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MAGNETIC FIELD GRADIENT NMR MEASUREMENTS 
OF THE SELF-DIFFUSION COEFFICIENT

OF THE SMALL MOLECULES

M. TODÏCA’, A. GUILLERMO’", А. V. POP", G. DAMIAN" and D. CIURCHEA"

ABSTRACT. - Both the constant magnetic field gradient and pulsed field gradient spin-echo 
NMR methods hâve been analyzed, to optimise the measurement of the self-diffusion 
coefficient of the small molecule of simplest liquids or organic solvents. We propose a method 
in order to eliminate the effect of the residual magnetic field gradient in the computing the 
self-diffusion coefficient of small molécules of pure liquids. We hâve used this method to 
calculate the self-diffusion coefficient of.the pure cyclohexane in the 260 K to 335 K 
température range.

INTRODUCTION

The study of the diffusion of small molécules is of great interest to characterise the 

dynamics and structure of the pure liquids, organic solvents or polymeric solutions. It is 

possible to measure directly the self diffusion coefficient using radioactive tracer, but also 

using the magnetic field gradient spin-echo NMR technique. The NMR technique présents 

certain advantages giving the possibility to evaluate the self-diffusion coefficients over a 

large range, firom fast diffusion ( above HT6 cm2/s ) to very slow diffusion ( 10'14 cm2/s )[1], 

The difïùsing molécules are not perturbed by the method and moreover, the technique can 

provide individual self-diffusion coefficients from mixtures of diffusing molécules without the 

need of the isotopic labelling.

" "tiabeÿ-Bolyai" University, Faculty of Physics, 3400 Cluj-Napoca, Romania 
" Lab. Spectrometrie Physique, CERMO, Grenoble, France.
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MEASUREMENTS OF THE SELF-DIFFUSION COEFFICIENT

The measurement of the self-diffusion coefficient by the NMR techniques is based on 

the additional atténuation of the spin-echo obtained with a classical RF puise sequence 

л/2-т-л-т-есЛо, when a magnetic-field gradient is superimposed over the main magnetic 

field Д, [2].

If the amplitude of the magnetic field gradient is constant in time, the amplitude of 

the spin-echo A(2t) reported to the initial amplitude A(0) is described by the équation:

ln Д2т) = _2r _ (1)
ДО) T2 12 '

where D is the self-diffusion coefficient, y the gyromagnetic factor and (j=G+(jr the total 

magnetic gradient including the residual magnetic gradient (jr. This gradient is due to the 

inhomogenities of the magnetic field over the sample volume and generally it is much smaller 

than the applied gradient &

This method is used to measure self-diffusion coefficients greater than 10'7 cm2/s. 

Much smaller self-diffusion coefficient, D s 10’14 cm2/s can be measured using the pulsed- 

field magnetic gradient NMR method as first described by Stejskal and Tanner [3]. The 

magnetic field gradient is applied in the form of two puises of magnitude G, duration Ö and 

séparation A (fig.1).

The NMR sequence is n/2-G(ï>)-n-G(à)-echo.

The amplitude of the spin - écho is given by the équation:

,n w= -^-v2^g>ô2(a4)g2_^] (2)

Г2 is the spin-spin time relaxation and K is a function determined by the gradient pulse- 

sequence

4
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Fig. 1. The pulsed-field magnetic NMR sequence.

Æ=ô[f 2+//+&(/, +/2)+3ô2-2t2] (3)

The time intervais t, and t2 are defined on the figure 1.

in both the cases the self-diffusion coefficient is usually determined by varying the 

time intervals of the NMR puise -sequence or the amplitude of the magnetic gradient [4, 5, 

6].

The effect of the residual gradient (?r is generally neglected. Results are in good 

agreement with those obtained using other methods

In this paper, we propose a method to eliminate the effect of the residual gradient for 

calculation self-diffusion coefficient, based on the classical spin-echo puise sequence 

л/2-т-л-т:-есЛо. The magnetic gradient is pulsed or time constant, as was previously 

described. Ail the time intervals were kept constants and only the amplitude of the magnetic 

field gradient is varied. The amplitude A(2t)0 of the spin-echo is divided by the amplitude 

5
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А(2т)с-о of the spin-echo which correspond at G = 0 in order to eliminate the relaxation time 

T2. In the case of the constant gradient équation (1) became:

ln ^(2Т)-. = -2f£É[G2+2GG0] (4)

where Go is the projection of (jr on the direction of G. When Gr is much small than G the 

équation (4) can be considered linearly on G2. The self-diffusion coefficient D can be 

calculate from the slope of the straight line corresponding to this représentation, but this value 

will be affected by Go.

We can separate the contribution of the externai gradient G from those of the residual

Go gradient if we use the relations:

G Л(2т)ОЧ)
+ 2G0] (5)

In the case of the pulsed field gradient method, équation (2) became:
1 Л(2т),, , , 1_L ln .... -... Z. = VZ>[ô2(A-_Lô)G-âGJ (6)
G Л(2т)0.0 Y 1 V 3 7

Equations (5) and (6) are linearly in G and the self-diffusion coefficient is calculated directly 

from the slopes of the straight lines corresponding of those représentations. The residual 

gradient Go was determined from the ordinate at the origin of this straight line. In this case 

the value of the D is not affected by the residual gradient Go.

RESULTS AND DISCUSSIONS

Ail measurements hâve been performed using a Bruker CXP spectrometer with a 

measuring frequency of 36 MHz. A home-built apparátus made on the basis of the référencé 

[7] was used to obtain the magnetic gradient puises. A pair of anti Helmholtz coils provided 

the linear gradient field The gradient intensity is determined by the current intensity I in the 

6
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coils and by a constant a depending on the coil geometry: G = a I, [ 8,9 j

The gradient field was calibrated by using distilled water as a test sample and by

measuring the atténuation of the spin-echo amplitude when the apparátus work in
1 A(2x)a

gradient, a and Go were calculated by fitting the linear représentation _ ln-----------
J ^)a.o

steady

versus

I ( I>0 ),

1 ,n
I ^)0.0

[a2I+2aG0] (7)

denved from équation (5). The constant a was determined from the slope of this straight line 

and the known value of the self-diffusion coefficient of this samples: D = 2.266 IO'5 cm2/s

at 298 К [ 10 ], (fig. 2). Two diffusion times have been utilised т = 12.5 ms and r = 17.5 

ms. In both the cases we found a = 14.01 ± 0.06 gauss/cm /А and Go = 0.20 ± 0.05 gauss/cm 

and the residual gradient Go was determined by the ordinate at the origin of the straight line.

Fig. 2 Spin-echo atténuation of the test sainples when a constant magnetic gradient field was applied.

7
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To verify the validity of the calibration and the advantages of tlie use of équation (5) 

and (6) to calculate the self-diffusion coefficient, we used the pulsed field gradient method 

to measure the self-diffusion coefficient of the water. We used the NMR pulse-sequence 

described previously with constant time intervals, and the value of a calculated from the 

constant field gradient method ( a = 14.01 gauss/cm/A ). The gradient was varied within the 

range 0-80 gauss/cm. We performed two sériés of experimente for évaluation the spin-echo 

atténuation for ô = 2.5ms and ô = 6ms. The self-diffusion coefficient of the water was
1 А(2т)г

calculated by the slope of the linear représentation — ln-------- - versus G, ( G>0 )
G ^(2t)0<

described by équation. (6) ( fig.3 ). In both the cases we found the value D = 2.26 10'5 cm2/s 

± 0.02 cm2/s.

Fig. 3. Spin-echo atténuation of water when a pulsed-magnetic gradient field was applied.

This method présents certain advantages: the diffusion time is constant during ail the 

measurement, the contribution of the residual gradient is eliminated and the gradient can be 

8
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varied in a large range.

Another method to eliminated the eftect of the residual gradient is based on the 

variation of the length ô of the gradient puises at constant field gradient. The time intervals 

tj and A were kept constant and only the pulse length ö and the interval time t? were varied 

, respecting the condition Ö+t2=t1+A=const. For each value of the pulse length we measured 

the amplitudes of the spin-echo A(2t)01 and A(2t)O2 for two constant values of the magnetic 

field gradient Gj and G2.

From the équation ( 2 ) we obtained:
Я(2тк !

In __2 - v^ô^a-Iôxg^g^-æîg.-qg,,] (8)
A(2VOi 3

This équation leads to a linear représentation of the atténuation of the spin-echo versus 

the 02(A-ô/3) variable. Experimental data for water, at T=298K, are presented in the Fig. 4

The self-diffusion coefficient is calculated from the slope of the straight line and the 

value of ex = 0.140 gauss/cm/A obtained in the constant gradient method. The value 

D=2.236.10'5 cm2 /s ± 0.04 cm2 /s is in good agreement with the previous results.

This method may also eliminate the effect of the residual gradient in the computing 

of the self-diffusion coefficient and results obtained for D are in good agreement with those 

of other methods. However there are the inconvenient that the length of the gradient puises 

do not overcome the time delay т within the RF puises.

Results obtained in our tests confirm that the représentation described by équation (6) 

can be use to calculate the self-diffusion coefficient with a great accuracy.

Finally we used this représentation to calculate the self-diffusion coefficient of the 

pure cyclohexane in the température range of 280 at 334 K.
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Fig. 4.Spin-echo atténuation of the water when a pulsed magnetic gradient-field of variable length was applied.

The température dependence of D is presented in the figure 5.

Results obtained are in good agreement with the literature [10].

CONCLUSIONS

The constant magnetic gradient field NMR technique and the pulsed-magnetic gradient 

field NMR technique can be used to measure the self-diffusion coefficient of the small 

molécules of the pure liquids The contribution of the residual magnetic gradient field is 

eliminated by the use of the représentations described by the équations (5) and (6). This 

method is validate by the results obtained in the measurement of the self-diffusion coefficient 

of test samples of water. The self-diffusion coefficient of pure cyclohexane was measured 

using this method. Results obtained were in good agreement with the literature.
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T(K)

Fig.5. Température dependence of the self-diffusion of pure cyclohexane.
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RAMAN SPECTROSCOPIC INVESTIGATIONS 
OF THE STRUCTURE OF 3B2O3áK2O GLASSES 

W1TH TRANSITION METAL IONS

D. MANIlT, I. ARDELEAN* and T. ILIESCU*

ABSTRACT. - The influence of the transition metal (TM) oxides (V2O5, CuO, NiO, Fe2O3, 
TiO2, CoO, Cr2O3, MnO) on the structure of 3B2O3áK2O glass was investigated by Raman 
spectroscopy. Adding TM oxides a change of a relative proportion of different structural 
groups was observed. The appearance of new structural groups (i.e. ring type metaborate 
groups for FejO3, CuO and NiO and diborate groups for Fe2O3, NiO and Cr2O3) was also 
observed. The addition of Cr2O3 détermines also the incorporation of a second B04tetrahedron 
intő a pentaborate group in resulting the formation of a dipentaborate group. Therefore TM 
ions acts as modifier of the network in the studied glasses

1 INTRODUCTION

Raman spectroscopy has proved to be a useful tool in the study of vitreous oxide 

materials. Raman spectra of crystalline borates hâve been used as a basis for the qualitative 

identification of glass forming structural units tn borate glasses [1-3]. The introduction of the 

transition metal (TM) oxides in the glasses lead to the change of the glass structure, TM ions 

acting as modifier [4-6].

In this study we hâve investigated by Raman spectroscopy in the (200-1600 cm*1) 

spectral range the structural units present in xMOá(l-x)[3B2O3áK2O] glasses at two molar 

concentrations for the TM oxides MO (MO = V2O5, CuO, NiO, Fe2O3, TiO2, CoO, Cr2O3, 

MnO)

"liabeș-Holyai" University, Facuiiy of Rhysics, Í400 Cluj-Napoca, Romania
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2. EXPERIMENTAL

In order to obtain further information of the TM ions influence on the structure of 

alkati borate glasses, we investigated the xMOá(l-x)[3B2O3áK2O] glasses with x = 0.005; 0.01 

and MO = V2O;, CuO, NiO, Fe2O3, TiO2, CoO, Cr2O3, MnO maintaining the B2O3/K2O ratio 

constant. These glasses were prepared b)' mixing H3BO3, K2CO3 and MO in suitable 

proportions and melting this mixture in sintered corundum crucibles at T = 1200°C for 0.5 

h. The parallelepiped shaped samples were obtained by pouring of melts in stainless steel 

form s.

The Raman spectra hâve been recorded on a GDM 1000 double monochromator 

instrument equipped with ILA 120-1 argon-ion laser; the émission line at 488 nm was used 

with a incident power of about 0.80 W. A 90° geometry and a spectral slit width of 3-4 cm'1 

was used for collecting the scattered light. The spectra was recorded without polarizer in the 

gathering optics. The measurements were carried out at room température.

3. RESULTS AND DISCUSSION

It is well known that the Raman spectrum of pure B2O3 has one very strong band at 

about 806 cm'1. This frequency characterizes the specific ring structure of the B2O3 glass. 

Furukawa and White [7] and Galmer [8] hâve assigned this band to the Symmetrie breathing 

motion of boroxol rings. The addition of K2O to the borate glass promûtes the breakdown of 

boroxol rings and helps in the formation of BO4 tetrahedral units. The experimental evidence 

for such a process is the appearance of a Raman band at 770 cm'1 together with a decrease 

in the intensity of the band at 806 cm'1 The Raman band centered at 770 cm'1 which appears 

14
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in this case is assigned by Bril [3] to the formation of six membered rings containing one BO4 

tetrahedron (i.e. triborate, tetraborate or pentaborate) and the shift of this band towards lower 

frequency (~ 755 cm'1) has been assigned to six membered rings with two BO4 tetrahedra (i.e. 

ditnborate or dipentaborate).

Crystalline Na2O-2B2O3 which is made up of ditriborate groups and dipentaborate 

groups has a dominant band at 755 cm'1 [1]. Raman spectra of crystalline a- and ß- K2O- 

5B2O, which consist of pentaborate groups hâve been recorded by Konijnendijk [1]. The a 

form has bands at 765, 885 and 650 cm-1 with a number of close lying bands in the region 

of 500 cm'1. The ß form présents vibrational bands at 785, 925 and 625 cm'1 with a few more 

close lying bands around 500 cm"1. Hence pentaborate groups could be identified by the 

simultaneous presence of the 770, 930 and 650 cm'1 bands along with considérable scattering 

in the 500 cm'1 region [6]. Triborate and tetraborate groups give rise to the 770 cm'1 band and 

a weak band at 930 cm'1 but no bands in the 660 cm'1 spectral region [1]. Hence the 770 cm'! 

band can not be taken alone to indicate the presence of a particular group. The diborate 

groups are identified by the presence of a band around 1050 cm'1 [2]. Raman spectra of ZnO- 

2B2O3 and Li2O-2B2O3 which consist of diborate groups show vibrational bands around 1050 

and 980 cm'1 and at 1035, 980 and 930 cm'1, respectively [1, 9]. Therefore the band at 1050 

cm'1 is assigned to diborate groups.

By comparison with the spectra of crystalline CaO-B2O3 and Li2O-B2O3 which are 

known to contain chain-type metaborate group, the 660-670 cm'1 and 1450-1500 cm'1 bands 

are assigned to the chain metaborate groups [2]. Konijnendijk [1] showed that a number of 

crystalline borate compounds containing six membered rings with BO4 tetrahedra (such as 

15
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pentaborate, triborate, diborate, etc.) give Raman bands in the 450-500 cm'1 region. Kamitsos 

et al. [2] présumé that is nearly impossible to assign the observed bands to a specific 

structural group. The bánd centered at 460 cm'1 is assigned to a ring angle bending (B-O-B) 

from BO4 tetrahedra [10] which was observed at 470 cm'1 for pure B2O3 [11].

The bánd centered at 600-620 cm'1 is known to originate from vibrations of the ring 

type metaborate groups. Bnl [1] assigned this band to the metaborate ring breaking vibration 

which involves the displacement of ail oxygen atoms, based on the Raman spectrum 

of the Cs2O-B2O3 which contain ring type metaborate groups.

By comparison with Raman spectra of crystalline pyroborate 2Li2O-B2O3 the band 

centered at 1210 cm'1 is assigned to pyroborate groups [10].

The strongest band in the Raman spectra of the Mg- and Ca-orthoborate compounds 

is observed at 920 and 930 cm'1, respectively. Thus the band centered at ~ 930 cm'1 was 

assigned to orthoborate group [9, 10].

Our Raman spectra of potassium borate glasses of the xMOá(l-x)[3B2O3áK2O] System 

with MO = V2O5, CuO, NiO, Fe2O3, TiO2, CoO, Cr2O3, MnO atand x - 0 and 0.005 are 

shown in Figs 1 and 2.

As is shown the bands centered at ~ 450 cm'1, ~ 600 cm'1, ~ 670 cm'1, ~ 770 cm'1, ~ 

800 cm1, ~ 920 cm'1, ~ 1045 cm1, ~ 1250 cm1 and ~ 1460 cm-1 are presented. The band 

centered at 806 cm'1 is shifted at low frequency, ~ 800 cm’1.

For the studied glasses, the intensity of 770 cm'1 band is greater than that of 800 cm'1, 

therefore the number of borate rings is higher that the number of boroxol rings 

(Fig.3a).

16
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A detailed inspection of the Raman spectra shows that the 

770 cm'1 band is present along with the bands at 930 cm1, 

670 cm'' and considérable Scattering in the 500 cm'1 region. 

It appears that in the studied glasses, the boroxol rings are 

converted to pentaborate groups and not to tetraborate or 

triborate groups.

Raman spectrum of 3B2O3áK2O (Fig. 1 h) is 

dominated by the band due to the Symmetrie breathing 

vibration of six membered rings with one BO4 tetrahedron 

(770 cm'1). This band reflects the existence of a pentaborate 

groups (Fig. 3 b). In 3B2O3áK2O glass orthoborate (930 cm'1) 

(Fig. 3 c), chain type metaborate (670 cm'1 and 1470 cm'1) 

(Fig. 3 d) and pyroborate (1210 cm'1) (Fig. 3 e) groups also 

appear.

In Raman spectra of xV2O5á(l-x)[3B2O3áK2O] (Fig. 

1 b); xCoOá(l-x)[3B2O3áK2O] (Fig 1 f) and xTiO2á(l- 

x)[3B2O3áK2O] (Fig. 1 e) with x = 0.005 the following bands 

are present: 770 cm'1 (pentaborate groups), 800 cm'1 (boroxol

, n _ , rings), 470 cm'1 (B-O-B from BO4 tetrahedra), 930 cm'1
Fig. 1. Raman spectra of the 
xMnOá(l-x)[3B2O3áK2O] glass System . .
with x = 0.005 and (orthoborate groups), 670 cm and 1480 cm (chain type
(MO = Cr2Oj (a), V2O3 (b), NiO (c),
CuO (d), TiO2 (e), CoO (f), Fe2O3 (g), metaborate groups) and 1210 cm'1 (pyroborate groups) and 
x = 0 (h).

a band centered at ~ 300 cm'*for TiO2.We observed that the 

17
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addition of these TM oxides do not determine the appearance of 

a new structural groups, but only a change of the proportion of 

these groups which is reflected in the change of the relative 

intensity of the corresponding bands (Table 1). The addition of 

TiO2 détermines an important change of the structural groups and 

of the relative intensities respectively: the band at 670 cm"1 

became higher than those at 470 and 930 cm"1. Therefore with 

addition of TiO2 the number of the chain type metaborate groups
Fig. 2. Raman spectruin of the 
xMOá(l-x)[3B2O,áK2O] glass 
with X = 0.005.

became higher than the number of the orthoborate groups.

Table 1. Structural groups present in the xMOá(l-x)[3B2O3áK2O] glass System (x = 
0.005; MO = V2O5, TiO2, CoO, CuO, NiO, Fe2O3, Cr2O3) and the relative intensities of the 
corresponding bands, rationed to the intensity of the 770 cm'1 band (758 cm'1 band for Cr2O3),

3B2O3-
K2O

v2o5 TiOj CoO CuO NiO Fe2O3 Cr2O3

Boroxol (-800cm1) 0.43 0.58 0.72 0.24 0.45 0.69 0.78 0.65

Pentaborate (-770cm1) 1 1 1 1 1 1 1

Dipentaborate (~758cm ') - - - 0.22 » « 1

Orthoborate (-930cm1) 0.2 0.35 0.37 0.03 0.2 0.24 0.25

Pyroborate (1210cm1) 0.03 0.06 0.07 0.27 0.02 0.04 0.06 0.07

Chain type metaborate (~670cm l) 0.24 0.34 0.55 0.25 0.33 0.38 0.17

Ring type metaborate (-600cm1) - - - 0.23 0.27 0.29

Diborate (-1050cm1) - - - - 0.1 0.1 0.1

In Raman spectrum of xCuOá(l-x)[3B2O3áK2O] (Fig. 1 d) with x = 0.005 the 

following bands are present: 770 cm"1 (pentaborate groups), 800 cm"1 (boroxol rings), 

470 cm"1 (B-O-B from BO4), 670 and 1460 cm"1 (chain type metaborate groups), 925 cm'1
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b)

e)

d)

Fig. 3. Typical structural groups present in the borate glass: a)boroxol group; b)pentaborate group, c)oithoborate 
group, d)chain type metaborate group, e)pyroborate group, f)ring type metaborate group, g)diborate group, 
h)dipentaborate group. Solid circles represent boron atoms, open circles, oxygen atoms. Note that 0 indicates 
a bridging and O non bridging oxygen.

(orthoborate groups) 1220 cm'1 (pyroborate groups) and 600 cm'1 (ring type metaborate 

groups) (Fig. 3 f) From these data results that the addition of the TM oxide determine the 

appearance of the ring type metaborate groups and a change of the relative intensities of the 

Raman bands (Table 1).

In Raman spectra of xFe2O3á(l-x)[3B2O3áK2O] and xNiOá(l-x)[3B2O3áK2O] (Fig. 
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1 e and c) with x = 0.005 the following bands are present : 770 cm'1 (pentaborate groups); 

800 cm'1 (boroxol rings); 470 cm'1 (B-O-B from ВОД 670 and 1470 cm'1 (chain type 

metaborate groups), 925 cm'1 (orthoborate groups), 1050 cm'1 (diborate groups) (Fig. 3 g), 

1220 cm'1 (pyroborate groups) and 600 cm'1 (ring type metaborate groups). From these data 

results that the addition of Fe2O3 and NiO détermines the forming of the ring type metaborate 

and of the diborate groups and the change of the relative intensities of the Raman bands.

In Raman spectrum of xCr2O3á(l-x)[3B2O3áK2O] with x = 0.005 (Fig. 1 a) the 

following bands are present: 758 cm'1 (dipentaborate groups) (Fig. 3 h), 800 cm'1 (boroxol 

rings), 450 cm'1 (B-O-B from ВОД 660 and 1470 cm'1 (chain type metaborate groups), 900 

cm'1 and 1050 cm'1 (diborate groups) and 1210 cm'1 (pyroborate groups). From these data 

results that the addition of Cr2O3 détermines the forming of the diborate groups and the 

incorporation of a second BO4 tetrahedron into a pentaborate group and as a resuit, the 

formation of a dipentaborate group.

Raman spectrum of xMnOá(l-x)[3B2O3áK2O] System with x = 0.005 (Fig. 2) are 

dominated by the fluorescence, but we can see the bands from 770 cm'1 and 800 cm'1. The 

presence of the fluorescence which covers the Raman bands, do not allow to establish what 

kinds of structural groups are present in this glass.

We also recorded the Raman spectra of xMOá(l-x)[3B2O3áK2O] with x = 0.01 and 

MO = V2OS, NiO, CuO, Fe2O3, TiO2, MnO, but this spectra do not present a significant 

changes from those with x = 0.005.
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4. CONCLUSIONS

The adding of TM oxides in 3B2O3àK2O glass détermines a modification of a relative 

proportion of a different structural groups and the appearance of a new structural groups.

The adding of Fe2O3, CuO and NiO détermines the forming of ring type metaborate 

groups, whereas the introduction of FejO,, NiO and Cr2O3 détermines the forming of diborate 

groups. The adding of Cr2O3 détermines the transformation of the pentaborate groups in the 

dipentaborate groups. The adding of TiO2 détermines the strongest modification in the 

intensity of the Raman bands and invoives the changes of the ratio between different 

structural groups.

From these data results that the ali studied TM ions act as modifiers of the network 

in the glass under investigation.
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PENTACENE DOPED BENZOIC ACID CRYSTAL - A MODFL 
FOR NONPHOTOCHEMICAL HOLE В URNING

OF IMPURITY ELECTRONIC TRANSITION IN ORGANIC GLASSES

S. AȘTILEAN’, T. ILIESCU’, Z. TANKO', S. CÎNTA’, D. MANIU’ and L BRATU"

ABSTRACT. - Optical excitation at liquid hélium température of pentacene molécules 
embedded in benzoic acid crystals gives rise to defects in the environment of pentacene. It has 
been proven that these defects are produced by reversible proton transfer between the benzoic 
acid host and the pentacene guest. The defect sites are unstable and decay with lifetimes 
ranging from second to hours. Different defect sites also interconvert spontaneously in the dark 
or afler absorption of a second photon. This ensemble of pentacene molécules in defect 
environment exhibits many of characteristics which are commonly observed for dye molécules 
dissolved in glasses (i.e. hole burning, spectral diffusion, etc.) and, therefore, represents in 
many regards a model of these more complex amorphous Systems.

1. INTRODUCTION

The burning of persistent holes (dips) in the site inhomogeneously broadened 

absorption bands of organic molécules imbedded in low températures matrices has become 

an important topic over the pást decade. Beyond its potential use for optical memories this 

phenomenon has proven to be the most useful line narrowing technique in optical 

spectroscopy of Condensed phases [1-3]. The hole production resulted from irradiation with 

a narrow line laser in a impurity vibronic absorption band associated with the lowest singlet 

(SJ absorption System. By the term persistent it is generally meant that the spectral holes 

(dips) last for time periods longer that the lifetime of any excited state with no profile change, 

provided the samples is maintained at below the température at which the holes are burned 

and in the dark Obviously, this type of solid state hole burning has its origin in mechanisms
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very different from that operative in transient saturation hole buming spectroscopy [4].

Persistent spectral hole buming often occurs in disordered solids as glasses or polymers, 

where the glassy material is used as host material for color center-like states of dye molecule. 

The mechanisms of spectral changes observed after optical excitation of absorbing guest can 

be divided into two classes:

1) photochemical hole buming (PHB) where the spectral changes are produced through 

the photochemistry of the absorbing specie in the matrix, and

2) non-photochemical hole-buming (NPHB) where the absorbing specie is not altered 

after the excitation-relaxation cycle and the spectral changes are produced through 

photoinduced microscopic rearrangements of the matrix itself.

The mechanisms leading to the bleaching of the absorption of dye molecule are important for 

the understanding of the nature of these materials (host-guest interactions, local 

photochemistry) and, consequently, for its molecular applications (optical data storage 

Systems). While several mechanisms hâve been identified (dissociation, ionization and electron 

transfer, proton transfer), others photoinduced changes are more subtle and involve 

rearrangements of dye-host system which are not so well characterized and understood. In 

organic glasses, in particular, it has been suggested that two-level tunneling Systems are 

involved in the formation of holes but the precise nature of these has not been elucidated yet. 

Holebuming could always be observed in hydrogen bonded solids and the hole formation and 

évolution was shown to dépend strongly on deutération, suggesting rearrangements of the 

hydrogen bond networks [5]. The complexity of the inhomogeneous distribution of local 

environments, reaction and relaxation rates makes precise observations more difficult in 
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amorphous hosts.

Crystalline host materiale are better adapted for such studies and can be used as model 

for situations encountered also in glasses.

Recently, one of authors (S.A.), have studied the photoinduced proton transfer in the 

mixed molecular crystals, namely pentacene doped a hydrogen bonded crystals of benzoic 

acid [ 6 ].

The present paper discuss some ideas about the possibility to take the 

phototransformation observed in pentacene doped benzoic acid (PC/BA), a crystalline 

material, as a model for a NPHB process observed in glasses. This idea cornes from the fact 

that the irradiated PC/BA crystals exhibits many properties, i e. hole burning, spectral 

diffusion, etc., which are also commonly observed for dye molécules dissolved in glasses. Our 

analysis show that the ensemble of pentacene molécules in defect environments can be 

regarded as a disordered solid and that this ensemble of metastable defects sites représente 

in many regards a model of more complex amorphous System.

2. Pentacene in benzoic acid crystal

A. Spectroscopie survey. The pentacene molecule and benzoic acid dimer have similar sizes 

and have both a center of symmetry. In the benzoic acid host crystal, pentacene occupies a 

single substitutional site where pentacene replaces one benzoic acid dimer (Fig. 1).

The absorption spectrum at liquid hélium températures (1.8 K) of PC in BA cystal is 

typical of mixed molecular crystal showing one sharp (fwhm<l cm"’) electronic origin line 

at 16 998.3 cm'1, accompanied by phonon side band and vibronic origins (Fig. 2 (a)). Optical

25



S. AȘTILEAN et al

PENTACENE MOLECULE

PENTACENE DOPED BENZOIC ACID CRYSTAL

Fig 1 : Pentacene and benzoic acid dimer drawn on the same scale (top). Structure of pentacene doped benzoic 
acid crystal (boltom).

irradiation in the pentacene spectrum leads to bleaching of the absorption ant to appearance 

of a large number of new absorption lines (Fig. 2 (b)). The spectral dips or hole burning in 

the absorption spectrum is observed when a laser selective irradiation was applied.

Ail the photoinduced spectral changes disappear spontaneously in the dark and the 

original absorption spectrum is restored in the lifetimes ranging from subsecond to tens hours 

Since the vibrante progression observed for these new "photosites" is identical to the 

progression of the stable site, these absorption fines hâve been assigned to unaltered PC
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Fig. 2: Absorption in the region of electronic origin (S, «- So) transition of pentacene doped in single crystals 
ot benzoic acid a): spectrum of die crystal prior to irradiation, b): spectrum recorded after irradiation at the 
frequency of 0-0 line of the stable site at 16 998.3 cm'1.

molécules in altered environment. The ground state energy of different defects site or altered 

environment is higher than of the stable sites but the energy différences between the different 

defect structures may be quite small ( the transition energies ranges from 140 cm1 below to 

80 cm ’ above the transition energy of the stable site)
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B. Photochemistry and relaxation in pentacene doped benzoic acid crystals.

The photoinduced mechanism involved in this Systems was presented in the previous studies 

[6-8]. The general picture of reaction mechanism and ensuing relaxation and interconversion 

processes of sites is summarized in Fig. 3.

Fig. 3: Reaction scheme leading to the production of defect sites by reversible hydrogen transfer reactions. The 
figure also indicates photoinduced and spontaneous relaxation processes between sites.

Then, prior to irradiation the mixed crystal contains only PC in the stable site (PC0).

Electroni cal 1 y excited PC0* abstracts a hydrogen atom from the matrix giving an unstable 

protonated dye (PC-H). This complex dissociâtes rapidly into ground state and the hydrogen 
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atom is released back to the matrix, not necessarily in its original position (PC0) but to a 

displaced or metastable site (PCj5 i=l, .... 4). Re-excitation of PC in this metastable site (i.e. 

PC4 photosite) is again followed by protonation and releasing of the proton in existing sites 

(PC0 to PC4) or new sites (PC5). All photosites decay to the stable site, either directly either 

by feeding other photosites (РС\ -* PC2). In addition to relaxation directly back to original 

unperturbed structure, photosites can also "communicate" subséquent to light absorption or 

re-excitation. The photosites can be bleached by re-irradiation but in this case, the efficiency 

of bleaching is increased significantly (one order of magnitude or more).

The proof of reaction scheme, proposed here as mechanism leading to the defects 

structures, relies heavily on:

1) the différences of reactivity of selectively deuterated PC molécules [6, 9].

2) the isotope effect on the rate of relaxation of matrix (i.e. the acid protons of the 

benzoic acid dimers replaced by deuteriums).

3. Photoinduced proton disorder in pentacene doped benzoic acid 

CRYSTALS - A MODEL FOR DISORDERED SOLIDS

A. Results. Benzoic acid and related carboxylic acids crystallize as cyclic dimers linked by 

two hydrogen bonds. These dimers can rearrange via simultaneous two-proton transfer intő 

a tautomeric structure. For a isolated dimer the potential diagram describing the tautomer is 

a Symmetrie double well. In the benzoic acid crystals the double well has been shown to be 

asymmetric. Thus, although a crystalline medium is involved, there is a disordered structure 

due to different tautomer configuration. This disorder fluctuâtes on a nanosecond time scale 
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and is perceived as static or dynamic, depending upon the intrinsic tinte scale of the 

spectroscopy that is performed.

However, a different type of disorder is created in crystal, even at 0 K, when the 

stable pentacene molecule embedded in crystal is irradiated. This is a photoinduced disorder 

which can be connected to the disorder pre-existing in glasses and, consequently, we propose 

to analyze in the terms of so-called Anderson’s two-level System (TLS) [10] used in 

description of glasses structure.

Then, prior to irradiation, the PC-doped BA crystals at liquid hélium exhibit ail the 

properties of an ideal sustitutionally doped mixed crystal System. The replacement of B A 

dimers by PC molécules occurs at random (Fig. 4 (a)).

Disorder have been created in the crystal at low température by irradiation, so that a 

great vanety of defect structures is produced as described above (Fig. 4 (b)).

It is this ensemble of PC molécules in a variety of defect str uctures that can be regarded as 

a disordered solid. This ensemble exhibits many of the characteristics of dye molécules doped 

into glass:

i) The spread of transition energies of the different defect sites is over 200 cm'1 ( see 

Fig 2 and Fig. 4 (b)). This inhomogeneous spread is comparable to site shifts observed in 

crystals ( i. e Spols’kii matrices) or to the width of the inhomogeneous distribution observed 

for electronic transition of dye dissolved in glasses .

ii) The communication between different defect structures in the absence of irradiation 

is an example of spectral diffusion process which is operative in a like glass Systems

iii) The communication between different defect structures in the presence of
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Fig. 4: a) Schematic représentation of the stable sites of a substitutionally doped benzoic acid crystal and of the 
spectum pnor to irradiation. The open rectangles represent benzoic acid dimere of the host where small circles 
indicate two acid hydrogens of a dimer, while the pentacene guests are represented by striped rectangles, b): 
Schematic représentation of the ensemble of defect structures with displaced hydrogen atoms and of the 
spectrum, obtained after irradiation of the sample.

irradiation can contnbute to elucidating the hole burning and light induce hole filling 

mechanisms in amorphous materials.
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The observations ii) and iii) matches, for a continuous distribution of sites as present in glass, 

the spectral évolution in these materials [11]. The spontaneous as well as the photoinduced 

communications between the photosites in PC/BA irradiated crystal are shown in Fig. 5 (a) 

and (b).

iv) In many regards the defect structures in a crystal is analogous to probing the 

distribution of dye sites in a glass by measurements on single molécules spectroscopy, as 

observed at very low doping levels [12]. In both cases the properties of each site (rates of 

relaxation, température dependence, crystal-field-induce dipole moments, etc.) are well defined 

and distinct, while in a glass at higher doping levels only averages of these quantities are 

observed.

B. Discussion. Relaxation of photoinduced perturbations in PC/BA mimics the spectral 

diffusion process which is operative in a like glass Systems. Consequently, the relaxation 

between a photosite and the site stable or also even the communication between different 

defect structures observed in PC/BA can be modeled by the glass two level System model 

(TLS). Following Anderson’s model the double-well potential is shown in Fig. 6. This 

double-well potential is a very simplified représentation of the disordered structure around of 

pentacene dye. Because the state reached after irradiation is one of non-equilibrium, like the 

glassy state, the bulk disorder is taken into account by a "discrete" distribution of parameters 

Ai and Vf.

Ignoring the phonon assisted relaxation, the tunneling at T=0K is the unique process of 

relaxation. One form the tunnel states | A > and | B > from the two localized oscillator states 

(the site state and the photosite state , respectively):
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W AVENUMBER (cm-1) w.r. to the stable site at 16998.3 cm'!

Fig. 5: a) Communication between different sites in the absence of light (in dark). The decay of the site at 74.3 
cm'1 feeds the sites at 52.3 cm1, 65.7 cm'1 and 70.1 cm'1, b): Communication between different defect sites 
via irradiation: selective irradiation of the site at 52.3 feeds the site at 65.7 cm'1 and at 36.7 cm'1. (Ail energies 
are relatives to the stable site: 16 998.3 cm'1 ).
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Fig. 6: A schematic représentation of the double-well potential characteristic two-level Systems (TLS). The 
relevant paramétere are shown here and discussed in the text.

I A> = a| L,ite> + b| Rpho,o,ite>

I B > = -b| L,ile > + a| Rpho^ta > G)

The formai description of tunneling state can be done by one 2x2 Hamiltonian matrix:
1 A J

J -A
In the above matrix the A paraméter characterizes the potential asymmetry and J is

(2)

the

tunnel ing frequency of the form:

H = _
2

J = h со exp (3)

where a is the séparation of two potential wells along the coordinate, m is the partide mass 

and V is the barrier height as defined in Fig. 6 The energy hiu is on the order of the quantum 

energy of a harmonie oscillator and characterize the shape of the potential.

The rate of relaxation at T=0K photosite to site is:

(4)

This theoretical model allow to analysis the deutération or isotope effect in PC/BA crystals.
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Then the isotopic substitution of acid protons (H«-»D) leads to the follow factor which can 

be measured experimentally by the timelife of photosite:

rH/D

Our measurements of timelife [6] showed that the lifetime of photosites is slowed down by 

three and more Orders of magnitude in the deuterated host, so the deuteration effects on the 

relaxation rates impose that rI1/D > 104. These large deuteration eflfects confirm that the defect 

structure are due to a rearrangement of the acid protons of the hőst. The tautomerization of 

B A dimers next to the PC guest was also invoked [13], but rejected based upon the great 

number (> 20) of photosites observed, the time scale of the relaxation, as well as the energy 

of photosites relative to the stable site (> 700 cm1). Clearly, more severe proton 

rearrangements, involving the rupture of hydrogen bonds or even of =O-H bonds, produced 

by reversible hydrogen (proton) transfer reaction between the guest and host molécules were 

proposed as alternative explanation [6] .

and

Consequently, assuming proton tunneling distances of a few Angströms : 

one estimâtes barriers heights of 1000-5000 cm'1 (see Fig. 7).

This is an interesting resuit: we learn from these experiments that the PC/BA crystal 

is, after irradiation, very nearly like a glass System. Especially, the resuit show that the barrier 

heights exceed considerably the barriers of the tautomérisation process (<700 cm'1) and are 

comparable with the barrier heights given in glasses. This effect provides important insight
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BARRIER WIDTH [ Â]

Fig. 7: Combination of barrier heigths and widths obtained from the isotope effects on the decay rates of the 
photosites structures.

into the distances over which hydrogen are dtsplaced and the energy barriers separating 

different hydrogen arrangements

After irradiation of PC/BA crystals, the ensemble of metastable defect sites created, 

exhibits properties that are characteristic of disordered solid like glass, so that this crystalline 

System can be used as a model of these more complicated solids

4. Conclusions

Photoinduced hydrogen displacements, such as characterized here in PC-doped crystals, 

are likely to occur in many doped crystalline Systems and glasses. Similar, though not as 

detailed, observation of such processes hâve been made for other dopants of BA and also for 
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various dopants in durene [14]. Reversible host-guest hydrogen transfer reactions could be 

identified in the present System as leading to the hydrogen displacements in the host 

environment and we propose that this mechanism is also operative in many doped glasses 

where such a detailed characterization is not feasible. Such a mechanism would contribuie to 

so-called non photochemical hole buming and the light-induced hole filling processes. The 

proposition that the ensemble of photoinduced defects sites in PC-doped BA is représentative 

of a dye-doped amorphous solid is supported by the observed characteristics and behavior of 

this ensemble at températures near 0 K. The possibility to investigate for the discrete defect 

sites the effect of deutération on reaction rates and on the rates of relaxation is unique for the 

crystalline model System and such measurements cannot be done in real glasses, even using 

single molecule spectroscopy.
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THE pH INFLUENCE ON THE PP VITAMIN RAMAN SPECTRA

T. ILIESCU', S. CÎNTA', S. ASTILEAN’ and I. BRATU“

ABSTRACT. - Raman spectra of solid PP vitamin and of 10’1 то1Л aqueous solutions at 
different pH values were studied and compared. In solid state and in solution at large pH the 
nonprotonated species are present while in solution at low pH (<2.5) the protonated ring 
nitrogen atom was preponderent observed

INTRODUCTION

PP Vitamin (Nicotinamide) has major contribution in oxidation-réduction processes 

of the human body. In this sense is very important to be known the changes of molecular 

structure of this drug at different pH values. Raman spectroscopy is a very good tool which 

öfter the possibility to understand the molecular structure modification with the aid of 

vibrational analysis.

In order to understand the mechanism and the species adsorbed on silver surface when 

enhanced Raman spectra are obtained, a complete study of normal Raman spectra of PP 

vitamin in solid state and in aqueous solution at different pH values is necessary in order to 

establish from the vibrational analysis what kind of species are present in each case. In this 

sense, our work is a preliminaiy study about normal Raman and IR spectra of PP vitamin 

in solid state and solution at different pH values.
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EXPERIMENTAL

PP Vitamin was purified by many time recrystallization from ethanol-water solution 

until the desired melting point was obtained. The pH values of 101 mol/1 aqueous solutions 

were adjusted by using H2SO4 or NaOH

The Raman spectra were recorded on a double monochromator GDM 1000 using the 488 nm 

excitation line of an Ar ion laser. The laser power and the spectral slit widths are indicated 

on the spectra. The sample were put into a capillary glass tube and the scattered light was 

collected at 90° geometry without polarizer in the gathering optics. In order to avoid the 

plasma lines which were present especially in the Raman spectra of solid sample, the laser 

light was passed through a simple monochromator. Infrared spectra of solid samples were 

recorded with a UR 20 Cari Zeiss spectrophotometer in the 400-4000 cm'1 spectral range 

using the KBr pellet technique. Ail spectra hâve been recorded at room température.

RESULTS AND DISCUSSION

As the value of the pH is modified, a structure change of the PP vitamin molecule 

is obtained, see Fig. 1.

Fig. 1. The structure changes of PP vitamin with the variation of pH.
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The pka=3.3 value indicate [1] that in solution at pH values smaller than 3 3 the 

protonated fönn (I) whereas at pH larger than 3.3 neutral form (II) one are present 

respectively.

Fig. 2 and Fig. 3 shows the Raman and IR spectra, respectively, of solid PP vitamin. 

We assume that in the solid state, PP vitamin is composed by the neutral form II. In this

Stretching vibration;
Fig.2. Raman spectra of solid PP vitamin. Excitation with 488 nm (140 

mW) line of an Ar+ laser. Spectral slit width: 3 cm1.

Amide II - which can be assigned to the ßNH2 bending vibration;

Amide III - induced by v(C-N) valence vibration coupled with N-H vibration. Excepting

Amide 1, the name "Amide" charactenzes the vibration more generally that the given 

alternative symbols.

In benzamide ( R = phenyl group ) infrared frequencies for these three types of vibrations are
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Fig. 3. IR spectrum of solid PP vitamin in the 400-1800 cm1 spectral range.

centered at [3] : 1661cm"1 (I), 1626cm’1 (II) and 1404cm’1 (III) respectively.

By comparison with infrared and Raman spectra of benzamide and Raman spectra of nicotinic 

[4] and isonicotinic acids [5], in Raman spectra of solid PP vitamin (ftg.2), the band at 1674 

cm’1 can be assigned to v(C = 0) Stretching vibration (amidé I); 1612 cm'1 to bending 

vibration NH2 (amidé II) and 1392cm’1 to v(C-N) valence vibration coupled with N-H 

vibration (amidé III). In infrared spectra of PP vitamin these bands are identified at 1686 cm- 

1625cm’1 and 1405 cm’1 respectively.

The strong band present in Raman spectra at 1592 cm’1 and the accompanying week should
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at 1578 cm'1 can be assigned to the in plane 8a and 8b ring Stretching vibrations, using 

Wilson’s notation for nionocyclic aromatic components[6], Corresponding to IR data, these 

bands are placed at 1597cm'1 and 1576 cm'1. For pyridine ring and in benzamide these 

vibrations are present at 1583cm'1, 1572 cm'1 and 1600cm'1, 1577 cm'1 respectively.

A very strong band at 1037 cm'1 with a shoulder at 1592 cm'1 is the most intense band in the 

Raman spectra of solid PP vitamin ( Fig. 2).

In analogy with the spectra of monosubstituted benzene and pyridine derivatives [7], this 

doublet generally arises from the 12 trigonal ring "breathing" mode and 5 out-of-plane CH 

deformation.

In the spectral range between 1100cm'1 and 1500 cm'1 some peaks of weak intensity resulting 

from further in plane ring vibrations can be found at 1087cm'1 (/#/>), 1117 cm'1 1157 cm'1 (73) 

and 1207cm'1 (9a).

At low Raman shifts, two bands at 777 and 785 cm'1 are assigned probably to the O = C - 

NH2 in plane bending vibrations; the band at 627 cm'(6b or (C-O)) and 387 cm'\16b) are 

also present. At very low frequencies, a band at 192 cm'1 is observed (Fig. 2) which can be 

probably due to the vibration of molécules in elementary cell of crystalline PP vitamin or the 

vibration of crystalline network

In order to understand the mechanism and the species adsorbed on silver surfaces, 

when Enhanced Raman Scattering is observed, the changes of the molecular structure of PP 

vitamin at different pH values are necessary to be known. In this sense, we obtained normal 

Raman spectra of 10 ‘mol/l PP vitamin water solution at different (0.5-12) pli values. For 

pH larger than 5.5 ( this pH was obtained only by solving PP vitamin at desired



T. ILIESCU et al.

concentration) there are no substanțial changes observed in the Raman spectra.

In Fig 4 we present the Raman spectra of 10‘mol/l PP vitamin aqueous solution at three pH 

values: 0.5, 2.5 and 5.5. Depending on pH value, we can obtained in solution the proto-nated 

or nonprotonated form of PP vitamin (Fig 1). The protona-tion can be easily realized at 

pyridine ring nitrogen and proba-bly hardly at NH2 amidé group. This happens at very low 

pH values (pH«pKa) when PP vita-min predominantly exists as pro-tonated form [I] and 

at large pH as neutral form [II].

The changes observed in Raman spectra convinced us about the existence of these 

molecular species. As we can see from Fig.4 a meaningful change in Raman spectra at 

different pH values is observed only in the 1550 - 1700 cm'1 range in addition to the 

broadening and the shift of ail the bands in comparison with the bands of solid PP vitamin.

In solution as in the solid state the most intense band arises from the trigonal 

"breathing" mode 12 at 1045 cm'1 accompanied by the out-of-plane 5 CH deformation at 

1030 cm'1. The last band rises in intensity as pH value increases (Fig. 4b and 4c). In aqueous 

solution saturated in nicotinic acid at pH = 12.5, when the spectrum can be associated with 

the nicotinated anion (nitrogen atom from pyridine ring is not protonated ), only 12 mode 

at 1037 cm '[4] is present. In Raman spectra of solid state PP vitamin (Fig 2) two very 

closed bands at 777 and 787 cm'1, of the same intensity, are present. The Raman spectra of 

solution at pH = 0.5 show only a intense band at 782 cm'1 and at pH = 2.5 this band appears 

as a shoulder (785 cm'1) on the intense band at 794 cm'1, while at pH = 5.5 only the intense 

band at 792 cm'1 is present.
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Fig.4. Raman spectra of IO'1 mol/1 water solution of PP vitamin: a) pH = 0.5; b) pH = 2.5; c) pH = 5.5.
Excitation with 488 nm (140 mW) line of an Ar+ laser. Spectral slit width: 4 cm"1.
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Because this band was assigned to O = C - NH2 in plane bending vibration we 

assigned these changes in intensity and position either to the presence of protonated form I 

or to hydrogen bond in amidé group

In infrared spectra of solid PP vitamin one ftnds a large band at 780 cm'1 with a shoulder at 

755 cm'1. The existence of this large band confirm us the presence of hydrogen bond in amidé 

group even in solid state. At large pH values (pH > 5.5, ftg. 4c ) in Raman spectrum a very 

strong band centered on 1602 cm'1 is present with shoulders at 1625 cm'1, 1650cm'1 

and 1688cm'1 on the high wave numbers and 1580cm'1 on the low wave numbers. These 

bands are similar to the bands 1578cm'1, 1592 cm'1, 1612 cm'1 and 1674cm'1 observed in 

Raman spectrum of solid state PP vitamin (Fig.2). This is an argument that in solution at pH 

values larger even than 2.5 the PP vitamin exists in its neutral form (И Fig 1).

At low pH values Raman spectrum shows a different aspect in the 1500 cm'1- 

1700cm'1 spectral region (Fig 4a). A strong band at 1644 cm'1 is present with shoulders at 

1582 cm'1, 1622 cm 1 and 1695cm1. As can be seen from fig. 4 the decrease of pH leads to 

the réduction of signal intensity of the ring vibration 8a at 1602cm'1, while simultaneously 

a new band develops at 1644 cm'1 which at pH = 0.5 became very intense.

This fact retlects the structural change of the dominant species from the neutral PP 

vitamin (form II Fig.2) to the protonated form I ones.

In general, N - protonation of pyridir.e derivatives produces a wave number shift of 

the vibrational band 8a [7] i.e in the case of pyridine from 1583 cm'1 to 1630 cm'1.

For nicotinic acid this wave number shift was observed from 1589 cm'1 (pH = 12) to 1644 

cm'1 (pH < 4.6) and is explained by the presence of the nicotinic acid anion (nonprotonated
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г-
nitrogen ring ) and zwitterion ( protonated nitrogen ring ).

The Amide III band present in the solid state Raman spectrum of PP vitamin at 1392 

cm’1 is shifted in solution at 1424 cm'1 and is broadened. At pH = 5.5 a shoulder is developed 

on this band at 1452 cm’1.

CONCLUSIONS

The structural transitions of PP vitamin in aqueous solution IO’1 mol/1 in the entire 

pH - range are reflected in normal Raman spectra. The protonation of the nitrogen ring can 

be observed from the intensity changes and the development of new Raman bands which 

correspond to the protonated or nonprotonated species.
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SPIN FLUCTUATIONS IN (U^iQAl, SYSTEMS

Heana LUPȘA', P. LUCACl’ and Mihaela DANCIU"

ABSTRACT. - The structural and magnetic properties of (U|.xLax)Al4 Systems were studied. 
The compounds having xsO.6 and over a certain température a Curie Weiss type behaviour 
obey. The negative paramagnetic Curie températures and the effective magnetic moments 
values indicate the presence of the spin fluctuations. For x=0.8 a Pauli paramagnetism is 
evidenced. As lanthanum content is increasing a quenching of spin fluctuations and their 
supression are observated. The magnetic measurements are correlated with the structural data.

I. Introduction

UA14 was evidenced as a spin fluctuations System. It présents a maximum in the 

thermal susceptibility dependence at -200K and over a certain température (400K) a Curie 

Weiss type paramagnetism is followed [1]. The crystalline symmetry is a orthorombohedral 

one [2].

We intend to study the influence of uranium substitution on the magnetic and 

structural behaviour and for that we replaced uranium by a nonmagnetic rare earth element, 

lanthanum

The LaAl4 crystalline structure is of two types: at lower températures an 

orthorombohedral one and for T>915°C a tetragonal symmetry is observed [3].

The magnetic measurements on (U1.xLax)Al4 Systems were performed in the 77-600K 

température range. The X ray analyses confirmed the uniphase presence of these compounds 

for xsO.6. For x=0.8 a mixture of two phases (orthorombohedral and tetragonal) are present.
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II.E xperimental results

The samples were melted in an arc furnace in purifted argon atmosphère and were 

thermally treated in vacuum at 700K for one week.

The susceptibility of UAI4 présents over 400K a Curie Weiss dependence with the . 

paramagnetic Curie température -850K. and the effective magnetic moment due to uranium 

atom 3.9 Цу.

The thermal dependence of the reciproca! susceptibility for the Systems (U1.xLax)Al4 

is presented in figure 1. For xs0.6 and température higher than 100K the magnetic behaviour 

may be described by a modified Curie Weiss law: x=Xo+C(T-fl)'' C represents the Curie 

constants, 0 is the paramagnetic Curie température and by %0 is denoted the température 

independent susceptibility term. For x=0.8 the System is a Pauli paramagnet having %=4 10“ 

emu/fu. LaAl4 from our measurements is diamagnetic with x=-5 10'5emu/fu.

We present in figure 2 the composition dependence of C values and the effective 

magnetic moments ц,я. The molar Curie constants are decreasing as the lanthanum content 

is greater to the value 0.245 emu K/fu for x=0.6. The pc(r values are almost linearly decreasing 

from 3.9 pB (corresponding to uranium free ion in UA14) to 1.85 Цц for x=0.6.

The 0 values are negative as ît is seen from figure 3 and are linearly decreasing in 

absolute magnitude from 850K (for UA14) to 300K for x=0.6.

Xc values presented in figure 2 are increasing as the lanthanum content becomes 

greater reaching the value 4 10“ emu/fii for x=0.8. A similar magnetic behaviour was 

previously reported for (U1.xLax)Al2 Systems [4].

The X ray analyses show that the Systems having xs0.6 are uniphase compounds with
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the orthorombohedral symmetry. The crystalline constants are slowly modified of that of 

UA14. The System U02La08Al4 is a mixture of two phases : orthorombohedral and tetragonal, 

the last one being predominant. The lattice constants of the tetragonal phase are little different 

of that of LaAl4.

ULDiscussion

The magnetic moment value, corresponding to uranium free ion, and the negative 

paramagnetic Curie température for UA14 as well as the maximum in the susceptibility support 

the presence of spin fluctuations. The Curie Weiss behaviour over a certain température 

T*=400K justifies the interprétation of the magnetic properties in the terms of the 

selfconsistent renormalization theory of spin fluctuations (SCR) [5,6,7]. In this model the 

wave number dependent susceptibility %, has a large enhancement due to electron-electron 

interaction only for small q and is température dependent. The average amplitude of local spin 

fluctuations < S1<K2>=3kBT]T yq is increasing as the température is increasing up to T’.At T*
Я

the amplitude reaches an upper limit determined by the charge neutrality condition.

The pseudobinary Systems (U1.xLax)Al4 having xs0.6 show a Curie Weiss type 

paramagnetism ,in ail studied température range, with negative paramagnetic températures. 

The effective magnetic moments and the absolute values of 6 are decreasing when uranium 

is substituted by lanthanum. The Pauli term is increasing as x is greater. Ail these facts 

support the presence and graduai quenching of spin fluctuations when the substitution element 

is increasing. The System with x=0.8 is a Pauli paramagnet.Its magnetic behaviour is 

correlated with the change evidenced in the crystalline structure from orthorombohedral (the
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Fig 2. Ilie composition dependence of C,p.ff>0 and x0 values for (U^LaJAI., compounds.
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UA14 symmetry) to tetragonal (the LaAl4 structure) Uo^La^gA^ being a mixture of these two 

phases.
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PHYSICAL PROPERTIES OF (U^YJAlj SYSTEMS

P. LUCACI and L LUPSA’

ABSTRACT. - The magnetic properties of (U^YJAlj compounds in the température range 
77-600K are reported. A spin fluctuations type behaviour is evidenced. When uranium is 
replaced by ytrium a graduai quenching of spin fluctuations is observed.

I. INTRODUCTION

The magnetic properties of UA13 compound evidence the presence of a maximum in 

the thermal dependence of the susceptibility (at 140K) and over a certain température T’ (at 

250K) a Curie Weiss type behaviour. The paramagnetic Curie température is negative (-450K) 

and the effective magnetic moment (З.брд) is that of uranium free ion. These features prove 

the presence of spin fluctuations [1]. The crystalline structure of this compound is a cubic one 

of AuCu3 type [2].

The YA13 is a Pauli paramagnet having a hexagonal symmetry of SnNi3 type with 

lattice parameters a=6.276Â and c=4.528Â below a certain température and at higher ones it 

becomes rhombohedral [3].

We present the magnetic and structural properties of pseudobinary UA13 based 

compounds obtained replacing uranium by ytrium.

IL EXPERIMENTAL RESULTS

The samples were melted in an arc fumace in a purified argon atmosphère. In order 

to ensure good homogeneity the samples were remeked several times. The alloys were treated

Technical University, 3400 Cluj-Napoca, Romania
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in vacuum at 800K for one week. The magnetic measurements were performed in the 

température range 77-600K.

The X-ray analyses indicate the presence of uniphase for all compounds except that 

with x=0.6. The compounds having x<0.6 have a cubic symmetry like UA13. The lattice 

constants vary from 4.23 Â (for x=0) to 4.35Â indicating a slow increasing as the ytrium 

content is greater. The Systems having xa 0.8 are hexagonal indexated. The lattice parameters 

for x=0.8 are a=6.21Â and c=4.53Â a little lower that those of YA13. The System (U04Y06)A13 

is a mixture of cubic and hexagonal symmetries, cubic phase being predominant

The thermal variation of reciprocal susceptibilités for (U1.KYX)A13 compounds are 

presented in Figure 1. For UA13 over 250K and for the pseudobinary alloys in ail measured 

température range a Curie-Weiss type behaviour is evidenced.

In accord with this law: x = C/(T-0) we determined the molar Сипе constants C, the 

paramagnetic Curie températures 0 and the effective magnetic moments ц.в.

The composition dependence of C,0 and g.ff values are presented in Figure 2. The 

molar Сипе constants are decreasing as uranium is substituted by ytrium. The effective 

magnetic moments are almost linearly decreasing as ytrium content is increasing. The 

paramagnetic Curie températures are negative and their absolute magnitudes are decreasing 

from 450K linearly to zero value corresponding to YAI3.

III. DISCUSSION

The presence of spin fluctuations in UA13 and the compounds (U1XYX)A13 for xs0.8 

is supported by the negative
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values for the paramagnetic Curie températures. The effective magnetic moments are 

decreasing from the value of uranium free ion 3.62pB (for x=0). YA13 being Pauli paramagnet 

we attribute the magnetic moments in these studied compounds only to uranium atoms. The 

decreasing of these values as well as the decreasing of |0| values indicate the graduai 

quenching of spin fluctuations

The magnetic behaviour of (U^YJAl, Systems may be discussed in the selfconsistent 

renormalization (SCR) theory of spin fluctuations [4,5,6] In this model the wave number 

dependent susceptibility %q has for small q large enhancement in its value. This is due to 

electron-electron interactions and the température variation of xq is significant only for small 

q. The average amplitude of local spin fluctuations <C> =ЗАЯ7^ % *s a température 

increasing quantity becoming constant over a certain température T*. Over T’ a Curie-Weiss 

paramagnetism is evidenced, the Systems behave as if having a local magnetic moments. For 

UAlj [1] the T value is 250K and for 0.2sxs0.8 T* probably becomes lower than 77K in ail 

measured température range a Curie-Weiss type paramagnetism being evidenced.
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THE EFFECT OF Cu SUBSTITUTION BY Zn IN THE 108 K PHASE 
OF THE (BiPb)-Sr-Ca-Cu-O SUPERCONDUCTOR

A.V. POP', D. CIÜRCHEA', LL GERU", V.G. KANTSER"*, 
L.A. KONOPKO", V.L GERU'" and Gh. ILONCA'

ABSTRACT. - The effect of the Cu substitution by Zn in the (BiPb)-(SrBa)-Ca-Cu-0 
superconductor was studied by resistivity measurements. The paraconductivity showed a 2D 
to 3D cross-over température in all samples. The decrease in the criticai transition température 
along with the increase in the residual resistivity are discussed in relation with the disorder 
produceri by the Zn ions in the CuO2 planes.

1. INTRODUCTION. Since the discovery of high Tc superconductivity in the 

Bi-Sr-Ca-Cu-0 System [1,2], many investigations have been devoted to the understanding of 

the role of Cu. Superconductivity with 110 K transition température has been associated with 

the n=3 polytype of the ideal composition Bi2Sr2Ca2Cu3O10)ô [3], referred to as "2223" phase. 

The substitution of Bi by Pb up to 40% promoted and stabilized the 110 K phase [4]. The 

réduction of to less than 3+ of the Bi valency reveals that the BiO layers act as hole 

réservoirs [5]. The insertion of oxygen in the Bi layers causes lattice distortions producing 

holes in the Cu-0 sheets and an incommensurate modulation of the structure [6,7].

The study of the Cu substitution by other ions is hoped to reveal the rôles of the Cu-0 

sheets and Cu-0 pyramids on the high Tc superconductivity. In such ceramic Systems the 

compétition of the intra- and intergrain conductivity is strongly température dependent [8-10].

By contrast to the classical superconductors, the high Tc ceramic superconductors have
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a 9D dimensionality conduction and short cohérence length which enhance the thermal 

fluctuations of the order paraméter near the criticai température [12] The 2D to 3D cross-over 

température dépends on the Cu-0 interlayer coupling. These features are used in this paper 

to report the effect of the Cu substitution by Zn in the 108 K stabilized superconducting 

phase, by using résistance measurements in a small concentration range up to 5% at.

2. EXPERIMENTAL. The compound (Bi18Pb0 46)(Sr1 (j8)Ca206(CU| XZnx)JOy with 

x=0.00, 0.02 and 0.05 were sinthesised by solid state reaction of appropriate amounts of the 

metal oxides and carbonates of 99.99% purity. The Sr substitution by Ba was used to induce 

the réduction of the modulation period and to increase the Tc onset [11].

Appropriate amounts of Bi2O3, PbO, SrCO3, CaCO3, CuO and ZnO were mixed in an 

agate mortar and calcined at 800°C for 36 hours. The calcinated powder was pressed into 

pellets and sintered at 850°C for 250 hours in air with one intermediate grinding. These 

pellets were cooled down to room température with a rate of 32°C/hour. The test specimens 

were rectangularly machined from the pellets.

The qualitative X-Ray diffraction analysis performed with a DRON-2 equipment 

confirmed the presence of a single "2223" phase in the samples x=0 and 90% "2223" in the 

x=0 02 and x=0.05 samples respectively The doped samples presented traces of the "2212" 

and "2201" superconducting phases.

The electrical résistance was measured by the standard four-lead technique between 

77 and 290 K.
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3. RESULTS AND DISCUSSION. The température dependence of the electrica! 

résistance R(T) for the samples x=0.00, 0.02 and x=0.05 are shown in Fig. 1.-3. In the 180- 

290 K range, these samples are characterized by a linear température dependence of the 

résistance:

Rn = Л(0) + a*T (1)

Fig 1 The température dependence of the electrica! résistance data for tlie x=0.00 sample, along with the firet 
and second derivatives of tlie smoothed data.
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T [K]
Fig. 2. The température dependence of the electrica! résistance data for the x=0.02 sample, along with the first 

and second derivatives of the smoothed data.

this relation was used to find the residual resistivity obtained from R(0) and the slope dp/dT, 

see Table 1. One may observe an increase in the residual resistivity with increasing Zn doping 

level.

The criticai transition température, Tc=Tcm> was obtained as the maximum observed

in the first derivative of dR(T)!dT [16], presented along with R(T) in Fig. 1.-3. The second
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Fig. 3. The température dependence of the electrical résistance data for the x=0.05 sample, along with the firet 
and second derivatives of the smoothed data.

derivative is plotted also in order to reveal if many Tc are to be considered in the analysis. 

Smoothing of the data was performed by using the ’moving average method’ [14,15]. Two 

criticai transition températures may be used to describe the Zn doped sampies, see fig. 2.-3. 

and Table 1 The lower Tc decreases with increasing Zn content suggesting a substitution of 

Cu by Zn in the pyramidal coordinated Cu sites in the CuO2 planes. This Tc is characteristic
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for the 2223 and not for the 2212 superconductors which hâve a maximum Tc lower than 92 

K. Since the maximum of the derivative yields a Tc=106.5 K, one may assume that Zn mainly 

substituted Cu in the CuO2 sheets.

The extrapolation at low température of the linear dependence of Rn(T) yielding the 

normal state resistivity in the fluctuation régime [12] was computer processed. From the 

measured electrical résistance R and from Rn the excess conductivity Aa/o was calculated, 

with o0=l/p(290), were p(290)=1.5, 1.6 and 1.8 mQcm in the samples with x=0.00,0.02 and 

0.05 respectively. The analysis of the excess conductivity above the mean transition 

température Tcm has been performed in the framework of the Lawrence-Doniach model [13] 

In this model the excess conductivity, based on the Aslamasov-Larkin fluctuation [14] taking 

place in the superconducting layers coupled by Josephson tunneling is :

Ao = A(2D) (2)
°o Уе(е+47)

Table 1. The values of p(0) and a=dp/dT obtained from the linear flt,the coupling constant J 
and the criticai températures T^, obtained in the experiments.

Sample 
M

P(0) 
1104 Qcm]

dp/dT 
( 10 6 Q-cm/K]

J ти„
[K]

0.00 Zn 0.866 4.387 0.004 108

0.02 Zn 4.41 3.863 . 0.0196 106.5
103.0

0.05 Zn 6.82 3.792 0.0208 106.5
98.5

where po-p(29O), e = (T-Tcn)ITcm is the reduced température, J is the coupling constant 

between the superconducting layers and A(2D) is the température independent amplitude:
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A(2D) = РЛ. (3)

where d is the interlayer spacing. The conduction in the "2223" copper oxides has an 

intrinsic two-dimensional (2D) character in the Cu-O a-b planes and an accentuated vanability 

along the c axis. For the weak coupling between the CuO2 blocks (J«l), Eq. (2). reduces to 

the 2D term

±1 = A(2D)e-' (4)
ao

In order to test the 2D behavior, the log-log plot of the experimental Ao/cr0 vs. e for 

the x=0.02 and x=0.05 samples are shown in Fig. 4. and Fig. 5. respectively.

Within the -5.4< ln(e) <-1.1 a clearly Tc0 cross-over température can be observed in 

the sample with x=0, with a 2D dimensionality above, and a 3D dimensionality below ( Fig. 

4 ). This feature was further confirmed by fitting Ao/o0 to the AL term. A 3D behavior with 

X=-0.51 and a 2D behavior with Ă.—1.1 were obtained in the températures ranges -5.4< ln(e) 

<-4.3 and -4.2< ln(e)< -1.91 respectively. From the slope change in Fig. 4. and by taking an 

interlayer spacing d=37 Â for T0=Tcm(l +4J) in the Lawrence-Doniach model [ 13], a cross-over 

température To = 109.6 K and a coupling constant J=0.004 were found yielding the cohérence 

length ^c(0)=2.3 Â. For the Zn doped samples the range of the 3D régime increases and an 

obvious enhancement of this régime may be observed in Fig. 4 and Fig. 5. for x=0.02 and 

x=0.05 The lines in these figures are of 0.5 slope. In Fig. 5. one may additionally observe 

that by choosing the lower Tc as référencé for e the 3D régime persists although its range 

diminishes.

The interlayer coupling constant 0.004<J<0.021 obtained in the frame of the



in ( e )
Fig. 4. The log-log plot of the normalized excess conductivity Âo/o0 vs. the reduced température (e) for the 

x=0.00 sample (triangles) and for the x=0.02 sample (circles).

Lawrence-Doniach model indicates a 2D nature of the conductivity in our System

Comparațively to the present study, in similar Cr doped samples [17] only a 2D 

character was evidenced. The presence of phase mixtures (2223 and 2212) does not yteld 

relevant contributions to the excess conductivity around 110 К [18]. In our System, the range 

of the 3D régimé ts increased by the Zn content A similar result was reported in the "123" 

System [19]
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Fig. 5. The log-log plot of the normalized excess conductivity Ao/o0 vs. e for the x=O.05 sample by taking 
T=106.5 К (•) and T=98.5 К (д).

4 CONCLUSIONS. The stabilization of the 108 K phase and the increase of Tc(R=0) 

were obtained by the partial substitution of Bi by Pb. The Cu substitution by Zn in the 

concentration range 0.0<x<0.05 was performed without a dramatic decrease of Tc.

In the Zn doped samples, the analysis of the derivative of the résistance evidenced that 

many Tc may be considered.
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The Cu substitution by Zn was observed to induce an increase in the residual 

resistivity and a decrease of the lower criticai transition température suggesting a substitution 

in the pyramidal sites of Cu in the CuO2 planes.

Above the fluctuation region, a linear dependence of the electrical resistivity versus 

température was found. A cross-over température delimiting the 2D and 3D régimes is 

observed for x=0 and for the other Zn doped samples also.
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ELASTIC ANISOTROPY IN THE TEXTURED ZIRCALOY-4 
NUCLEAR FUEL, SHEATHING

». CIURCHEA’, A.V. POP’, A. DINU", I. FURTUNĂ", 
M. TODICÄ; V. CHIș; S. MASCA' and F.I. AVRAM'

ABSTRACT. - The anisotropy of the elastic moduli in textured Zircaloy is quantitatively 
performed by using the formalism of the irreducible représentations of rotations. The modelling 
is performed for the cold worked, reciystallized and ß transformed textures which are 
significant for the température transients texture changes. The main modifications in the texture 
do not appear in the principal directions but at the polar angle 45°, in the tangential direction 
for the usual texture and in the axial direction for the ß transformed texture.

1. INTRODUCTION. Zircaloy-4 is a Zr based alloy developed for the thermal 

reactors as the main structural metal mainly due to its small neutron capture section. The 

anisotropy of the Zircaloy nuclear fuel sheathing may strongly impede the in-reactor 

performance of the fuel both by the radial précipitation of the hydrides and by anisotropic 

mechanical deformation [1]. Since the early experiments it was felt that the texture strongly 

affects the mechanical properties. Unfortunately the measurement of the elastic moduli is the 

only property which may be formulated on a crystallographic basis while the other mechanical 

tests have only an empirical justification. Therefore we shall present a method of calculating 

the anisotropy of the elastic moduli in textured Zircaloy in the frame of the irreducible 

représentations of rotations [2,3]. Although this task was approached by others [4-8], in this 

paper the number of textures and the service températures considered practically cover the 

current design necessities

"Rabeș-tiolyai" University, Faculty ofPhysics, 3400 Cluj-Napoca, Romania

Institute fór Nuclear Research, 0300 Pitești, Romania
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2. THEORY. The texture is defined as a reproductible preferred orientation of a 

mechanically processed polycrystalline material. The Bunge-Roe formalism [2,3] targets to 

quantitatively describe the texture as a rotation problem. It assumes that one may imaginarily 

rotate the crystallites until a single crystal is obtained. The operations will then be described 

by the Orientation Distribution Function (ODF), which is a sériés expansion after the 

irréductible représentations of rotations, the generalized spherical harmonies £>/"',(ФрФ>Ф2):

Л0=Е E E СГ • А^ФрФ.Фг) 0)
7-0 m—l n*-l

where (фрФ,ф2) are the Euler angles This function may not be directly measured and 

therefore one may use an équivalent représentation, the Axes Distribution Function, А(Я,У): 

è E -4« (2)
i-o it--l ß—/ 27 + 1

Vector fï will describe the orientation of a macroscopie direction in the reciprocal 

space, while У will describe the orientation of a pole in the direct space. The symmetry of 

the specimen and of the crystal yields restrictions on the sériés expansion, i e. 1=0(2), ц=-1(2), 

ß=-l(6).

A pole figure measured by the method of Schulz will stand for the (hkl) X-Ray 

Diffraction peak Я and may be written as:

!ВД=Е E 7-7(3)
1-0(2) Ц-К2)

where у = (Ф,ф,) and F’/* are the Bunge coefficients of the pole figure:

W“ £ 2Ец.-х₽(Я) (4)
ß.-Лб) 2/ + 1
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For a textured polycrystal, a microscopic property described in the reciproca! space 

after the Ф and ф2 angles as :

/-0(2) ß—«6)

will hâve in the direct space the form [2]:

(5)
/-0(2) Ц-К2)

where the e coefficients are given by:

(6)

3. EXPERIMENTAL. The samples were chemically thinned to 0.03-0.05 mm in an 

acid mixture oh HN03 and HF At this thickness, flattening of the specimen does not produce 

plastic deformation and the thickness is uniform. Cold worked, recrystallized and beta 

transformed samples were considered. The (0002),(10 0),(10.1) and (110) pole figures were 

measured for each specimen

The preferred orientation was measured by reflection with a Philips texture device PW 

1078/00 by the Schulz technique [11,12] following a spiral with a pitch per rotation of 

specimen of 5° The data were collected on a computer and corrected for defocalization by 

division to a random sample Numerical smoothing of the random sample allowed the 

extension of the reflection range up to 87° in the tilt angle. The pole figures for the specimens 

considered are presented in Fig 1-2
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Fig. 1. The measured pole figures of the cold worked (left) and recrystallized (right) specimens [il].

4. RESULTS AND DISCUSSION. For the elastic coefficients of textured Zircaloy

we start from the stress-strain tensorial expression, written for the hexagonal crystal in the

rectangular axial(A) tangential(T) radial(R) frame [5]:

ел Sn

er Sn 522 523

Sl3 ^23

eTA 0 0 0

ËAR 0 0 0

£яг 0 0 0

(7)
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where the compliance elastic moduli of the single crystal, Sÿ, may be conveniently taken as 

those measured by Fisher and Renken [9,10] in single crystal zirconium. We hâve fitted these 

data to the following polynomial température dependencies:

S„(T) = 9,855+ 0,00104*T- 0,61*105*T2 + 2*10“*T3 [10‘12 m2/N]

Sl3(T) =-2,391 + 9,1 l*10’,2*T+ l.PlO^T2 [1012 m2/N ]

SU(T) =-3,797+ 9,27*10’3 T+7,51*10'6*T2+ 2*10’3*T [10‘12 m2/N]

S3,(T) = 7,925+ 2,26*10’3*T+ l,52*10'6T2 [1012 m2/N]

S44(T) =30,874+ 0,0157*T+ 4,39*10’6*T2+ l*10'e*T3 [1012 m2/N]

where T is taken in Celsius degrees
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By rotations one obtains:

SÎt = SH-sin4O + S33-cos4<î> + (2S,3 + S44)-sin20-cos^

SÎ2 = A-sin4<I>-cos4 ф] + (2S,3 + S44 - 2Sl3)*sin2<l>'COS<|>I + S,,

533 = A-sinMi-sinty, + (2S13 + S44 - 2SU )з1п2Ф-81пф, + S,,

5,2 = А-СО82Ф-81п2ф-СО82ф, + В-(СОЭ2Ф + sin^COS2 Ф, ) + S,2

513 = A-cos^-sin^-sin^, + В-(со82Ф + sin^"sin2f,) + S12

523 - A-sin^-sin^, + B-sin^ + S,2

544 = 4-А-81п4Ф-81п2ф1-со82ф, + 2-(SH - S12)-cos^ + S44-sin4’

5,5= 4-АсО82ф-81П2ф-81П2ф] +(2Sn - 2Sn - S44)-SÍn^‘COS^+

5^ = 4 *А*со82Ф*81п2Ф*со82ф, + (2Su-2Sl2-S44)-sin^-sin^1 +

where

A — S,, - 2S13 + S33 - S44

B = S13 - S|2

By using for averaging the Axes Distribution Function one may obtain the spatial 

variation of the elastic moduli for the textured sample. For example for the form:

s = A +В-со82Ф+С#со84Ф (8)

one obtains :

5(Ф,ф)-(Л +B/3 +C75)+^l/250 (-12*C)+ 

+(2*B)-(C20üA20+C220/i20) + (9)

, C /хлООглО z>20p-2 /'-»404z4\ÏÏ TÔ5*2 ( 4 K' < 4

Here for simplicity we have written K,m = КДФ.ф,).

The Bunge-Roe formalism implies the calculation of the Bunge coefficients of the pole
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figure

T2л

F,V() = ||/уФ,ф|Хт((Ф.Ф|)^пФ^Ф^Ф1 (Ю)

where

/я(ф,Ф()/70(Ф)

(И)72я

/я(Ф,ф, )//0<Ф)) ’sin Фг/Ф</ф,

1(Ф,фi) is the measured intensity and 10(Ф) is the mtenșity for the random sample

One may simplify the calculation of the integral by taking:

Л
11,

J J /?*(Ф,ф ^»sin Ф -cosà^-cos( тф, )с/Ф </ф, (12а)

*?2л

^/>я(Ф,ф1)*51пФ-созХ:Ф-81п(>иф|)с/Ф<7ф| (12b)

and later passing from an orthogonal basis to another

•i

Р,""(Ф) = а•е“ф
s—l

(13)

where

mOk
al и~тУ .= Î^2*(/-A)!(/^)!(/+m)!(/)!

22' \ (l+m)\
I~k

*V^_________ v ~z__________ *
to (/-/w-v)!(/n+£+v)!(/-£-v)!v!

(-1)‘ (14)

л

«у (-*)'
tí (/-*-v)!(bv)!(/-v)!v!

and therefore 111,12]
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*SÍn<t> -COSM>Ï?

(15)

TABLE 1

The comparison of the calculated values of the elastic and shear moduli with those measured 
by Rosinger et al [4].

b). Shear modulus G[GPa]

a). Elastic modulus, E[GPa]

Texture Orientation Measured Calculated
Cold worked axial 94,62 95,95

tangential 94,60 96,56
Recrystal- axial 96,64 95,76
lized tangential 96,92 96,47
Isotropie - 95,0 95,31

Texture Orientation Measured Calculated
Cold worked axial 34,04 39,33

tangential 34,14 39,38
Recrystal- axial 35,09 39,34
lized tangential 35,25 39,32
Isotropie - 33,82 39,2

The modelling of the G-1 elastic modulus was performed on a IBM-PC computer for 

the three textures analyzed for the températures: 573 K, 723 K (just before primary 

recrystallization, the case of an acceptable température excursion) and for 1173 K (the case 

of a Loss of Codant Accident, with large température excursions, when the texture changes
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8 î 
ää

(с)

Fig. 3. The resuit of the modelling for the inverse shear 
modulus. G1:

(a) -cold worked texture, 573 K;
(b) -recrystallized texture, 723 K;
(c) -ß transformed texture, 573 K;
(d) -ß transformed texture,723 K;
(e) -ß transformed texture, 1173 K;
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twice, from the cold worked type to the recrystallized and then to the beta transformed type); 

in the later case only the ß transformed texture was considered since any primary 

metallurgical state will transform to this one. The results yielded are presented in Fig 3 

Table 1 summarizes a companson of our results with the measurements performed by others

5. CONCLUSIONS. The measured and calculated values fairly agréé within the 5% 

error usually considered [3-7]. One may observe that the main modifications in the elastic 

anisotropy do not appear in the principal directions but at the polar angle 45°, in the 

tangential direction for the cold worked and recrystallized textures and in the axial direction 

for the ß transformed texture respectively. It is important to note that this anisotropy may not 

be conveniently measured given the shape of the fuel sheathing However, the calculation we 

hâve presented allows a proper évaluation of any of the elastic moduli.
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ALGEBRAIC CHARACTERIZATION OF THE WESS-ZUMINO 
CONSISTENCY CONDITIONS IN BRST THEORY 
AND THE CONNECTION WITH THE PROBLEM

OF CONSISTENT INTERACTION BETWEEN GAUGE F1ELDS

G. BARNICH", R. TĂTAR" and L. TĂTAR "

ABSTRACT. - The operator ftjntroduced by Sorella, is used to solve the Wess-Zumino 
consistency condition for the problem of the consistent interaction between gauge fields.

1. INTRODUCTION. The Batalin-Vilkovisky (BV) method [1,2] for quantizing 

arbitrary gauge théories seems to be the most powerful and elegant one. The physical 

foundation of this method has been clarifted by proving that gauge invariance is completely 

captured by the BRST symmetry and cohomology [3,4].

The algebraié structure of BV method has been developed in [5,6,7] where Batalin and 

Vilkovtsky algebras are defined and are connected with topological fteld theory in two 

dimensions

in a very interesting paper Marc Henneaux and one of us [8] have used the BV formalism 

to analyse the constructing consistent interactions among fields with gauge freedom. They 

proposed, in the antifield formalism, a scheme to find out the interaction lagrangian by using 

the deformation theory In fact they deformed consistently the Master Equation and showed 

that there is no obstruction to constructing a perturbative solution to the Master Equation, 

unless one insists on locality. Even in this case it is possible to reformulate the deformation

Université Libre de Bruxelles, Faculté des Sciences, Campus Plaine C.P.231, B-1050 Bruxelles, Belgium 

Um versi ty о/ Craiova, Jaculty of Science, 1100 Craiova, Romania
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of the Master Equation that takes into account locality.

The basic équations in this new setting are the descent équations for an extended BRST 

cohomology which includes the fields as well the antifields. In this way they showed that the 

only Lorentz consistent covariant interactions for free (abelian) Chem-Simons models in 3- 

dimensions is given by non-abelian Chem-Simons theory.

In this letter we intend to apply the deformation theory for constructing a local, Lorentz 

covariant, consistent interaction for the abelian Chem-Siomons model in higher dimension.

The main question in our approach is to solve the descent équations, i. e., to find the 

éléments of the cohomology group H°(sm,d) [9] We shall use a new way of finding out 

non-trivial solution of the descent équations proposed by Sorella [9] and succesfully applied 

to the study of Chem-Simons cohomology, when one considers only the fields and not the 

antifields.

The method relies on the introduction of the operator of the operator ô which allows us 

to décomposé the exterior derivative as a BRST commutator

i/=[ô,5] (0

where d is the exterior derivative, s is the BRST operator and ô is one operator introduced 

by Sorella, which does not hâve the property of being a derivative.

lt is very easy to show that a solution of the descent équations is given by repeated 

applications of ö on a BRST-invariant polynomial of fields.

In the case of BV-method one has to modify the form of BRST transformation by 

introducing the antifields Moreover, the method proposed by Sorella works also in this 

extended case and we shall apply it to find the deformation theory of the abelian Chem-
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Simons in 5-dimensions and for Yang-Mills in four dimensions.

2. THE DEFORMATION PROBLEM FOR THE MASTER EQUATION. We will 

use in this section the notations of [8]. In fact, this will be a short review of that paper.

Let Som be a free action which may have the "free" gauge symmetries

Ф/-*Ф'+Л(0>'аеа . (2)

As it is well known in the BV method, a quantum action corresponding to the free action is 

a solution of the master équation for the free theory

(5<0),5<0))“0 <3)

with the proper boundary conditions.

Now the problem of constructing consistent interactions can be reformulated in terms of 

the master équation.

In [8] it has been shown that the problem of constructing consistent interactions for a free 

gauge theory can be naturally reformulated as a deformation problem of the master équation. 

If an interaction theory can be constructed, its consistency is expressed through the existence 

of the solution:

5-5<0,+g5(1)+g25<2>+~
(ЗД-0

This consistency condition can be analysed order by order in the deformation paraméter:

(5(V<0))-0
2(5<0>,5(1))-0 (5)

2(5(0)>5(2))+(5<,)>S(,))-0

These équations are valid by cohomological reasons as argued in [9]

ln [8] it was showed that if one starts from the abelian 3-dimensional Chern-Simons theory
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and we consider the deformation of the master équation, we will arrive to non-abelian Chem - 

Simons theory.

Our first goal here is to show that the same resuit can be obtained if we introduce the 

Sorella’s ô-operator

3. THE ô AND G OPERATORS. In [9] Sorella has worked only with fields in the

language of forms and he considered the nonabelian case

If we consider now the abelian case for which the structure constants are 0 we will obtain 

the following form for the BRST and exterior derivative operators.

° (6) 
d^—+dA °_L_

de ° dA°

Starting from this , Sorella introduced the following operator in the abelian case

0=-л û_£_+iZ4a_£_ (7)
de “ dde a

This new operator has the important property that gives the décomposition of the exterior

derivative as a BRST operator like (1).

We are interested to obtain the action of this operator on the antifields

We will consider, in what follows a 3D Chem-Simons theory For this the form of the

BRST operator is given by

(8)

If we consider now the équation (1) with 5<») instead of s we will obtain the following action 

of Sorella’s operator on the fields and antifields
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ЬА=0,ЪС=-А,ЬА ’-C ",öC *=0 <9>

The iast of this équations is obtained from the condition that the minimum ghost is -2 and ö 

lowers the ghost by one unity.

We did not finish because we hâve to verify the other relation of Sorella. He also 

introduced the operator G which in the abelian case has the form G=dA a-----  and satisfies
dc “ 

the following relation

[<7,01=26! . 0°)

Starting from the relation, we will obtain that the action of this operator on the fields and 

antifields will be given by

GA=0, GO-dA, GA ’=0, Gc *=0 .

We hâve to make one remark. While G is a nilpotent operator, ô has not this property 

because it is an operator of even dimension.

We introduce the generalization of these operators when the antifields are taken intő 

account.

For Chem-Simons theory in n dimensions, Sorella showed that the solution to the descent 

équations

)
p-1-e

(13)

To (2j)!
for the even space-time form sector and with one more ö for the odd sector.

Q- • 2p-lj

One example of applying this formulas appears for the 3D Chem-Simons theory.

In this case, if we start from the descent équations
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(14)5 ^ci +da =0Л Upj «u(0) V

s +da =G3 U(2| UUpj V

where ai)]*Ll which appears in [8] and the solution for the bottom is taken to be

(15)

where Ц1 is given by 5<U,Q2‘ « Ga(0)

If we perform the cal cul us we will obtain that

(16)

which is , up to a constant, the same resuit with that obtained in [8], so the solution of the 

descent équations is given by the interaction density. The tildéd variables are dual of the 

untilded ones

So we have obtained by Sorella’s method the same thing as in [8].

Now we will apply the same method to the Yang-Mills case. As was shown in [11] the 

only possibility to solve the descent équations is to leave from o(2| which must be taken under 

the form

(17)

For the Yang-Mills tieid we have the same équations, the only différence will be that we will 

need also
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ö/’ = -A‘ (18}

în this case we will obtain

a[4)=—0Ч2ГЙ2 (19)

where Q2* is given by

smQ2'—2fMCF‘‘FbCc . (20)

If the structure constants are totally antisymmetric, the right-hand side of the previous 

équation will give 0 and that means that Q2'=0

So u(4| will given by Lt of [11] up to some constants

We showed that for Chem-Simons in 3D and for Yang-Mills in 4D we obtain the same 

resuit as in [8] and [11] when apply the Sorella’s formalism

The things become more difficult if we go to Chem-Simons in higher dimensions.

For five dimensions we start from the following action

, (21) 

if we start from the boltom of the consistency conditions, we will obtain the Sorella’s formula 

for 5D Chem-Simons theory

űr »_Lft5aIOI-_Lö3Q 3-ÖQ4‘ . (22)
|5| l°l ß| 2 4

If we take as the boltom the terni a = d^^ c “c mc "c pc 4 , the first terni in the équation 

(14) will be something proportional with A5 because ft will anihilate the fields a

It remains to obtain Q23 , Q4‘ If we apply (; on a|0| we will obtain a term which is
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proportional with F. Unfortuately, it is impossible to obtain such a term as a resuit of the 

action of 5<°>. The only way to surpass the difïïculty is to consider the action of s(0) on je 

which will give an action which is proportional with y?2. In fact

5<0)j,.=ei/W-n/7 (23)

So the way we were working for the action in dimensions lower than 5 cannot, in principie, 

apply here because we do not obtain the terms Q which would hâve to enter in the 

expression of the a(n) where n is the dimension of the space in which we are working. In the 

case of 3D Chem-Simons theory and Yang-Mills theory, the BRST transformation ofJ'* 

was proportional with F, exact the term which appeared after the action of G on c.

We can start also from the other level, with a|3| - d^poc bc c and to give the following 

formula

(24) 
°(51 “ ЧГЙ2

In this case would hâve the difficulty of calculating ^p° because this case is more 

complicated than the Yang-Mills case

Thus as a conclusion, Sorrela’s approach seems to give some difïîculties for higher 

dimensions.
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SOME EXACT SOLUTIONS OF CHARGED FLUID SPHERES 
IN GENERAL RELATIVITY

S. «ALLAI and Al. MARII'

ABSTRACT. - The paper present a family of interior solution of the Einstein - Maxwell field 
équations in general relativity for a static, spherically Symmetrie distribution of charged fluid. 
The family of solution have been matched with the Reissner-Nordstrom metric at the boundary.

1. INTRODUCTION

The Einstein - Maxwell field équation in the presence of matter and charge form a 

highly non - linear System of équations. So a small number of exact solutions have been 

obtained Bonnor ( 1960 ), Eftnger ( 1965 ), Kyle and Martin ( 1967 ), Krory and Bama 

( 1975 ), Nduka ( 1976 , 1977 ), Singh and Yadav ( 1978 ) have been obtained internai 

solutions for static spherically Symmetrie charged fluid spheres under different conditions

For the charged static spherically Symmetrie fluid of density p , pressure p and total 

charge Q , the field équations reduce to three complete ordinary differential équations , 

involving the fluid variables and two metric functions In order to solve this System , it is 

necessary to specify in somé manner two of unknown or to introduce subsidiary relation 

between them i. e. specily on équations of state

In the present paper we have obtained somé exact solutions for the spherical 

Symmetrie charged fluid distribution using an entirely different technique , namely a specific 

choice of metric function v(r) and charge Q(r)

"Habeș-tiolyai" University Faculty of Physics, 3400 Cluj-Napoca, Romania
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2. The field équations and their solutions

We use here the sphencally Symmetrie line element

ds 2=e '"•c 2-dt г-е >^1г2-г 2-(dtí2 +sin20-iÄp2)

where к and v are function of r only

(2.1 )

In general relativity , the Einstein-Maxwell équations for the charged fluid are :

8-n-G Tk (2.2)

1 1

(2.3)

F^-0 ( 2.4 )

where ij,k=O, 1,2,3

T;k is the energy momentum tensor, J1 is the current four vector and

G -Ä *-2-g *-Ä
v ' 2 '

is the Einstein tensor with R^ as the Ricci tensor and R the scalar of curvature tensor

For the System under study the energy momentum tensor Т/ has two parts viz . tj1 and

Ej‘ for matter and charges respectively

Tj^e; (25)

where

L'»p-w '-и+р-Ц-с^ ( 2.6 )

where a- is the viscosity străin tensor
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(2.7)

with и'ц = 1 and

rț - cinematic viscosity coefficient

§ - dynamic viscosity coefficient

The nonvanishing componente of t/ are

(2.8)

(2.9)

(2.10)

(2.11 )

where u1 is the velocity fourth vector

The electromagnetic energy tensor Ej in terms of field tensor is given by

(2.12)

Where A' is the components of the potential vector

Due to spherical symmetry , the only non - vanishing components of field tensor Fj 
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are F01 = - F10

Then the nonzero components of Ej‘ are :

J_-goo-gH-(F01)2 ( 2.13 )
O Tl

By this choice of field tensor F'j équation ( 2.4 ) is clearly satisfied .

From équation ( 2.3 ) we get :

Foi,(?(Ó'g 9 (2.14)
r2

Where 0 = ( X + v )/2 and Q(r) représente the total charge within a sphère of radius 

r , viz.

Q(r)~4-n-^-J0T2-ee-dr (2.15)

From équation ( 2.3 ) we can see that outside the fluid sphère Q(r) is a constant Qo 

( the total charge ) Then from ( 2.14 ) one finds the asymptotic form of the electric 

field Qo/r2 .

Thus the field équation may be written :

(2.16)

(2.18)

Eliminating p from ( 2.16 ) and ( 2.17 ) noting that :

V
=> v-2-lny ( 2.20 )
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Using équation ( 2.14 ),( 2.19 ) the second order differential équation :

is the generalization of Wyman’s équation ( Wyman 1949 ) let us assume that total charge

Q is given by :

Q(r) = к r

Where к is a proportionality constant

We consider :

du2_du1 
dx2 dxt

( 2.21 )

( 2.22 )

where A is constant and :

8-я-G = ß = 2,06-1O’43 ( 2.23 )

From ( 2.20 ) - ( 2.23 ) we obtain :

2? WA-JL-ÀL^-O
4*31 r2 ( 2.24 )

Now we define :

e х=т;(г) ( 2.25 )
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Then équation ( 2.24 ) in therms of т(г) becomes :

2-(y+r-y'-r2-y")^ 
r-(y+r-y')

-2y(l +—-A2-ß-2-n-Ar2-ß)
4it
r-fy+ry')

The ( 2.26 ) solution is :

т(г)=exp[ -F(r)] 4 exp[F(r)] -g(r) -dr +C)

Where :

-2-Q'+ry/-r2y//)
/••(y+r-j2)

( 2.26 )

( 2.27 )

( 2.28 )

-2-И1 +_L*2-ß-2-q-A-ßr2)
4 Tt
r<y+2-j/z)

-2у\а^т2) ( 2.29 )
r-iy+ry')

and :

F(r)=J>)-d>- 

a=l+_J— -A2-ß 
4it 

Y=2-rpA-ß

( 2.30 )

C is intégration constant this value will be fixed by boundary conditions .

3. Model solution

Our purpose is to find the solution of équation ( 2.24 ) . Wilson ( 1969 ) , Nduka ( 

1976 ) , Krori and Bama ( 1975 ) have solved this by imposing various conditions that 

simplify the équation and allow immédiate intégration . Once v and X are obtained , p and 

p follow directly from équation ( 2.17 ),( 2.18 ) . Equation ( 2.27 ) together with ( 2.14 ),
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( 2.17 ),( 2.18 ) and (2.21 ) représente ail solutions for the static spherically Symmetrie

charged fluid bodies .

- As a matter of fact ; one should not hope that ail solution will be physically

reasonable Only a subclass of these solutions corresponding to certain functions v(r) will be

physically reasonable . Hence a specific choice of v(r) is essential . Here we specify v(r) in

such a manner that équation ( 2.20 ) can be immediately integrated Such a choice is that y

satisfies the équation :

r2.j,//_r.v/_(l -a+yr2)-T=0 (3.1 )

</=-(! -a+yr2)

(3.1 ) is transformed into well know Euler’s équation

ггу" +p-r-y' +<iy=0 (3.2)

1968)

The indicai équation far ( 3 2 ) is

m 2+(p-l)-m+q=0 (3.3)

Three different cases arise depending on the value of discriminant ( Ritger and Rase

A=(p-l)2-4v (3.4)

Case 1. A > 0 . This requires

Á 2<AZL + 8-71-h-At 2 
ß

The solution is

(3.5)
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where aj and bj are constants to be fixed by boundary conditions and : I = 1 + ц , m = 1 -

ji for :

with :

(3.6)

a'-l-_L*2-ß
4 ti

Now we can calculate the т(г) but his form is too complicate so we utilize the 

general expression . Hence from équation ( 2.16 ) and ( 2.18 ) density p and pressure p are 

given by :
t,(r) axr*-b ^\nr 
r2 alr2tL+bl ** g (3.7)

and :

(3.8)

where :

We now impose the following boundary conditions :

1 The function e x i.e. т(г) is continuous across the boundary ( r = r0) of the fluid sphere.

2. The function ev and v’ev is continuous across the boundary ( r = r0) of the fluid sphere.

The line element for r > r0 is given by the Reissner - Nordstrom metric

л..=(1_“Ч.сй
r

) 2 2

—)c 2dt2------------------------ -r 2(dö2+sin2ÖtÄjp2)
Г c n_2GMQ + GQ0^ (3.9 )

7 + r2cJ

98



SOMÉ EXACT SOLUTIONS OF CHARGED FLUID SPHERES

where (?0= QțrJ and Mo is the total mass of the sphere given by :

Л/=4 -л-J г°р(т)т г'с!г

Using the above boundary condition the two constants of intégration Э|

(3.10)

and b] are

(3.11 )

given by :
p(Æ+G'^° +1)

n- 1
2r0^ 2^r04nr^

p(^+G^u +1)
■[!* C‘T” 1 

2r01-'1 2<p2+yr02-/«r())

(3.12)

where :
2-M.-G G-Q2

ЛМ- ° + °
r c*-r2о c 'n

Case 2. A = 0 i.e

2

The solution in these case is

y^ria^lnr+b^) (3.13)

and

2-Л,

x(r)=e X«1+C2-e "" -(2-űr2-lnr+2-/>2+«2)’'r2 (3.14)

where a2, b2, c2 are constants to be fixed by boundary conditions
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lnro

2r0V^

r,=___ !__ <1-3W-
2t0VÂT

•(1-3W-

2-Z>, 2-Jn c2=(A-l)exp(-_2)<£Ll+a2)T0-2
^2 Г0

Now , the pressure p and density p is :

^=2т1Л1
c)u‘ 1 к2 1 TXr) 2adnr+2b.+2a.-E)au + 1 • +_ - 2V 7 2 2 2 +1 )
дХ' 8it r2 r2 r2 a2lnr+b2

2т2(г) a2lnr+b2+a2
r2 a2lnr+b2

% ^b2

2a2Inr+2b2+a2
-ZniA.-Ao)

(3.15 )

(3.16)

(3.17)

(3.18)

(3.19)

where N has the same meaning as in case 1

Case 3. A < O i e

k2>—+yn^-\r2
ß

The root of the indicai équation ( 3.3 ) are conjugate complex numbers :

/и^п+z-ö

where

Ö = Уа+YT2

1(X)
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The solution in this case is :

°-(ip1 -r r6+lj)2T "'*) (3.19)

where % and Ф2 are constants . These solution can be expressed in terms of real fonctions

by noting that :

r ,‘s=e '■M"r=cos(ô7wr)+/-sin(ô7«r) ( 3.20 )

Hence the solution ( 3.19 ) can be written as :

y—r 6-[a3-cos(ö7w)+/>3-sin(ö7w) (3.21 )

Where a3 and b3 are constants to be fixed by boundary conditions :

Gß?W+7^+1)
«3-—cos(ô0/nr0)+^-_—-ÍÍ2——sin(ô0/nr0) 

ro 2ro (Ôo2+Y^o ^o)

( 3.22 )

( 3.23 )

Using the équations ( 2.16 ),( 2.18 ), the pressure p and the density p are given by

ди ‘ 1 к2 1 т3(г) о , 3
1 r1

_ . ,2 <-\du‘
3 dx 8jc r2 re

,r 1 +irrlnr + b^3-a3-tg{b-lnr)^ 
r2 ô r a3+b3tg(&lnr)

( 3.24 )

ZW1 iYr-lnr b.b3-a3-tg^-lnr)
p =2t,(r)-[—+(_I------ +—)—----------------]-

r2 ô r a^+b^tgffi-lnr} 
x! Ár)

-2-П-(Л.-Л0)
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where N has the same meaning as in cases 1 and 2 .

In addition the conditions p г 0 and p ï 0 in the interior of the fluid sphere will 

impose further conditions on these solutions. We therefore restrict our solutions to those 

values of the constants for witch the pressure and density are positive .

If we put G=c=l and tj=|=X1=O we obtain the Singh-Yadav solutions .
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