNRs in Pd
was experimentally confirmed by UV-vis absorption spectroscopy, transmission
electron microscopy (TEM), dynamic light scattering (DLS) and Zeta Potential
measurements.

EXPERIMENTAL DETAILS

Chemicals

Tetrachloroauric acid (HAuCls-4H,0, 99.99%), cetyltrimethyl-
ammonium bromide (CTAB), ascorbic acid and dopamine hydrochloride
((HO),CeH3CH,CH2NH,-HCI, 98%) were purchased from Sigma-Aldrich. Sodium
borohydride (NaBHa, 99%), silver nitrate (AgNOs) and sodium nitrate (NaOH)
were obtained from Merck. All chemicals were used without further
purification. Ultrapure water (resistivity ~ 18.2 MQ) was used as the solvent
throughout the experiments.

Synthesis of CTAB - stabilized GNRs

A seed-mediated approach was used in this study for the synthesis
of GNRs with different aspect ratios. First, gold seeds were prepared by
mixing 1.25 ml of 0.2 M CTAB with 1.25 ml of 5mM HAuCls. Next, 0.9ml of
freshly prepared ice cold 1 mM NaBH4 solution was added all at once,
resulting in a brownish-yellow seed solution [11].
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In order to obtain the growth solution, a total of 10ml of 0.2 M CTAB
was first gently mixed with 10ml of 1mM HAuCls and various amounts of
4mM AgNOQOs, adjusted in order to tune the aspect ratio of GNRs. Ascorbic
acid was then added to the solution as a mild reductant agent (78.8 mM,
0.15 ml) changing the color of the growth solution from dark yellow to
colorless, followed by the addition of 0.024 ml of the seed solution. The
color of the solution changed in the first 20-30 min until final stabilization.

The obtained probes were centrifuged at 14000 rpm for 10 min to
remove the excess CTAB surfactant and the obtained GNRs were resuspended
in ultrapure water for further use [12].

Preparation of Pd-coated GNRs

The pH of 1 ml CTAB-stabilized GNRs was altered from 5 to 8.5
through the addition of 100 mM NaOH solution. Next, we added into the
solution 0.516 mM dopamine hydrochloride buffered to pH 8 using NaOH.
The sample was allowed to react for 30 min and the GNRs suspension was
sonicated for 15 min.

Experimental measurements

The extinction spectra were recorded on a Jasco V-670 UV-Vis-NIR
spectrophotometer with 1 nm spectral resolution. The morphology of the
obtained GNRs was examined using a FEI Tecnai F20 field emission, high
resolution TEM (TEM/HRTEM) operating at an accelerating voltage of 200 kV
and equipped with Eagle 4k CCD camera. Dynamic light scattering (DLS) and
Zeta Potential measurements were performed using a Zetasizer Nano ZS 90
from Malvern Instruments.
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RESULTS AND DISCUSSION

Fig. 1 displays the normalized extinction spectra of CTAB — stabilized
GNRs with varying aspect ratio obtained in aqueous solution by varying the
concentration of silver ions in the growing solution. As shown in the plot,
all recorded spectra exhibit two localized surface plasmonic resonances (LSPR)
corresponding to the light-induced electron oscillations perpendicular and
parallel to the nanorod length direction.

1,0 —— GNRs638
—— GNRs654
—— GNRs720
0.8 —— GNRs745

0,6

04

Normalized extinction

0,24

0,0

T T T T T T T T
600 700 800 900 1000 1100

Wavelength (nm)

T T T
400 500

Fig. 1. Normalized extinction spectra of CTAB-stabilized GNRs
with different aspect ratio.

The transversal band is located at around 520 nm for all the probes
whereas the longitudinal band is tuned from 638 nm to 745 nm, confirming
the successful synthesis of GNRs of increasing aspect ratio.

In view of future applicability in biomedical applications, we have
selected for encapsulation in Pd the GNRs displaying longitudinal LSPR
band in the biological window, at 745 nm (GNRs745). Fig. 2(a) shows the
normalized extinction spectra of GNRs745 before and after coating with Pd

27



L.C. SUSU, A.M. CRACIUN, S. ASTILEAN

(Pd-GNRs745) together with the spectrum of Pd-coated GNRs recorded
after long-time storage (i.e. 3 months). As shown, the longitudinal LSPR
band undergoes a red shift from 745 nm to 757 nm after the formation of
Pd at the surface of GNRs while the position of the transversal band remains
almost unchanged. This red shift can be assigned to the increase of refractive
index around de GNRs after Pd deposition. After long-time storage, the
longitudinal LSPR band displays a slight blue shift, however the spectral
shape of the spectrum remains unaltered indicating that the synthesized
Pd-coated GNRs745 have good stability in time.

@) b)

1,0 {——GNRs745
——Pd-GNRs745
—— Pd-GNRs745 3 months

0,8

Normalized extinction

‘ ‘ T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 2. (a) Normalized extinction spectra of GNRs745 before and after Pd coating
and its evolution in time; (b) TEM images illustrating CTAB-stabilized GNRs745
(left) and Pd-coated GNRs745 (right). All scale bars have the same length (20 nm).

Further, we performed TEM measurements in order to evaluate the
morphology of our samples. Fig. 2(b) (left), displaying a typical TEM image
of CTAB-stabilized GNRs745, confirms the formation of GNRs monodisperse
in size and shape with average length x width of 40 x 12 nm and an aspect
ratio of 3.3. Moreover, TEM images presented in Figure 2(b) (right), confirm the
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deposition of a 2-3 nm thick Pd shell (marked with red arrows) at the surface of
GNRs. Future work is in progress in order to optimize the encapsulation
procedure and obtain a more uniform Pd shell around the GNRs.

Subsequently, DLS and Zeta Potential measurements were performed
in conjunction with absorption spectroscopy and TEM in order to validate
the presence of Pd coating. Fig. 3(a) reveals an increase of the hydrodynamic
diameter, after Pd coating, indicating the presence of an extra layer at the
surface of the nanorods, thus confirming the results obtained from TEM.
Zeta Potential measurements (Fig. 3(b)) were performed to analyze the
change in surface charge at the surface of GNRs. As displayed, the charge
value dropped from +48.7 mV to +31 mV after Pd deposition, which can be
attributed to the catechol and -OH groups from the surface of the Pd shell
[13]. Moreover, the slightly small change observed after 3 months of storage
in the hydrodynamic diameter and Zeta Potential indicate once more the
good stability of Pd — GNRs745 in time.
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Fig. 3. Hydrodynamic diameter (a) and Zeta Potential (b) of GNRs745 before and
after Pd deposition and their evolution in time.
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CONCLUSIONS

In conclusion, we have successfully synthesized stable core/shell
nanoparticles by coating GNRs with Pd shell. The first evidence of successful
coating with Pd is the 12 nm red shift of the longitudinal LSPR peak occurring
as a consequence of dielectric constant modification after polymerization
of dopamine. The nanocomposites were morphologically characterized using
TEM, which further reaveled the presence of a 2-3 nm Pd layer around GNRs.
Finally, DLS and Zeta Potential measurements confirmed the presence of
the Pd layer at the surface of the nanorods and their good stability in time,
even 3 months after the coating procedure. Further improvement of the
encapsulation process and adjustment of Pd shell thickness can lead to
valuable platforms for various biomedical applications.
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SIMPLE METHOD FOR DIGITAL DATA
RECORDING OF DAMPED OSCILLATIONS
OF MECHANICAL PENDULUM

M. TODICAY and C. V. POP?

ABSTRACT. A simple method for digital data acquisition of low frequency
damped oscillations of mechanical pendulum is proposed. The method use
very simple equipment available in every didactic laboratory. It is intended
for didactic purpose, but the method can be used for scientific investigations
also.

Keywords: digital data recording, low frequency oscillations, mechanical
pendulum

INTRODUCTION

The digital acquisition of data is today a very common stage of every
scientific experiment, being performed with equipments implemented in
every modern system for experimental investigation. This situation facilitates
a rapid and reliable acquisition of data without special skills requested to the

1 Babes-Bolyai University, Faculty of Physics, M. Kogalniceanu No 1, 400084 Cluj-Napoca,
Romania
* Corresponding author: mihai.todica@phys.ubbcluj.ro



M. TODICA, C. V. POP

user, [1-4]. However the simplicity of the use is paid some time by the
incomplete understanding of the physics and mathematics implemented into
the sophisticate procedure of data acquisition. This knowledge lacking leads
to the impossibility to adjust or to improve the parameters of the acquisition.
Creating an opportunity to operate inside the protocol of data recording
represents the aim of this work. We propose a simple method for digital data
acquisition of the damped oscillations of the mechanical pendulum using only an
ordinary computer mouse, a common computer and the software Processing,
available free on the internet. The method is intended for application in the
didactic experiments, being accessible to a large category of population. Despite
the simplicity the collected data are very accurate and can be used also for
scientific investigations.

EXPERIMENTAL

The main piece of the experimental set-up is a home-made mechanical
pendulum attached to a common CD which rotates in front of an optical
mouse (Fig. 1). The pendulum is made from a thin and light rod of aluminium
or steel of length /=33 cm and neglecting mass and a small heavy body of
mass m=0.73 g. The length and the mass of pendulum can be set according
to the necessities of the experimentations. The other end of the rod is
attached to the CD, which can rotate around a fixed axle passing through its
mass center. It is suitable to use a bearing in order to reduce at minimum the
friction and to ensure a stable plan of rotation. We used for this purpose an
old computer hard disc drive, (HDD). Only the mechanical bearing is used,
the other parts, like the lecture head and the positioning system of the head,
are eliminated. This system ensures a very precise plan of oscillations and
very small friction. In front of the CD, on the vertical plane of the pendulum,
we placed an optical mouse, at 0.5-1 mm distance from the CD, avoiding any
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friction with the CD. The distance between the axle of the CD and the optical
sensor of the mouse is b=5 cm. When the pendulum oscillates, the CD move
in front of the mouse that is equivalent with a motion of the mouse along a
segment of circle. The position of the mouse is transformed by its processor
on X and Y coordinates transmitted to the computer. We process these
coordinates in order to display and calculate the parameters of the oscillation.

Fig. 1. Schematic representation of the experimental setup.

RESULTS AND DISCUSSION

Digital data acquisition from a moving object supposes the use of
adequate motion sensor. Usually mechanical or optical encoders dedicated to
each application are used. The accuracy of measurements depends on the
resolution of the sensor. The accuracy is defined by the rate of digital sampling
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per unit of length. More the resolution is high more the sensors are complex
and expensive. A simple solution is the use of an optical mouse. Usually such
device has a resolution of hundreds of dpi/mm, enough to ensure tens of
readings for displacements of the order of few millimeters. Such characteristics
are adequate to our situation. Small oscillations of the pendulum, of angles
less than 4 degrees, determine a displacement of the CD in front of the optical
sensor of the mouse AX =b-sing =b-¢ of the order of few millimeters.
This displacement is equivalent with a displacement of the optical mouse of
the order of tens of digital points along the OX axis. In the ordinary computer
the data read by the mouse are transferred directly to the processor, being
not accessible for external use. However we can read and display on the PC
the coordinates of the mouse using Processing software. To do this we must
download the this software from official site and install it on the computer, [5].
Then we upload the following code:

//The code

import processing.serial.*;
int start;

int count;

int prevX=200;

int X=100;

void setup() {

size(600, 400);
background(255);
smooth();

}

void draw() {
int X =mouseX;
if(X>prevX) {
start = millis();
count++;
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stroke(0);
ellipse(X,count,5,5);
prevX=X;
}
if(X<prevX) {
start = millis();
count++;
stroke(0);
ellipse(X,count,5,5);
printIn(X,",",count,";");
prevX=X;
}
}

//End of the code.

The code starts automatically if the pendulum is moving. It is enough
to displace the oscillating body from its equilibrium position and leave it to
oscillate freely. Processing read the coordinate X of the mouse and starts
automatically the time counter. The instruction for reading the X coordinate is:

int X =mouseX;

The current position of the mouse is compared with the previous value.

if(X>prevX) {
start = millis();
count++;

If the new value is greater than the previous, the counter is started.
The variable count measures the time of data sampling. In our code the
sampling is performed to each millisecond. The counter is started also if the
current coordinate is smaller than the previous.

if(X<prevX) {
start = millis();
count++;
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If one of these conditions are fulfilled, the computer receive the
instruction to draw a small circle with radius 5 points, centered at (count, X).

stroke(0);
ellipse(X,count,5,5);

The amplitude of oscillations, designed by the variable X, and the
time, designed by the variable count, are graphically represented in the
working windows of Processing. In the same time the data are written in
two columns of the Processing working windows, (Fig. 2).
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Fig. 2. Print screen of damped oscillations recorded with Processing. The data are
automatically printed on the window workspace of Processing.
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When the pendulum stops to oscillate, the acquisition of data is
stopped. We can copy the data and analyze them with specific software like
Origin or Kaleidagraph. Some theoretical considerations are necessarily in
order to process the experimental data.

It is well known that the oscillations of the simple pendulum are
determined by the tangential component of the gravity force acting on the
body mass of the pendulum Gt =—m- g -sing. For small angles of deviation

sing = ¢, and the displacements of the oscillating body from its equilibrium
position is described by the equation x=/-sing =/-¢. Appling these

. . . m - X
approximations we can wntth ;—m~g-¢=—i. | represents the

length of the pendulum and ¢ the angle of deviation from the equilibrium
position. In these conditions the force governing the oscillations is an elastic
force of the form Ig: —k-Jc), where the elastic constant k is given by the

relation k = Tg We can apply all the equation of the elastic oscillator to

describe the motion of the pendulum. If the oscillation of the pendulum is
subject of friction with the coefficient 1z , then the motion of the system is
described by the equation:

m— = kv —p = (1)
The solution of this equation is a damped oscillation:

x = A-exp(—at)-sin(wt) (2)

A represents the amplitude, « the attenuation coefficient and w the
pulsation of the damped oscillation. The relation existing between the
parameters «, @, m and k are described by the equations:

2
_ M wz:k U g Hu 3)
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The period of the damped oscilation T=2—7r is greater than the

w
period of the ideal oscilations
Ty =2—7r, where wg =£:§, [6].
oy m

We are interested to measure and calculate the parameters of the real
oscilations and compare them with those of the ideal pendulum. Experimentally
we can measure the period and the amplitude of the damped oscillations, but
we cannot directly measure the attenuation or the friction coefficients. These
parameters can be obtained only by calculation. The amplitude of oscillations is
affected by the attenuation coefficient « following an exponential law, [7].
Measuring the amplitudes A(T;) of damped oscillations at different instants
Ti, we can calculate the attenuation coefficient « from the representation:

A(T;)= 4, exp(-a T;) (4)

We can also calculate this coefficient from the logarithmic decrement

A
of the oscillations, A = 2 To do this we must measure the amplitudes A;
AI
and A; of two successive oscillations separated by a time interval equal
with a period. A represents the rate of loss of mechanical energy W during
a period, [8]. Taking into account the attenuation of the amplitude, we can
find a direct relation between « and A.

EZexp(—ZaT)ZAZ 05=—M

W, T ®)

Knowing &, m, and T we can calculate the friction coefficient z.

The experimental oscillations are presented in figure 3. From these
data we measured the period T of the damped oscillations and we read the
amplitudes A(T;) of the oscillations. We found the value T = 1.23 s. This value
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is smaller that the period of ideal oscillations Tg=1.15 s calculated with the

[
relation TO = 27r\/:. Using the equation (4) we calculated the attenuation
g

coefficient a. We found the value a = 0.27 s. The value of o was also
calculated from the logarithmic decrement of the oscillations using equation
(5). We took two successively values of amplitudes A; = 123 a.u and A; = 94
a.u. We obtained the value o = 0.268 s. The values determined by both
methods are in good agreement. Using this value of a, the measured values
of T and m, we calculated the friction coefficient x with the equation
1 =2m-a. We found the value = 0.039. We calculated also the elastic
constant k with the equation (3). We found the value k = 2.167 N/m. To
verify our result, we used the values o,;, m and T to fit the experimental
data with the equation (2). The result of the fit is shown in figure 3. We can
see a good agreement between the experimental data and the simulation.
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Fig. 3. Representation of real data, simulation of data with the calculated
parameters and the theoretical attenuation
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CONCLUSION

A simple method for digital data recording of oscillations of mechanical

pendulum was presented. The method allows quantitative calculation of the
parameters of the oscillations. The method is based on the use of very simple
equipment, which can be "home made”, and free software available on the
internet. The method can be used for scientific experiments but also for didactic
purpose, allowing the user to better understanding the principles of digital
data acquisition.
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ABSTRACT. The present study analyses the trans and cis conformations
of resveratrol, aiming to get clear experimental and computational
evidences that can be used to differentiate between the two isomers.
Three conformers for each isomer have been considered and their
characteristic geometrical parameters, relative free energies, Boltzmann
populations and electronic transitions have been calculated at B3LYP/6-
31+G(2d,2p) level of theory in gas phase, as well as in water, ethanol and
DMSO. The experimental UV-Vis spectra of the two isomers have been
explained by using the time dependent density functional theory (TD-DFT)
formalism.

Keywords: trans-resveratrol; cis-resveratrol; conformational analysis;
UVv-VviIS

! Babes-Bolyai University, Faculty of Physics, 1 Kogdlniceanu, RO-400084 Cluj-Napoca,
Romania
* Corresponding author: vasile.chis@phys.ubbcluj.ro



REKA-ANITA DOMOKOS, V. CHIS

INTRODUCTION

Resveratrol (3, 5, 4'- trihydroxystilbene - RESV) has been proven to be
a strong antioxidant and anti-inflammatory compound, showing also beneficial
effects for treating diseases like heart failure, breast and prostate cancers,
stroke, brain damage, etc. [1-4]. RESV is found in red grapes and wine [5]
and it is widely believed to be responsible for the “French Paradox” which
describe the low incidence of heart disease and obesity among the French
in contrast to their relatively high-fat diet [6]. The structure of RESV consists of
two phenols linked by a double bond which facilitates two isomeric forms,
called trans- (E) - and cis- (Z) resveratrol (Fig. 1). The biological activity of
RESV seems to be primarily due to its trans-isomer, while the cis isomer is
obtained by UV-irradiation of the trans-RESV [7].

In spite of its structural simplicity and of a wealth of spectroscopically
data reported in the literature about RESV, its structural isomers, particularly
the cis form, have not been yet fully characterized.

The solid state structure of trans-resveratrol was studied by X-Ray
technique [8] being shown that these molecules in solid phase are
interconnected by an extensive hydrogen bond network. On the other hand,
to the best of our knowledge, no information related to structural parameters
of the cis isomer has been reported so far.

The spectroscopic response of various isomers of a compound can
be significantly different. This is particularly important for UV-VIS spectra,
but also for other spectroscopic techniques. That's why we analyzed in this
study the two isomeric forms of resveratrol, aiming to get clear experimental
and computational evidences that can be used to differentiate between the
two conformers. In order to obtain new information about the structure and
the electronic properties of both isomers, this study has been conducted using
the UV-VIS spectroscopy coupled to methods of computational spectroscopy
based on DFT and TD-DFT formalisms. Molecular structures of the isomers
and their energetic stability was investigated in gas phase, as well as in
liquid phase (ethanol, water and DMSO).
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EXPERIMENTAL AND COMPUTATIONAL DETAILS

The two isomeric forms (trans (E-) and cis (Z-)) of RESV compound
were purchased from Cayman Chemical and used as received. Trans-resveratrol
was supplied in powder form with a purity > 98 % and cis-resveratrol as a
solution in ethanol with a purity > 98 %.

Optical absorbance spectra of the two isomers were recorded at room
temperature using a Jasco V-630 UV-Vis double beam spectrophotometer
with a slit width of 2 nm. The spectra of both isomers have been recorded
in ethanol at different concentration.

Geometry optimizations and single point calculations were performed
with the Gaussian 09, revision E.01 software package [9] by using DFT
approaches. The hybrid B3LYP exchange-correlation functional [10-12] was
used in conjunction with Pople’s split valence 6-31+G(2d,2p) basis set [13-14].
Absorption spectra for both isomer of RESV were calculated using the time-
dependent DFT (TD-DFT) methodology [15], implemented in the Gaussian09
package. The simulated UV-vis spectrum of RESV in the 180-500 nm range
has been obtained by summation of the contributions from transitions to
the first 30 singlet excited electronic states. The UV spectral line-shapes
were convoluted with Gaussian functions with the full width at half maximum
of 0.33 eV. The nature of the excited states has been analyzed using the
Natural Transition Orbitals (NTO) formalism [16].

Solvent effects on the vertical excitation energies were also considered
by using the implicit Polarizable Continuum Model (PCM) of solvation [17].

RESULTS AND DISCUSSIONS
Our first interest was to investigate the stability of the possible

conformers of RESV in both isomeric forms. The starting geometries of
trans-RESV used for geometry optimizations were derived from the X-ray
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diffraction data reported by Caruso et al. [8]. For cis-RESV the starting
geometries were obtained by a dihedral distortion of the trans isomer
around the C7-C8 olefin bond (see atom numbering scheme in Fig. 1).

Depending on the mutual orientation of the OH bonds in RESV,
three different conformers have been analyzed for each isomer and they
are shown in Fig. 1. A good agreement is observed between the solid state
structure of trans-RESV and that of its c2 conformer in gas-phase. Thus, the
shortest calculated bond for the c2-trans-RESV (1.348 A) is the olefin C7=C8
bond, as it was also observed in solid state, where the corresponding bond
length is 1.333 A [8]. It remains the shortest bond for all conformers of
the two isomers, with values in the 1.349-1.350 A interval. The calculated
aromatic CC bond lengths are between 1.387 — 1.409 A (1.37 — 1.40 A -
experimental) and the calculated longest bonds correspond to the olefin-
phenyl bonds, 1.466 A for the C1-C7 bond and 1.463 A for the C8-C9 bond
(experimental values are 1.468 A and 1.460 A, respectively [8]). All the C-O
bonds are predicted longer by calculations and this fact can be explained
by the extended network of hydrogen bonds in which the OH groups are
involved in solid state.

The calculations reproduce also very well the non-planarity of this
isomer. Thus, the calculated dihedrals that give the non-coplanarity of the
olefin moiety with the two phenyl rings are 5.97° and 4.97° for di-m-OH and p-
OH rings, respectively. The calculated dihedral angle between the planes
defined by the two rings is 11.06 A, slightly larger than the experimental value
(5.30 A [8]). Solid state structure of trans-RESV shows that the two
hydroxyl groups in the di-m-OH phenyl are almost coplanar with the ring,
while in case of p-OH phenyl ring the OH bond is out of plane by 51.09° [8].
However, since the intermolecular hydrogen bond interactions were not
considered in this study, for the isolated trans-RESV molecule, the three OH
bonds are predicted coplanar with the phenyl rings, for all the conformers
of trans-RESV, both in gas-phase and in solution.
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Fig. 1. PCM-B3LYP/6-31+G(2d,2p) optimized geometries of trans- (left) and
cis- (right) resveratrol in ethanol

The calculated geometrical parameters for all the three conformers
of the trans- and cis-RESV in ethanol are shown in Fig. 1. Computational
data show that for the conformers of both isomers, the bond lengths as
well as the valence and dihedral angles suffer minor changes between the
gas and solution phases.

Comparing the geometrical parameters of the two isomers, as
expected, the most pronounced differences were observed for the C1-C7
and C9-C10 bonds which become slightly longer for the cis isomer. It is
worth noting that the C7=C8 double bond remains practically unchanged
between the isomers and does not change also as a result of transition
between the gas and liquid states.
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Moreover, the most important changes of the valence angles (however,
less than 5°) are predicted by calculations for the C2-C3-015 and C1-C7-C5
angles. The first one decreases by 5°, while the latter increases by about 4°
when going from the trans- to the cis isomer.

Obviously, the largest changes between the isomers are observed for
the dihedral angles defining the orientation of the two phenyl rings relative
to olefin moiety. Thus, the C1-C7-C8-C9 dihedral angle changes from 180° for
the trans isomer to 7° in case of cis conformation. In ethanol, the deviation
from the Ph-olefin coplanarity, characteristic for the trans isomer, is predicted
to be of 37.8° for the di-m-OH phenyl and 27.1° for the p-OH phenyl, in case
of the cis isomer. Similar distortions were predicted in gas phase.

2D and 1D potential energy surfaces (PESs) of Resveratrol

The relaxed 2D PES of resveratrol in gas-phase (Fig. 2) has been
calculated at B3LYP/STO-3G level of theory, by varying the C6-C1-C7-C8 and
C7-C8-C9-C10 dihedrals (marked with a star in the left upper corner of
Fig.2) in steps of 10°, within the 0 + 180° interval.

Two stationary points have been identified on the 2D PES; the
global minimum (GMyp) is four-fold degenerate due to the symmetry of the
molecule and it corresponds to the trans isomer. The same is true for the
saddle point (SP2p) which adopts a structure with the two phenyl rings
making a dihedral angle of 80.1°. The global maximum (MAXzp) has a stair-
like structure, with the planes of the phenyl rings being parallel and the
plane containing the olefin bond perpendicular to the phenyl rings.

The energetic difference between the GMyp and SP4p is 5.65 kcal/mol,
and the MAXzp structure is 6.28 kcal/mol above the SP2p.

However, none of the points of the 2D PES corresponds to the cis
isomeric form. Such a structure can only be obtained by performing a
rotational scan around the C=C bond. The relaxed 1D PES in ethanol has
been obtained by varying the H23-C7-C8-H24 dihedral with a step of 10°,
within the -180° + 180° interval (see Fig. 3).
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B3LYP/STO-3G relaxed PES of resveratrol
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Fig. 2. Relaxed 2D PES of trans-RESV (c2 conformer) calculated at
B3LYP/STO-3G level of theory, in gas-phase
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Fig. 3. Relaxed 1D PES of trans-RESV (c3 conformer) calculated at
PCM-B3LYP/STO-3G level of theory, in ethanol
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The step was reduced to 1° for the -30° + 0° interval, where the
transition from trans to cis occurs. We used the ¢3 conformer of the RESV
because it is the lowest energy conformer in liquid phase for both isomers
(see Table 1). Again, two stationary points have been obtained on the 1D
PES, the global minimum (GMip) corresponding to the trans-RESV and
another, local minimum (LM1p), for the value of -5° of the H23-C7-C8-H24
scanning dihedral angle, which corresponds to the cis isomer. The maximum
energy structure on the 1D PES in ethanol (MAXip) is 106.67 kcal/mol
higher in energy than the trans isomer and 99.77 kcal/mol than the cis-RESV.
The angles between the phenyl rings of the cis isomer and MAXip structures
are 48.64° and 84.07°, respectively. Even though the cis and trans isomers
are separated only by 6.9 kcal/mol, the energetic barrier between the two
isomers is 106.67 kcal/mol which corresponds to a wavelength of 268 nm.
This value is in excellent agreement with the results of Figueiras et al. [7] who
used a wavelength of 260 nm for inducing the trans-cis photo-isomerization of
resveratrol.

As shown in Table 1, our calculations predict a small change of the
relative energies of the conformers when going from gas phase to liquid
phase. The three studied conformer of both isomers are very close in
energy in gas phase, as well as in liquid phase (ethanol, water and DMSO).
The conformer c2 of both isomeric forms are the most stable in gas phase,
but, contrary to the trans isomer, in case of the cis isomer, the c3 conformer is
very close in energy to c2. On the other hand, in solutions, the c3 conformers
are most stable, but c2 conformers also have comparable Boltzmann
populations, particularly for the trans isomer.

The calculated UV-Vis spectra for the three conformers of trans (or
cis) isomer (not shown) are very similar. Thus, for instance, in case of trans-
RESV in ethanol, the calculated Amax varies between 342.89 nm for c1 and
343.97 nm for c3, that is, in the limit of experimental errors. For the cis
conformers, Amax Was calculated between 327.55 nm for c2 and 328.25 nm
for c3.
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Table 1. Relative Gibbs energies (AG, kcal mol™) and Boltzmann populations (%)
of the three conformers of trans- and cis-RESV optimized in gas phase, ethanol,
water and DMSO solutions, at room temperature

gas-phase ethanol water DMSO
AG Population AG Population AG Population AG Population

trans-RESV

cl 0.648 17.95% 0.239 25.42% 0.285 24.27% 0.270 24.61%
c2 0.000 53.59% 0.024 36.52% 0.043 36.48% 0.036 36.54%
c3 0.375 28.46% 0.000 38.06% 0.000 39.25% 0.000 38.85%
cis-RESV

cl 0.894 10.26% 0.380 21.94% 0.352 22.88% 0.362 22.56%
c2 0.000 46.38% 0.080 36.40% 0.089 35.67% 0.087 35.88%
c3 0.040 43.36% 0.000 41.66% 0.000 41.45% 0.000 41.57%

For this reason we calculated the electronic absorption of both isomeric
forms of resveratrol molecules considering the most stable conformation and
those with the highest relative populations in ethanol.

The UV-Vis spectra of trans-resveratrol in ethanol (Fig. 4) were
recorded at four concentrations, ranging from 7-10°> M to 10 M. As can be
seen in Figure 4, the UV-Vis spectrum of trans-resveratrol consists of four
peaks (218, 234, 307 and 321 nm) and their position does not change by
varying the concentration.

The calculated transition energy values and the transition types of
trans-resveratrol are summarized in Table 2. The first excited state of the
trans-resveratrol isomer results from the HOMO - LUMO transition (99%).
The calculated value for the electron transition with the smallest energy
corresponds to Amax=344 nm, which is higher than the experimentally
determined value by cca. 30 nm. Such differences are frequently reported
in the literature [18] and they are due to the approximations used in these
calculations. On the other hand, the peak at 218 nm is in excellent agreement
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with the experimental value and corresponds to a HOMO-4 - LUMO
transition. The other experimentally determined peaks are displaced from
those theoretically predicted by less than 15 nm. Thus, the experimental
bands at 321, 307 and 234 nm correspond to the calculated value of 314 nm,
287 and 232 nm, respectively. The theoretical absorption spectrum of the
trans-resveratrol molecule (Figure 4, dashed line) reproduces satisfactory
all the features of the experimental spectra, both the bands positions and
their relative intensities.

5.0
45 ] trans-resveratrol in ethanol
o 7*10°M
] 510°M
-5
= 351 2%10°M
= - —10°M
S 3.0
e -
&8 2.5+
M~
Q ] o' N
Q Sy @
2 2.0+
g 4
= 1.5
[2]
< 1.0
0.5
0'ol""""I""""I""I""'__
200 250 300 350 400 450 500

Wavelength (nm)

Fig. 4. Experimental UV-VIS spectrum of the trans-resveratrol in ethanol at
different concentration and the simulated UV-VIS spectrum of its c3 conformer
in ethanol at PCM-TD-B3LYP/6-31+G(2d,2p) level of theory
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Table 2. PCM-B3LYP/6-31+G(2d,2p) calculated electronic transitions for

the c3 conformer of trans-resveratrol in ethanol

Excited
state

A (nm)

Transitions

Contributions
* (%)

NTOs**
Coefficient/Shape

343.97

1.0709

H->L

98.99

0.999

312.36

0.0391

H-1->L

92.90

286.60

0.0782

H->L+1

82.62

248.27

0.1278

H->L+3

71.01
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Excited N ‘ . Contributions NTOs**
state (nm) Transitions * (%) Coefficient/Shape
0.480

Ao
%

0.784

0 . bd
e od
» e
19 210.66 | 0.3182 H-1->L+3 75.90

A .
> 2@
A
*Only the largest contribution is included

**HOTO - left and LUTO — right (isovalue 0.02 a.u.); The NTO coefficients represent
the extent to which the excitation can be written as a single configuration [19].

16 217.40 | 0.1342 H-4->L 42.45

&&‘

. S
RS

9
]

As shown in the last column of Table 2, the first excited state appears as
a result of a m->mt* transition, while the transitions to the excited states 2, 3
and 6 correspond to intra-molecular charge transfers, in each case, the
HOTOs and LUTOs being localized on different parts of the molecule. The
last two calculated transitions are mainly due to a redistribution of electronic
charge within the molecule.

Analogously was studied the cis-resveratrol isomer, its absorption
spectrum being shown in Figure 5. Four absorption bands can be identified in
the experimental spectrum at 204-208 nm, 211 nm, 232 nm and 285-286 nm.
Compared to the trans isomer, the experimental Amax for cis-RESV is blue-
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shifted by 30 nm and less intense than the bands observed in the 204-232 nm.
The two isomers show distinct UV-Vis spectra, differing both in the positions of
the bands, but also in their relative intensities.

2.5
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Fig. 5. Experimental UV-VIS spectrum of the cis-resveratrol in ethanol at different
concentration and the simulated UV-Vis spectrum of its c3 conformer in ethanol
at PCM-TD-B3LYP/6-31+G(2d,2p) level of theory

The assignments of the electronic transitions of cis-RESV are given
in Table 3. The lowest excited state for cis-RESV appears as a result of
HOMO - LUMO transition (97.08% contribution), similar to the case of trans
isomer. Again, a discrepancy of 37 nm was noted between the experimental
and calculated Amax band.
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Table 3. PCM-B3LYP/6-31+G(2d,2p) calculated electronic transitions for the c3
conformer of cis-resveratrol in ethanol

Excited 2 (nm) f Transitions Contributions* NTOs**
state (%) Coefficient/Shape
0.996
1 328.25 | 0.4145 H->L 97.08
2 302.25 | 0.0914 H-1->L 89.48
3 279.34 | 0.1054 H->L+1 80.12
6 245.20 | 0.1196 H->L+4 28.28
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Excited A (nm) f Transitions Contributions* NTOs**
state (%) Coefficient/Shape
0.489
2 2
el
19 |210.96 | 0.1230 | H-1->L+4 39.28 e’

>

0.719
25 201.17 | 0.1910 | H-2->L+3 47.16 ﬁ
s\: ' ra -‘.;' .
TR v"o‘

*Only the largest contribution is included
**HOTO - left and LUTO — right (isovalue 0.02 a.u.). The NTO coefficients represent
the extent to which the excitation can be written as a single configuration [19].

The first absorption band experimentally determined at 204-208
nm was not reproduced by calculations. On the other hand, a very good
agreement was obtained between the experimental and theoretical
excitation energies (especially at 216 nm and 234 nm), the differences
being within the limit of the experimental errors. The 216 nm and 234 nm
experimental absorption bands are in excellent agreement with those
determined theoretically (211 nm and 245 nm, respectively). The first
corresponds to the HOMO-1-> LUMO+4 transition and the second results
from the HOMO-> LUMO+4 transition.
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Like in the case of trans isomer, the lowest excited state of cis-RESV
is due to the HOMO-LUMO transition of m-nt* type. However, as seen in
Tables 2 and 3, while the LUTO of the trans-RESV is bonding with respect to
the C=C double bond, it becomes anti-bonding for the cis isomer. This
character leads to an increase of its energy for cis and, consequently to a
higher energy HOMO-LUMO gap and lower Amax.

The next three transitions with appreciable oscillator strength are
due to an intra-molecular charge transfer in the molecule. Also, the last
two calculated transitions are again due to a redistribution of electronic
charge within the molecule.

CONCLUSIONS

Here we analyzed the stability of the two isomers of resveratrol, as
well as the relative energies of their possible conformers, determined by
the relative orientation of the OH groups, in gas-phase as well as in ethanol,
water and DMSO solutions at the B3LYP/6-31+G(2d,2p) level of theory.

Three conformers have been identified for each isomer, withina 0 +
0.65 kcal/mol and 0 + 0.29 kcal/mol energy window, in gas-phase and
liquid phase, respectively for the trans isomer, while for the cis partner the
corresponding Gibbs free energy intervals were 0 + 0.89 kcal/mol in gas-
phase and 0 + 0.38 kcal/mol in solutions. The geometrical parameters of
the conformers of each isomer are slightly affected when passing from the
gas- to liquid phases.

Conformer 2 is the most stable for both isomeric forms in gas-phase,
while the conformer c3 become the most stabilized in water, ethanol and
DMSO. However, either in gas-phase or in solutions, the other two conformers
are also appreciably populated at room temperature. On the other hand,
the conformers of the the cis isomer are more than 6 kcal-mol™? higher in
energy than those of the trans- partner.
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Two stationary points have been obtained on the 1D PES of RESV in
ethanol, corresponding to the trans and cis isomers, separated by 6.9
kcal/mol. Nevertheless, the energetic barrier between the two isomers is
106.67 kcal/mol, a value which corresponds to a wavelength of 268 nm.

The two isomers show distinct UV-Vis spectra differing in the
positions of the Amax, Which is red-shifted for trans by 30 nm, but also in its
relative intensity with respect to the other absorption peaks. Experimental
absorption spectra have been accurately reproduced by TD-DFT calculations
and using the NTO it was proved that the lowest excited states are due to
n-nt* transitions. However, the LUMO orbital changed from bonding to
antibonding with respect to the C=C double bond when passing from trans
to cis isomer, causing a lower Amax for the cis isomer.
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XRD INVESTIGATION OF THERMAL DEGRADATION EFFECT
ON SOME COMMERCIAL PET SAMPLES

M. TODICA", Z. KOVACS-KRAUSS* and CARMEN NICULAESCU*

ABSTRACT. The structural changes of some commercial PET samples,
submitted to different thermal treatments, were investigated by XRD method.
Rapid cooling of melted samples, leads to partial destruction of the initial
local ordered structure. A tendency of polymeric chain to conglomerate
into new small crystalline structures is observed. At slow cooling this

tendency is accentuated, but the initial ordered structure is almost entirely
destroyed.

Keywords: PET, thermal degradation, XRD method

INTRODUCTION

Solid polyethylene terephthalate, (PET), in its solid form, is one of
the most popular polymers used for various packaging, often for food products
and alimentary liquids as water or soft drinks. It is cheap, easy to produce,
and as a container, acceptably maintains the quality of the aliments or
liquid within over long periods of time.
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Due to the continuous accumulation of PET wastes, with small rate of
recycling, this polymer is one of the most pollutant material produced by the
humanity, for what reason the investigation of its potential reuse or recycling is
being conducted constantly. At the most basic level, PET bottles are often
recycled by grinding and milling into lower grade packing material, or fibers.
Dissolving these materials with specific solvents and then repolymerization is
possible, but the procedure is not frequently used because it is expensive and
takes more effort than simply creating more new material. One of the simples
method of destroying or recycling these materials is the thermal degradation,
but this process could produces other secondary pollutant products, or can
induces irreversible modification of the structure the polymer, avoiding its use
for new applications, [1,2]. It is a reason for which the study of the thermal
effects on the molecular structure of these materials is important. XRD is a
suitable technique for investigation such local ordering modification and can
offer information concerning the reuse of these materials, [3].

EXPERIMENTAL

We used for ours investigation small square pieces, with the dimensions
20x20 mm and the thickness about 0.3 mm, taken off from commercial PET
water bottles. The samples were heated progressively on aluminum plate,
up to 300°C, until an even melt was obtained. Once the samples were
completely melted, there were maintained at this temperature 1-2 minutes
for homogenization. We did not leave samples on for much longer, to
prevent decomposition of PET chains. After that the samples were cooled.
The crystallization of PET is greatly affected by cooling rate, and we wished
to investigate this effect as well. To facilitate this, we employed two simple
cooling methods. The first was to take off the plate with the melt from the
heating system and leave it in open air, at room temperature, to cool
progressively by passively convection. This process takes approximately 3
minutes. For further discussions we refer this as the slow cooling process.
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The second cooling procedure, referred as fast cooling, was achieved by
immersing rapidly the melted sample in cold water. This cooling process is
estimated to take about 2-5 seconds. Using this procedure, all samples remain
transparent and flexible, mostly in amorphous phase, without crystallization.

The X-ray diffraction was performed with Brucker X-ray diffractometer,
with Cu Ka A=1.54 A, at 45 KV and 40 mA. The 28 range of 10-40° was
recorded, within 0.1¢ resolution.

RESULTS AND DISCUSSION

Generally the polymers are known as amorphous materials due to
the disordered arrangement of the chains, [4, 5]. However, some times,
parts of different neighboring chains, or different parts of the same chain,
can adopt a parallel local arrangement, giving a local ordered character to
the sample. This situation is called crystalline phase.

3000 ‘ |
20=25.5 deg —@— initial
2500 - |
—&@— fast cooling
2000 - |
=) 20=236 deg
,ﬂ., 1500 - Bp=2.8 deg —
2
[72]
& 1000 |- |
= 20=22 6kleg
20=17.7 deg
500 L 20=16.5 deg / |
0 T iy
10 15 20 25 30 35 40

2 0 [deg]

Fig. 1. The XRD data recorded for PET in initial state, partially melded,
melted and fast cooled, melted and slow cooled.
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The crystallization is determined by the particularities of polymerization
process or by the action of different external factors, as the heating-cooling
process. In function of the amount of crystalline phase, we speak about
crystalline, semi-crystalline or amorphous polymers. The distance between
the parallel portions of the polymeric chains, in the crystalline phase, is of
the same order of magnitude as the inter-planar distance of solid crystals,
and behaves in the same manner as a solid crystal, when they are investigated
by XRD method. It is the reason for which XRD can be successfully used for
structural polymeric investigation. From the diffraction theory we can calculate
the inter-planar distance with the Bragg equation:

k-1

d= 1
2sin@ (1)

where k is the diffraction order and 28 is the diffraction angle. The area S
under the diffraction peak is proportional with the concentration of the
ordered domains in the sample, [6-9].

In native state, the PET is a semi-crystalline polymer, containing both
the amorphous and crystalline phase, [10]. This affirmation is confirmed by
the XRD pattern of the PET sample before any heating process. The spectrum
contains a high peak centered at the diffraction angle 26 = 25.5°, with a
great area. That corresponds to a large fraction of the polymeric chains, in
parallel arrangement, with the inter-planar distance d=3.48A. However the
peak is not narrow, (like in the case of the solid crystals), it is large, with the
half line width 8 = 2.8°, between 26 = 23.9° and 26.7°, (Fig. 1). That shows a
dispersion of the inter-planar distances between di1=3.33A and d,=3.74A.
That shows that the sample contains many ordered domains with parallel
arrangement of the chains, with inter-planar distances ranging between d;
and d,. Outside these crystalline domains, the polymeric chains are in the
amorphous phase. A simplified sketch of such structure is presented in
figure 2. The amorphous phase leads to the broadening of the spectrum.
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The crystallinity of a PET is greatly dependent on the thermal treatment,
especially the heating-cooling rate, [2, 11]. The heating process increases
the dynamics of the polymeric chains, which have the tendency to disengage

from the ordered arrangement and become freely.

Ordered domains

(R \E.fiy”m 7

UQ

Amorphous domains

Fig. 2. Schematic representation of the semicrystalline polymer.
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Fig. 3. Simulation of the experimental XRD data for PET partially melted.
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As result, the fraction occupied by the crystalline phase into the
whole sample decreases. Moreover it is possible that new nucleation centers
appear in the sample, giving rise to new ordered domains, generally with
different inter-planar distances and different sizes. Consequently the XRD
spectrum changes. We can see this effect for partially melted samples, (Fig. 1).
The XRD spectrum of these samples contains three peaks, at 260 = 26°, 22.6°
and 17.7°. The first peak at 26° is the correspondent one of the high peak at
260 = 25.5° of the unheated PET, but its amplitude is reduced and it shifts
towards higher angles. That means that the initial ordered phase of the
polymer, responsible for the peak 260 = 25.5°, occupies smaller fraction into
the partially melted samples, and becomes more compact, with smaller
inter-planar distance, d=3.42 A. The new peaks at 20= 22.6° and 17.7°
indicate the apparition of new crystalline domains, with greater inter-planar
distance. Theirs small amplitude shows only small fraction occupied into the
sample. The fractions occupied by each ordered structure are proportional
with area of the peak. To calculate these parameters we simulated the
spectrum using Gaussian function for each peak.

(0-6,)°

2
7 (2)

f(0)=Adexp| -

There @y is the diffraction angle of the maximum of the peak and
is the half line width. The result of simulation, for the partially melted
sample, is shown in figure 3. The parameters of the simulation are listed in
Table 1. In this table S denotes the area under each peak, Stt=3635 a.u. is
the area of the entire spectrum, d is the inter-planar distance corresponding
to the maximum of the peaks and S/Stt represents the fraction of the
crystalline phase corresponding to each peak into the entire sample. The
simulation shows also the existence of a broad peak, centered at 260 = 24.5°,
superimposed over the main three peaks. This peak corresponds to the
completely disordered phase which appears into the polymer after the melting.
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In the un-melted sample this peak is difficult to be seen because it is hidden
by the high peak at 20 = 25.5°. However it exists and enlarges the whole

spectrum.
Table 1.

26, B s S/Stot d
[deg] [deg] [a.u.] [%] [A]
17.7 13 240 6.61 5.01
22.6 1.1 464 12.76 3.96

26 0.8 1347 37.06 3.42
245 13 1584 43.57 3.62

As the sample become to melt, the initial crystalline phase diminishes
in the detriment of the amorphous phase, but additionally new small
crystalline domains, designed by the peak at 26 = 22.6° and 17.7°, appear.
When the samples are completely melted and then cooled, the situation is
different. The degree of crystallinity is noticeable in the sample depending
on whether it's opaque or transparent [2]. At fast cooling rate we can see a
drastic decrease of the intensities of the peaks at 26 = 22.6° and 26°, small
increase of the peak at 20 = 17.7°, and the apparition of a new peak at 26 =
16.5° (Fig. 1). That means massive destruction of the initial crystalline phase
and the apparition of new centers of crystallization with higher inter-planar
distance. At slow cooling rate, the decrease of the intensities of the peaks at
20 =22.6° and 26° is more pronounced than in the case of fast cooling, but
the peaks at 20 = 17.7° and 16.5° appears more clearly into the spectrum.
That means intensification of the degradation of the initial crystalline phase
and accentuation of the tendency of the polymeric chains to form new small
ordered domains. To explain this behavior we must take into account the
fact that the crystallization process takes time to spread from nucleation
centers towards the amorphous places. At fast cooling rate the polymeric
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chains have not enough time to disengage completely from the ordered
domains that result in the persistence of an important proportion of ordered
phase. However a great fraction of the chains have enough time to escapes
from the ordered phase and become free. The result is the growing of the
amorphous phase. A small fraction of them have enough time to conglomerate
into new small ordered domains, responsible for the new peaks at 20=17.7°
and 16.5°. At slow cooling rate, the polymeric chains have enough time to
disengage from the ordered domains, determining almost complete destruction
of the initial ordered phase. The intensity of the peak 26 = 22.6° and 26°
decreases considerable. On the other hand, the chains have more time to
self assembling in the new ordered domains, that explains the refinement of
the shape of the peaks at 260=17.7° and 16.5°.

CONCLUSION

The thermal degradation of commercial PET was investigated by
XRD method. The initial samples, before any heating process, have a semi-
crystalline structure dominated by the crystalline phase. The XRD spectrum
shows an intense peak at 28 = 25.5°. The structure of the samples changes
in function of the thermal treatment. In the partially melted samples the
fraction of the amorphous phase increases in the detriment of the ordered
phase. Moreover the inter-planar distance of the crystalline phase decreases
and new crystallization centers becomes to appear. At fast cooling rate the
fraction of the initial crystalline phase decreases again and the tendency of
crystallization in new domains is accentuated. At slow cooling rate, the
initial ordered phase is almost completely destroyed, the amorphous phase
is dominant, and the tendency of crystallization in new centers appear more
clearly. As final conclusion we can affirm that changes of local structure of
the PET depend strongly on the particularities of heating-cooling process.
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PHOTOPHYSICAL PROPERTIES OF
PERYLENE MOLECULE

LARISA MILENA TIMBOLMAS?, V. CHIS!"

ABSTRACT. In this work we investigated computationally the photophysics
of the perylene molecule using the time-dependent Density Functional
Theory (TD-DFT). Particularly, we were interested in the vertical emission
energy and radiative fluorescence lifetime of the investigated molecule. Using
adequate models and proper computational methodologies we were able to
satisfactorily predict the experimentally reported photophysical properties of
the perylene core.

Keywords: perylene; photophysics; excited state; TD-DFT; radiative lifetime

1. INTRODUCTION

Perylene derivatives, consisting of a perylene core functionalized with
different substituents, attached at their terminal and/or bay-positions [1], have
been used for many years as technical pigments due to their high temperature,
photo and chemical stabilities [2]. Besides, in the last years, such compounds
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gained a great popularity because of their use in optical devices [3-5]. These
Tt conjugated dyes show high photosensitivity and high electron mobility (the
charge-carrier mobilities are between 1 cm?vis?tand 10 cm?vis?) [3]. Also,
their photophysical properties, particularly the sensitivity of their fluorescence
lifetime to the pH, render them very useful as probes for live cell fluorescence
lifetime imaging [6].

The photophysical properties of such derivatives are expected to be
similar to those of the perylene core. However, in spite of numerous works
reported on the absorption and emission properties of perylene derivatives,
surprisingly few studies deal with its photophysical properties [3, 7-13].

Besides being a distinct parameter of the molecular excited states,
independent of concentration, the fluorescence lifetimes are fundamental
parameters for the fluorescence lifetime imaging microscopy (FLIM). They
show unique properties which render them very useful for getting information
related to the changes of the molecular environment, micro-viscosity,
pH, identification of the components in a mixture, or for inter-molecular
interactions [14]. Therefore, the accurate determinations of these parameters
by experimental or computational techniques are highly needed [15].

While the fluorescence lifetime can be measured nowadays with
great accuracy by using the Time-Correlated Single Photon Counting (TCSPC)
technique [16], however, its estimation by quantum chemical calculations
imposes challenges due to the fact that it requires the optimization of the
excited state geometries and the calculation of the dipole moment strength
corresponding to the energetic minimum of the excited state. This is why a
reduced numbers of studies were reported till now, having as subject the
quantum chemical calculation of this parameter [17, 18].

In this study we were interested to obtain computationally the
excitation and emission energies and the radiative fluorescence lifetime of the
perylene molecule. An interesting and useful characteristic of the molecule is
represented by its upconverting properties in sensitized systems [11]. In
addition, due to its relatively small size and high symmetry (D2n), the perylene
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core is an excellent model for testing different calculation methodologies
adapted to various molecular properties. Of particular importance are the
absorption and emission energies, as well as the radiative lifetime.

Using the model of vertical transition, the radiative emission rate
can be written as [19]:

1 4 AE3
ke === S5 i &

o 3 ¢3

where c is the speed of light, AE is the energy of transition S1 - SO and u?,
is the transition dipole strength. AE and pip must be evaluated for the
energy minimum corresponding to the excited state of the molecule,
including solvent effects [17]. The fluorescence lifetime is very sensitive to
the conformation of the molecule and to the environment, so any change
in the surroundings of the molecule leads to important changes of this
parameter [40].

The fluorescence lifetime, defined as the time after which the
fluorescence signal intensity (the number of molecules remaining in the
excited state) decreases to 1/e of its initial value, can be write using the
radiative and non-radiative rates as:

T = 1 / (kr"‘knr) (2)

The rate of radiative de-excitation corresponds to the radiative
lifetime k;, and the non-radiative de-excitation rate corresponds to the
non-radiative lifetime:

T = 1/ kr and Thr = 1/knr (3)
The fluorescence total lifetime 1r can be written in terms of 1, si tnr as:
Trlnr
;- Tr+Tnr (4)

The fluorescence emission efficiency (quantum yield) of a fluorophore
is defined as the ratio of the number of photons emitted and the number of
photons absorbed by the sample or, in other words, the fraction of molecules
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returning from the excited state S1 to the ground state SO by radiative
emission [20]. This parameter can be estimated based on the two radiative
and non-radiative rate constants [21]:

_ k75
CI)f h ky+kny - Tr (5)

Alternatively, tr can be obtained from the recorded absorption and
emission spectra of the fluorophore, based on the Strickler-Berg equation
[7]:

~=288-10°n% <753 > Z—ffe(v) d In(v) (6)
f e
where integration is done over the entire fluorophore absorption band.
Here, n is the refractive index of the solvent, Uy is the wave number
corresponding to the absorption maximum, € is the molar extinction coefficient
and gr and ge are the degenerations of the fundamental and excited state,
respectively.

2. COMPUTATIONAL DETAILS

The DFT and TD-DFT calculations were performed using the Gaussian
09 Rev. E.O1 [22]. For both, DFT and TD-DFT methodology we used the
B3LYP [23-26], M06-2X [27] and APFD [28] exchange correlation functionals
with Pople style basis sets [29, 30]. The geometries of fundamental and excited
states were optimized, and the type of minima obtained was confirmed by
the frequencies calculation on each optimized geometry, performed at the
same level of theory as that used for geometry optimization. Absorption
and emission spectra were calculated using the TD-DFT [31] methodology
implemented in the Gaussian 09 program. Figures representing the structures
of Perylene have been created using the Mercury 3.9 program [32]. Solvent
effects have been accounted for by using the Polarizable Continuum Model
(PCM) [33] and the Universal Solvation Model Based on Solute Electron
Density (SMD) [34].
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3. RESULTS AND DISCUSSIONS

Experimental absorption and emission spectra of perylene in
cyclohexane were constructed based on data from ref. [35] and they are
presented in Fig. 1. As observed, the absorption spectrum [35] is dominated
by the vibronic structure of the first m-nt* SO -> S1 electronic transition with
the 0-0 peak at 436 nm. The energy difference between the first two peaks
in the absorption spectrum corresponds to a vibration with 1574 cm™
wavenumber. A normal mode at 1567 cm™ wavenumber was calculated for
S1 state of perylene in cyclohexane at SMD-B3LYP/6-311++G(2d,p) level
of theory, and it corresponds to the C=C stretching vibration along the
longitudinal axis of the molecule. This is similar to the case of perylene bis-
imide reported previously by our group [36].

As shown in Table 1, the available experimental photophysical data
for perylene are quite dispersed, particularly in terms of its fluorescence
lifetime. The molecule was studied experimentally in the gaseous phase [9]
but also in dilute cyclohexane [10], toluene [3,11], acetone [12] or methanol
[13] solutions. The reported 0-0 transition wavelengths are 437.5 nm in
cyclohexane [10] and 438.6 nm in toluene. Dalavi et al. [12] reported Amax = 434
nm in acetone and Torres et al. [3] reported for perylene in toluene at room
temperature Amax for absorption at 440 nm and Amax for emission at 444 nm.
Thus, a minor influence of the solvent on the absorption and emission energies
was observed. Contrary, large differences were noted for the measured
lifetimes by different groups.

Thus, the reported experimental values of the fluorescence lifetime
(t¢) of perylene are: 6.40 ns in cyclohexane [10], 4.21 ns in toluene [3], 3.78
ns in toluene [11] and 3.63 ns in methanol [13].

Based on the Strickler-Berg equation [7] and using the absorption
and emission spectra taken from ref. [38] we obtained a value of 4.66 ns in
cyclohexane.
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Fig. 1. Absorption and fluorescence spectra of perylene in cyclohexane
(adapted from ref. [35]).

Table 1. Available experimental photophysical parameters of perylene

Reference [9] [7] [37] [10] |[35,38]| [11] [3] [13] [12]

Solvent Gas- | Cyclo- | Cyclo- | Cyclo- | Cyclo- | Toluene | Toluene | Ethanol | Acetone
phase |hexane |hexane | hexane | hexane

A%hs (nm) | 415.4 | n.a. | 436 | 437.5 | 436 | 438.6 | 440 n.a. 434

Aqes (nm) n.a. n.a. n.a. n.a. 436 n.a. 444 n.a. n.a.

(ns) 3.88- | 479 | 470 | 6.40 |4.66™"| 3.78 3.80 3.63 n.a.
4.16

) 0.97 0.89 n.a. 0.93 0.94 0.89 0.95 n.a. n.a.

T, (ns)” 4.00- 5.38 n.a. 6.88 4.96 4.26 4.00 n.a. n.a.
4.29

Tor(ns)™ 129.33-| 4368 | n.a. | 91.73 | 77.04 | 34.36 | 76.00 n.a. n.a.
137.28

*calculated based on eq. (5)
** calculated based on eq. (4)

*

na — not available
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We mention that the theoretical data presented in this study
correspond to the perylene in cyclohexane and the position of the absorption
and emission bands were obtained without considering the vibronic structure
of the two spectra.

Computational data provided by using three functionals APFD, B3LYP
and M06-2X are presented in Table 2. Excitation and emission energies (in
nm) correspond to the vertical transitions. The calculated transitions dipole
strength calculated on the minimum structure of the excited state of
perylene were also included in Table 2.

To compute the vertical emission energy, which is the difference
between the excited state energy calculated on the optimized geometry
and the ground state energy calculated on the excited state geometry, it is
necessary to optimize both the ground and excited state of the investigated
molecule. The estimation of the 0-0 transitions also requires a frequency
calculation for the excited state.

Table 2. Calculated photophysical parameters of perylene in cyclohexane

Functional |Basis set Solvation | Agrrert | jemsvert | piggle strength | 1, (ns)
model (nm) (nm) (a.u.)
APFD 6-311+G(2d,p) SMD 453.8 523.0 8.0710 8.75
B3LYP 6-31+G(2d,2p) PCM 462.3 528.3 7.7158 9.43
B3LYP 6-31+G(d,p) CPCM 462.5 526.2 8.2569 8.71
MO06-2X 6-31+G(d,p) CPCM 402.4 480.0 8.7928 6.21
MO06-2X 6-31+G(d,p) PCM* 401.0 458.0 8.4905 5.59
MO06-2X 6-311G(d,p) CPCM 393.9 472.4 8.6656 6.01
MO06-2X 6-31G(d) CPCM 385.7 458.0 8.6445 5.48

ex — excitation; vert — vertical; ems — emission; * - state specific solvation

As observed in Table 2, the B3LYP functional provides higher absorption
Amax than the experimental values, this behavior of the B3LYP functional being
well-known in the literature [39]. However, for the emission energies, the
discrepancy between experiment and theory is much worse, with an unacceptable
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difference of cca. 90 nm. Obviously, this behavior affects drastically the calculated
radiative fluorescence lifetime which is significantly higher than the experimental

one.

APFD functional, even though coupled to a very flexible triple-zeta basis
set, brings some improvement on the calculated excitation energy but still
provides unsatisfactory results for the emission energy and the radiative lifetime.

Contrary to B3LYP and APFD, the MO06 xc functional systematically
provides higher excitation and emission energies compared to B3LYP and APFD.
While A** are more than 35 nm larger than the experimental value, the vertical

emission wavelengths are in qual-
itative agreement with the experi-
mental counterpart. As seen in
Table 2, in case of M06-2X/6-
31G(d) and state-specific solva-
tion-M06-2X/6-31+G(d,p) levels
of theory, the agreement with
experiment is quantitative. This
situation is reflected in the cal-
culated radiative lifetimes, which
are significantly lower, and closer
to the experimental value.

One should remark also
the effect of the diffuse functions
mixed in the basis set; it seems
that such functions decrease the
vertical emission energy and de-
crease the radiative lifetime.

Fig.4 shows the calcu-
lated bond lengths for perylene
in its ground and excited state.
Because of the high symmetry of
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Fig. 4. Bond lengths for the ground state (bottom)
and excited state (top) of the perylene molecule in
cyclohexane, calculated at M06-2X/6-31+G(d,p)
level of theory.
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the molecule, only the non-redundant bond lengths are displayed. First of
all, it is observed that the molecule retains its planarity when passing from
the ground state to the excited state. It is also noticed that the molecule
contracts the C12-C13, C4-C5 and C14-C15 bond lengths as a result of
electronic excitation. A contrary variation is seen in the case of bonds that
are not parallel to the long axis of the molecule. The lengths of CH bonds as
well as the valence angles do not change appreciably as a result of transition
between the two states.

Similar geometric distortions have been noted for the perylene bis-
imide derivative [36].

4. CONCLUSIONS

The purpose of this study was to describe the parameters of excited
states for the perylene molecule.

It was shown that the APFD and B3LYP functionals provide vertical
excitation energies in agreement with the experiment, but much too higher
vertical emission energies. Conversely, the M06-2X functional performs bad for
reproducing the excitation energies but it provides much better values for
the vertical emission energies.

Inclusion of the diffuse functions into the basis set leads to a drastic
decrease of the emission energy and consequently an increase of the
calculated radiative fluorescence lifetime for perylene.

For obtaining reliable DFT calculated radiative lifetimes for perylene
(and perylene derivatives) we recommend the use of M06-2X functional,
coupled to the 6-31+G(d,p) basis set. It is also concluded that state-specific
solvation of the excited state is mandatory for reaching quantitative agreement
between the calculated and experimental photophysical parameters.
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MAGNETIC PROPERTIES OF THE PEROVSKITE OXIDE
PbV,.xFexO3; INVESTIGATED BY ELECTRON PARAMAGNETIC
RESONANCE SPECTROSCOPY

A. OKOS?, OANA RAITA?, A. POP*"

ABSTRACT. The perovskite oxide Pb(VixFex)Os ( 0 < x £ 0.75 ) was
synthesised by solid state reaction under high pressure (HP) — high
temperature (HT) conditions. The effect of partial substitution of V with
Fe on magnetic properties of PbVO3; compound were studied by Electron
Paramagnetic Resonance (EPR) spectroscopy measurements.

Keywords: PbVO;, high pressure - high temperature synthesis, EPR spectroscopy

INTRODUCTION

The properties of ABO3 perovskite oxides can often be improved by
introducing magnetic dopants as long as their ferroelectric properties can
be maintained.

Bulk PbVOs is known to be a PbTiOs-type structure with a large
tetragonal distortion (c/a = 1.22), with the V atoms displaced from symmetric
0O-V-0 bonding along the c-axis, [1, 2].
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Both theoretical and experimental studies have shown that V ions in
bulk PbVOs are arranged in two-dimensional antiferromagnetic (AFM) ordering
[3-5]. However, a long magnetic order is difficult to realize in PbVO3 samples
as it is often coupled to a spin glass phase.[1,6].

The single d electron per V"V is localized and ordered into the xy
orbital in the basal plane; the in-plane interatomic V—0-V interactions between
the localized- electron spins give a broad maximum in the paramagnetic
susceptibility near 200 K ,typical of 2D antiferromagnetic interactions [2,7].

If the weak magnetism is caused by the 2D arrangement of the V
cations, the substitution could reduce the tendency of the system to form a
2D network and could lead to the onset of a 3D magnetic ordering.

The Fe ion with a large magnetic moment could provide some remnant
magnetic moments at the oxygen ions and degrade the magnetic moment
of the Vions by Fe—0 -V super-exchange interaction [8].

The PbV12Fe1203 sample was previously synthesized at the pressure
p = 7 GPa and temperature T = 800-1000° C, [9].The tetragonal distortion,
which is still large in PbVi Fei, Os (the c/a = 1.18, placed between the
values of 1.23 for PbVOs3 and 1.06 for PbTiOs) is considered to be a second
order Jahn-Teller effect caused by the electronic configuration of the V°* ion
and the lone electron pair of the Pb?* ion.

In the present work, we will attempt to shed some light on the problem
of the effect of partial substitution of V with Fe in of PbVO3; compound on
magnetic properties by Electron Paramagnetic Resonance (EPR) spectroscopy
measurements.

EXPERIMENTAL

PbVi«FexOs (0 < x < 0.75) polycrystalline samples were prepared by
solid state reaction under high pressure, high temperature conditions (HP-HT)
in a CONAC type apparatus.
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For our samples almost single phase samples were obtained at
pressures of 6 GPa and temperatures of 950° C, [10,11]. EDX measurements
evidenced that the chemical composition of the samples with x < 0.5 were
little different from those expected from starting elements.

For samples with x < 0.5 Fe the main phase correspond to the
tetragonal structure in the space group PAmm. The a = b lattice constants
do not depend on the composition and the unit cell height c decreased
linearly with increasing iron content. [10]

X-Ray Absorption Spectroscopy (XAS) data for the vanadium K edge
reveals in our samples the presence of V4 and V°>* and below x=0.5 Fe the
composition of the samples can be written as Pb(V**1.2xV>*Fe3*x)03 [11]. For
x = 0.5 all the V# cations are exhausted and consequently the sample
contains only V>* and Fe3* cations (result consistent with the need / choice of
starting oxides). This can also explain why the solid solution stops at x = 0.5.

Electron Paramagnetic Resonance (EPR) measurements were carried
out on a Bruker Elexsys E500 spectrometer in X band (at 9.4 GHz) and in
function of temperature.

RESULTS AND DISCUSSION

EPR was used as an effective tool to study the local magnetic
interactions of Vanadium ions. EPR spectra of our PbVO3; powder sample
show a well-resolved hyperfine structure typical for V4 ions, as in fig.11 and
reference [11]. The EPR spectra of V(IV) ions in an isotropic environment
exhibit eight lines of equal peak-to-peak width due to the hyperfine coupling
of one unpaired electron (S =1/2) with the nuclear spin (I =7/2) of >V. The
spectrum shows that both parallel and perpendicular features can be seen.

The EPR parameters for V** ions obtained from experimental spectra
are consistent with a square—pyramidal Cay coordination specific for vanadyl
ions [11-16]. The hyperfine coupling constants A|jand A, are sensitive to the
local bonding environment for V4 coordinated with oxygen ligands.
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The small decrease of the hyperfine coupling A|; and A, suggest the
slight increase of ligand field with increasing temperature from 110K to 300K
[11].

Three signals are invariably reported for Fe3* [17-19]: a sharp line
around g=4.3, interpreted as Fe3* in a tetrahedral environment with strong
rhombic distortion, a broad line around g=2.3 due to oxidic Fe species and a
line around g=2, interpreted as Fe3* in (distorted) octahedral environment

The widths of the line are larger in low magnetic fields when compared
to high magnetic fields. If the lowest doublet, |St+1/2> is populated, it gives a g
value of 2 to 6 whereas if the middle Kramer’s doublet |S+3/2> is populated,
a g value 4.30 is expected.

The Fe substitution samples investigated by EPR spectroscopy are
x=25%Fe and x=40%Fe. Figure 1 shows the spectra for x=0.25 sample at 5
temperatures (from 300K to 110K). It can be observed that all the resonance
spectra exhibit a broad line, centred on g = 2 due to the spin of the Fe3*
ions. An additional resonant mode is situated around g = 4.2. By decreasing
the temperature the signal around g = 4.2 is well resolved and the signal
intensity decreases.
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—=—150K
—=—200K
—=—246 K
x=25% Fe —-— 300K

0,34

o
[=}
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w
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Field [G]
Fig. 1. EPR spectra for x=25 % Fe sample.
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The presence of the additional resonant mode is interpreted as an
indication of the presence of Fe3* cations in a tetrahedral environment with
a strong rhombic distortion.

The complete evolution of the EPR line intensity/concentration of the
paramagnetic Fe3* centres with the temperature, as determined in the present
investigation, is presented in figure 2. One finds that the EPR line intensity of the
Fe3* paramagnetic centre decreases with decreasing temperature. This suggest
the increase of the number of antiferromagnetic Fe**-Fe** pairs by decreasing
temperature.
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Fig. 2. Temperature dependence of the EPR integrated intensity
of the x=25% Fe sample.

Figure 3 shows that the linewidth AHp, increases by decreasing

temperature. The large value of AHpp is the result of a strong magnetic
dipolar interaction between the Fe3* ions [20].
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Fig. 3. Temperature dependence of the line width in function
of temperature for x=25%Fe sample.

Figure 4 shows that the g-factor increases linearly with decreasing
temperature, presenting a change of the slope around ~176 K. The approximate
temperature rate of change for the g-factor is Ag/AT ~ 0.17-103 K in the
temperature range of 300 to 180 K and Ag/AT ~ 1.26-103 K (170 -138 K).
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Fig. 4. Temperature dependence of the g—factor for x=0.25 sample.
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The double logarithmic plot of linewidth AHp, versus a shift of resonance
field AH; (see Fig. 5) reveals the existence of two relaxation types with
negative slope in the high temperature ranges (300 - 180 K), (175 - 130 K),
with a crossover temperature Ts around 175 K.

8.2 T T T T T T T T

8.1

x=25% Fe

7.8

7 T T T T T T

In(8H,)

Fig. 5. Plot of In(AHpp) vs. In(6Hr) for the x=25% Fe sample.
The crossover temperature is indicated by the arrow.

Figure 6 shows the spectra for the x=40% Fe sample at the same
5 temperatures as for x=25% Fe sample. The signal seems to contain two
components: a large transition attributed to Fe** ions (assigned to the central
fine structure AMs = — 1/2 = 1/2 transition) and a hyperfine structure,
respectively.

The EPR line intensity of a paramagnetic centre is proportional with
its concentration. For the x=40%Fe sample the decrease of the EPR signal
with the decreasing temperature shows that the concentration of free Fe3*
ions decreases. This behaviour is related with the antiferromagnetic order
evidenced from magnetic susceptibility measurements.
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Fig. 6. EPR spectra for the x=40 % Fe sample at different temperatures.

Figure 7 shows that by decreasing the temperature, the hyperfine
structure becomes well resolved.
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Fig. 7. The hyperfine structure of x=40% Fe sample at temperatures
T=300K and T=100K, respectively.
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Figure 8 shows that the linewidth AHp, increases by decreasing
temperature with a slope of AH,p/AT = -6.5 G/K, a value lower comparatively
with the one obtained for the x=25% Fe sample (AHpp/AT = -7.7 G/K). The large
value of AHp, confirms the presence of a strong magnetic dipolar interaction
between the Fe3* ions.
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2800 4
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2600 - ]
9. 2400 ]
&
T
<
2200 4
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2000 - i
T T T T T T T T T T T T
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TK]
Fig. 8. Temperature dependence of the line width function of
temperature for x=40%Fe sample.

Figure 9 shows that the g-factor decreases with decreasing temperature,
with a noticeable change observed about ~260 K and 200 K. The temperature
change for the g-factor is Ag/AT = 1.95*1073. The shift of g-factor and the
decrease of AHpp suggest the increase of the exchange interaction in the
sample with x=40% Fe comparatively with the x=25% Fe sample.

The double logarithmic plot of linewidth AH,, versus a shift of
resonance field AH;, (see Fig. 10) shows the existence of a single relaxation
type with positive slope in the high temperature range (300-200 K).
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Fig. 10. Plot of In(AHpp) vs. In(6Hr) for sample x=40% Fe.




MAGNETIC PROPERTIES OF THE PEROVSKITE OXIDE PbV;.xFexOs INVESTIGATED ...

Figure 11 shows comparatively the fine structure of the PbVOs;
(x=0.00 Fe) and of x=40% Fe samples. The shift to lower fields of fine structure
for x=40% Fe sample (PVF_40) suggest the existence of a different internal
field because of the Fe ions. Most likely, the fine structure can be attributed to
the vanadium ions.
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Fig. 11. Hyperfine structure of sample PbVOs; ( x=0.0 Fe) and of the
x=40%Fe sample.

CONCLUSIONS

EPR results function of temperature for PbVO;s are consistent with
the presence of V4 paramagnetic ions in a square—pyramidal Cay coordination
(with hyperfine coupling constants Aj; and Aj),[11]. The evolution of the
hyperfine coupling constants function of temperature is in agreement with
the small increase of unit cell height c with increase of the temperature [10].
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All resonance spectra function of temperature, for samples x=25%
and 40% exhibit a broad line, centred on g=2 due to the spin of the Fe3* ions.
For the x = 25%Fe sample, an additional resonant new absorption
mode situated around g=4.2 was evidenced. It is attributed of the presence
of Fe3*ions on a tetrahedral environment with a strong rhombic distortion.

For sample with x=40% Fe, the superimposed hyperfine structure
around g=2 can be attributed to the vanadium ions.

The large value of AHy, is the result of strong magnetic dipolar
interaction between the Fe3* ions in both the x=25% and 40% Fe samples.

The shift of g-factor and the decrease of AH,, suggest the increase
of the exchange interaction in sample by increasing x.

The decrease of EPR line intensity attributed to Fe3* paramagnetic
centre with decreasing temperature, suggest the increase of the number of
antiferromagnetic pairs Fe3*-Fe3*,

For the sample x=25% Fe two relaxation mechanisms were evidenced
with a crossover temperature Ts around 175K, while for the x=40% Fe
sample only a single relaxation type is present.
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VERSATILE MEASURING DEVICE FOR
THE STUDY OF MAGNETIC PROPERTIES OF SOLIDS

IOAN COSMA?

ABSTRACT. As a zero apparatus, our measurement device is based on the
Faraday method. We have made two compensation systems; mechanical
and electromagnetic. It is adapted to the translational movements for
insertion of the sample between the poles of the electromagnet that
creates a field with an appropriate gradient of operation. To the balance
can attach either a non-inductive furnace that provides sample heating up
to 1900 K, or a cryostat that provides a controlled cooling temperature
and a return temperature between ambient and to liquid nitrogen
temperature. Susceptibility and magnetization are assessed in a relative
mode; calibration using standard samples of high trust. Magnetic
properties studies, versus temperature and intensity the magnetic field,
on hundreds materials of thousand different metallic, vitreous and
crystalline and oxidic superconductor samples, have been confirmed with
similar research, demonstrating the versatility and utility of our measuring
system for many years.

Keywords: Susceptibility, magnetization, Faraday balance, magnetic field
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1. INTRODUCTION

Experimental methods for studying the static magnetic properties of
materials are based either on the Faraday interaction of a non-homogeneous
magnetic field on the sample or on the induction of an electrical current
in a circuit by changing the magnetic flux to remove the sample from a
homogeneous field [1.2].

The analytical method and device, which ensures high sensitivity, is
based on the action of a non-homogeneous magnetic field on the material
samples. When the dH / dz gradient is known, it is easy to assess the magnetic
moment of a sample of observed force. Resistance is usually measured by
offsetting an analytical balance. That's why this type of equipment is called
Faraday Balance. The Faraday magnetic interaction is evaluated from the
difference between the apparent and real weight of the sample recorded
with the on-off and off-on electromagnet.

More known analytical method and device that provide a high
sensitivity is based on the action of a vertical non-homogeneous magnetic
field upon material samples. As soon as the gradient dH/dz is known, it is
easy to evaluate the magnetic moment of a sample from the observed
force. The force is usually measured with an analytical balance. That's why
this kind of equipment is called Faraday Balance. The magnetic part of the
vertical force is evaluated from the difference in apparent sample mass
with, respectively, the magnet switched on and off.

Development and use of these scales of type Foerrer-Weiss by
adapting to the arm of an analytical balance scales fixed on an electromagnet
has sample port vertical rods whereby the sample is placed in non-uniform
field. The measurements weighing operation and the electro-mechanical
design of the balance give rise to various effects which influence the data
obtained. Among this influence are the repeatability, nonlinearity, sensitivity
tolerance and the temperature coefficient of the sensitivity. Eccentric load
can be another effect.
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The magnetic balances with horizontal gradient field [3, 4, 5] have many
advantages on sensitivity, adaptability and control based on measurements of
magnetic field and temperature parameters test sample, thereby eliminating
the short comings but also introducing other vertical ones.

To the both types of balance the interaction of scratchy field is
applied to the sample in the direction of the magnetic field gradient. This

has the value:

dH
™ (1)
where o, X, and m are magnetization, susceptibility and mass of the
sample; dH/dx is the gradient of magnetic field.

Magnetic properties study involves to obtaining more accurate
values of the studied susceptibilities according to the required temperature
and magnetic field for correlating and describing the sample-specific
behaviour through different theoretical models. These studies constitute
one of the fundamental problems of knowledge at the macroscopic and

microscopic physical properties of materials.

dH
F, = m)(HE =mo

2. INSTALLATION AND EXPERIMENTAL TECHNIQUE

The device operated by us has a number of facilities and features for
study materials paramagnetic, fero, diamagnetic, Shun, antiferromagnetic in
a broad spectrum of susceptibility and conditions which provide ground
sample up to temperatures of 1900K and controlled cooling of the sample
until the liquid nitrogen temperature.

In order to prevent chemical reactions in the sample space at high
temperatures, this space is filled with inert gas. The disadvantage of the
use of an inert atmosphere is that the whole system has to be placed in a
vacuum vessel, in open connection with the sample space in the furnace.

In Figure 1 it can see the constructive and operation scheme of
device and of the measuring systems. Swinging system with one degree of
freedom D;D; made of thin glass tube suspended by flexible and
inextensible silk thread of AD;A" and BD,B' [6]. To left end of horizontal rod
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is attached a quartz port sample cup — E. At right end longitudinal with the
rod is glued a bar magnet M having mass below one gram, with a length of
more than 8 times as large as in diameter.
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Figure 1. Principle sketch of the constructive with measuring systems of magnetic
balance for study of static magnetic properties of materials.

The sample is subjected to the force Fx along the glass rod, carried
on by non-homogenous field generated between of N - S poles of an Weiss
type electromagnet. To enable axial centring in furnace and cryostat C, the
suspension points of oscillation system are adjustable vertically. They can
be moved by their horizontal support on a distance measurable using a
micrometer N and a resort R. On the opposite rod of sample-cup is
suspended a mirror, which reflect a beam of light passing through the lens
it twice focusing a reticular image on the P.

The oscillation system behaves normally like a nearly critically
damped oscillator. The damping is a viscous damping F in transformer oil.

After a suitable d. c. is coupling through the excitation electromagnet
coils, force Fx of the magnetic field over sample is compensated by means
of micrometer by moving the suspension system swinging up the spot returns
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to zero. Thus the suspension treats form an angle 8 with the vertical. | mean
we have:

m)(HZ—Z = (m, + m)gtané (2)

Because the mass of the system swinging, mp, on the order of a few
grams is much greater than the sample mass m smaller of the meters
submitted to measurement the latter can be neglected. After clearing the
travel d measured with the micrometer being very small comparatively
with the physical pendulum length /. Vertical angular tilting of the silk yarn
will be also very small; i.e.: 8=tan6=1/d. With good above the clearing
balance of forces is writing:

dH l
m)(Ha—mgtanH =mg- (3)

Working with the same current through the electromagnet excitation
for a standard sample with known susceptibility yo corresponding sizes will be
mo and dp and relationship to relative measurements will be:

X="22 %0 (4)

Although the using of mechanical method is relatively simple and
has a very high sensitivity, this does not ensure sufficient stability balance.
Sample rising in the camp, it has other drawbacks. Such compensation
forces range is too small and the precision decreases as a result of
instability of zero point, the rising there retains its place in the field.

Shortfalls mentioned and versatility growth a lot and balance was
done by adapting an electromagnetic compensation system [5] different
from the one used by Sucksmith [6].

Our compensation system consists of a fixed coil and a horizontally
mobile bar-magnet glued axially in front of coil. Compensation current /
through the coil, is adjustable and measurable, being supplied by a galvanic
or stabilized source. The fixed coil is centreline along the rod in front of
which a barium ferrite magnet N - S moves (Figure 2).
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Theoretically, we can consider [6] as a magnet-coil is assessed
through an axial force of interaction between the magnetic field and the
elementary element of the current ds spire:

df. = H.ldssina.
For an entire field this force/spire becomes
f. = fozm H.lds sina = 2nrH Isina [5]

Figure 2. Axial force of interaction between a cylindrical magnet
and the current through a coil

where H, N and a are constants for a date. Why magnetic field flow crosses
two different layers in turn at a distance dx infinitesimal considered one
another is:

nr?H = n(r + dxtana)(H + Z—:dx).

Neglecting the terms which contain small-order infinity, for small
angles and the coil has a comparable section of cylindrical magnet we have:

~ r OH
tana = sina = ——.
2H 0x
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Value inserted in the expression [1] give the formula of interaction
between spire from layer j and the field magnet bar:

f-] = anIa -

Claims for coil spirals all obtain expression of the force

F= anula—

for a position because all date coefficients of | is constant we can write:
_ 2 OH _
F=1%,;;nr{ Y constl [6]

l.e. the force of interaction between the voice coil and magnet bar with the
cylindrical section is proportional to the current through the coil.

For the same current through the electromagnet excitation coils in
case of standard samples with known susceptibility xo and a test of the
unknown susceptibility x mass mo respectively m, obtaining compensation
currents lp and I the relationship for relative measurements will be:

X= ——XO (7)

Practically, based on formula (7), the susceptibility of the materials under
study and thus of the magnetic behaviour depending on the temperature, the
magnetizing field, the structure, the composition can be analyzed. For this is
necessary to weight the etalon and the bulk samples and to determining their
intensity of the compensating currents. We use salt Mohr etalon sample with
susceptibility at room temperature x0=32-10%emu/g.

3. MEASUREMENT METHODS AND USES

The utility of the two mechanical and electromagnetic compensation
systems described in the above paragraph, and their adaptation to calibration
procedures and appropriate measurement methods at very diverse thermal and
magnetic conditions, highlights the versatility, reproducibility and credibility of
data obtained with high- precision.
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By feeding the electromagnet coils N-S from a DC source, we can
obtain magnetic fields of up to 1 Tesla at a distance of 20 mm between
the poles during each measurement, which takes about 10-20 seconds. The
compensation coil circuit is powered from an adjustable source with currents
measured by analogue or digital multimeters. The two DC, excitation and
compensation circuits close or open simultaneously with a manual switch

The quartz sample holder cup can move longitudinally into space of
furnace / cryostat, type test-tube, outer diameter 12 mm, inner 8 mm. The
temperature is measured with thermocouples. A type Pt / Pt(10%Rh)
thermocouple is installed inside the furnace space close to the sample. It is
directly connected to the input of the micro voltmeter via dedicated extension
wire. This thermocouple is isolated with thin alumina tubes

The heating power of 120W of this furnace set-up showed to meet
our objectives well and, moreover, to be very fast. With currents up to 3 A at
20 V a temperature of 900 °C is attained within 10 minutes. After switching
off the power the temperature is below 50 °C within, again, 10 minutes.
The maximum temperature amounts to above 1600 °C (close to 1900 K).
From time to time we do checks of the temperature readings with the
Curie points of nickel and iron. In all cases, we found results that differed
not more than +1°C. Literature values scatter between 354 and 358 °C.

Attaching the balance through a two-wire standard ground mouth
of small noninductive furnace wound with wire kantal ensure heating
samples at temperatures that can achieve the values of 1900K. The same
kind it can be attached to a standard ground mouth circulation cryostat, in
which sample will be cooled up to temperatures of approximately 93K of
evaporation of liquid nitrogen. Knowing the temperature of the sample is
assessed through a thermocouple T, Pt — PtRh, in small furnace, respectively
Cu - Constantan -in nitrogen cryostat. Thanks of higher facility and accuracy
for measurement of electromagnetic compensation scheme, the mechanic
system was dropped from. The sensitivity of a balance sheet is based on
the value of HdH/dx product which can be adjusted by changing the distance
between both poles of electromagnet but also through the variation of current
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excitation and the belt alignment distance between poles. Sensitivity maximum
insured through the optical system of compensation is Ax=5-10° e.m.u/g.
This is sufficient for sample under 100 mg to put in evidence diamagnetic,
paramagnetic and one-dimensional antiferromagnetic substances. The interfere
field from which assured a given constant force is 2/2 mm and 9 mm in a
horizontal plane. This surveying was achieved by casing the magnetic poles
cap so that the magnetic field decrease in parabolic axis Ox. These characteristic
of non-uniform magnetic field implies relationships:
dH 1 d dH dH

x TR T e T dx( ) =mx dx " dx

In the case of 2 sufficiently small ferromagnetic (~10mg) samples
operating under the same conditions of the magnetizing field, the unknown
magnetic saturation o will be evaluated by the relation:

Fm I m
0=——"0,=——0, (8)
FO m IO m

By this relationship, using reliable standard samples, magnetic
saturation of ferromagnetic and ferrimagnetic samples can be obtained.

The calibration of the balance was carried out in two steps. In the
first step, mo and lp were measured for a nickel sample which at 20 °C have
the saturation 00=54,4emu/g, and in the second step the accuracy of the
measured values was checked by studying the thermal saturation of an iron
sample in a magnetic field of 14000 Oe. In figure 3, the results of our
measurements are given by points and by the continuous curve dependence
o (T) for iron after Bozorth [6].

Paramagnetic susceptibility calibration was done on nickel at
temperatures above the Curie point until temperatures above 1400K relative
measuring with samples of about 100 mg of Mohr salt having standard
susceptibility x0=32-10°emu/g. In the same figure 3 is presented 1/x (T)
dependency graph of the magnetic harnessed (inverse of the susceptibility).

For diamagnetic samples, which are rejected by magnetic field, the
susceptibility measurements compensation current requiring being repellents
proportional with magnetic field. In the case of our device of quartz port
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sample cup implicate a correction to each sample measuring. Otherwise
the systematic errors in the susceptibility of the sample studied, which
generally represents the percentage values more or less significant.
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Figure 3. The balance calibration in temperature for Fe magnetization
and for Ni susceptibility

The degree of confidence in measurement accuracy check if our
method through repeatability compensate current through some optical
feedback to spot over the landmark ruler graduated in 0 mm. Predictability
of appreciation under a ImA/mm lead we provide values that do not
exceed 2%. Calculating these errors in the case of measurements of the
masses and current or with the compensator class and scales can be done
with the relationship:

A7”=%"=Am(%+mio)+AIG+mio) (9)
In our case, errors are less than 1%. Of course, the stability of the
magnetic field and the measurement of the sample temperature are
particularly important to ensure the credibility of the determined values.
The type of magnetic balance also allows the magnetic field to be
measured instead of the sample. This is particularly important because the

use of the Hall (GaussMeter) probe is hard to locate where the sample is
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positioned. Thus, will determine for a paramagnetic sample and the susceptibility
X and mass mp and for a ferromagnetic sample magnetic saturation o and
mass mf with and compensation currents Ip respectively If, the intensity of
the magnetic field will be:
H=2D1 (10)
Irmp x

The results in determining field after relation (10) are in agreement
with those obtained by soak up gaussmeter with the probe.

Magnetization measurements depending on the temperature range
90-1300K are facilitated by the fact that we can attach through the same
standard ground mouth a small cryostat respectively furnace for study
magnetic behaviour with temperature. By maintaining the temperature at
a constant value can we assign magnetization isotherms according to camp
through excitation current intensity variation through the electromagnet.
Determination of temperature of transition (points) Curie can be done also
described within the installation. For this the temperature at which the
sample of the material by heating ferromagnetic becomes paramagnetic.
For the exact determination of the sample are measured in arbitrary unit’s
magnetization to the excitation currents as small. The values obtained are
draw graph thermal variation of Curie temperature magnetization is considered
the place where the tangent point of inflection of the curve cut temperature
axis. The data found for Ni 631K and Fe 1043K represent reliable values for
thermal studies of magnetic properties of concordant with those presented by
Bates [9]. So | could continue and expand studies [10] on the Curie points
of alloys of nickel with non-magnetic elements initiate by my teacher Victor
Marian.

4. CONCLUSIONS
The study of magnetic properties is one of the fundamental

problems of the knowledge, at the macroscopic and microscopic level, of
the physical properties of the materials. Their research involves knowing as
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accurately as possible the values of susceptibility of the studied sample,
depending on temperature and field, necessary to correlate and describe
the specific behaviour of the sample through different theoretical models.
Besides the theoretical impetus, the magnetic behaviour of new and new
materials is of great applicative importance in new technologies.

Our installation, which has been verified by hundreds and hundreds of
studies on the magnetic behaviour of thousands of conductive, semiconductor,
insulating and superconducting, metallic, oxide, crystal and glass samples,
has proven its usefulness and credibility. Its versatility in the determination
of static magnetic parameters as well as their dependence on variable
external factors, allow decisive correlations with the dynamic studies of
magnetic structures at microscopic and atomic level.
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