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NEW METHOD FOR EXPERIMENTAL DETERMINATION OF THE LOCAL 
FIELD PARAMETERS IN UNIAXIAL MOLECULAR MEDIA 

EUGENE M. AVERYANOV 
L.V. Kirensky Institute of Physics, USSR Academy of Sciences, Siberian Branch, 
Krasnoyarsk, 660036, USSR 
(Received October 6, 1991) 

Abstract A new method of experimental determination of the local-field parameters of 
the light wave in uniaxial molecular media from spectral data has been suggested and 
realized for several tens of doped liquid crystalline and anisotropic polymeric systems. 
Anisotropy of the effective local-field tensor for the solute molecules has been found to 
be determined mainly by the matrix’s anisotropic optical properties and also to depend 
on the specific features of the solute molecules’ electronic structure but not to depend 
on the shape and character of the orientational order of the solute molecules. 

Keywords: local fields, doped liquid crystals, polymer films, polarized spectroscopy 

INTRODUCTION 

Recent development of molecular engineering and the perspectives of using uni- 

axial statistically ordered molecular media (liquid crystals, Langmuir-Blodgett films, 

biopolymers and membranes, anisotropic polymeric films, etc.) as the elementary base 

of molecular electronics stimulated a great interest to investigate the structure of these 

systems by the methods of polarized IR and UV spectroscopy.’-2 Modern experi- 

mental techniques allow the measurement of the linear dichroism of the absorption 

bands with precision up to 104.3*4 Therefore, for the quantitative interpretation of 

the experimental data it is of importance to take into account the difference between 

the local field E!l=B of the light wave acting on a molecule and the mean macro- 

scopic field E in a medium. The amplitudes El and E of these fields are connected 

one to the other by the effective local-field tensor i, which is uniaxial for the uniaxial 

molecular media considered.’ 
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166 E. M. AVERYANOV 

Unlike the liquid crystalss and the Langmuir-Blodgett films6*’ for which the meth- 

ods of determination of the local-field parameters had been previously proposed, the 

situation for another molecular media indicated above remains unclear and the interpre- 

tation of the spectral polarizational measurements have been done in the approximation 

of the oriented molecular gas.*4 In investigations of the specific features of the ori- 

entational ordering of impurity molecules as well as their vibrational and electronic 

structure such assumption is insufficient even for the anisotropic polymeric 

and liquid crystals15 with low birefringence, as it is shown by some nonphysical con- 

sequences from the experimental data. On the other hand, a question about specific 

features of the local field in the doped statistically-ordered anisotropic molecular media 

has been discussed5 and requires experimental solution. 

In the present paper, a new approach has been proposed, and for a large number 

of doped systems allowed the determination of the local-field parameters in uniaxial 

molecular media from the polarized spectroscopy data. This method completes the 

known spectral methods’ and is free from their usual restrictions. In the second part 

of the paper the formal side of the method is presented. In the third part the results of 

the experimental determination of the local-field parameters for a series of the impurity 

molecules in various anisotropic polymeric and liquid-crystalline matrices are presented 

and their discussion is given. In conclusion the main results of the paper are outlined 

briefly. 

DETERMINATION OF THE LOCAL-FIELD PARAMETERS 
FROM SPECTRAL DATA 

To start with we consider uniaxial statistically-ordered molecular medium with the 

optical axis g. For the intrinsic or dissolved molecules the orthogonal frame (x,y,z) is 

chosen, which is connected with a rigid molecular fragment having the local symmetry 
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LOCAL FIELD PARAMETERS IN UNIAXIAL MOLECULAR MEDIA 1 67 

not lower than CzV or D2h. Then the directions of the x,y,z axes are determined by the 

elements of the fragment’s symmetry group. The 4,4’-substituted phenyl ring can be 

considered as an example of such for which the z axis is parallel to the 

4,4‘-direction and the ring plane coincides with the yz plane. With such a fragment 

present, well separated absorption bands polarized along the axes j=x,y,z with maxima 

positions A, are observed in the vibrational or electronic molecular spectrum. 

The parameters measured experimentally are the following dichroic ratios 

of the optical densities D,,,l,i of the sample for three absorption bands studied. 

Subscripts 11,1 and i belong to the polarizations of the light wave E (1 p, E I p 

in the orientational-ordered state of absorbing molecules and to the disordered state (i), 

which for the liquid crystals corresponds to the isotropic-liquid phase. 

Orientational ordering of the axes of the molecular frame chosen with respect to 

- n is characterized by the Saupe order parameters’ 

where 0, is the angle between the j-th molecular axis and 2, the brackets (...) mean 

the statistical average over all the molecules considered. Each value S,  can be obtained 

using Eq. (1) by the next three ways’ 

where the correction factors &,=&(A,) for each band are given by the expressions 
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168 E. M. AVERYANOV 

Here n ,I, I,i and f Il,l,i are the background refractive indices and the local-field tensor 

components within the chosen absorption band in anisotropic and isotropic phases, p 

and pi are the densities of these phases, respectively. In Eq. (4) for 9'2.3 the thicknesses 

of the anisotropic and isotropic samples are assumed to be identical. 

Equation (3) for Sz, and S3, are correct if the oscillator strengths of the correspond- 

ing molecular transitions do not depend on the anisotropy of the molecular orientational 

distribution. In this case application of the identity CjSj=O for the parameters Sy and 

S3j gives 

C.N,.g . = 3, C . N  .g . = 3 
J LJ 2J J 33 31 

Using expressions5 

in Eqs. (4) and (5) with the known values nll,L,i X j  one can see that the first relation 

in Eq. (5) is the equation with respect to unknown parameter L, and the second one 

is the equation with respect to parameter LI , .  Solution of these equations gives the 

possibility to find parameters L directly from experimental data without additional 

assumption T r k l ,  used earlier for determination of L and f in liquid crystals from 

refractornetric and spectral data.' 

0 

If all three absorption bands, A, are isolated from influence of the neighboring 

spectral bands and placed in the same spectral region with low dispersion n l l ,L , i  , , 
then the dispersion &&(A) can be neglected and one can put &(A,) =gk for the bands 

P.1 
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LOCAL FIELD PARAMETERS IN UNIAXIAL MOLECULAR MEDIA 169 

discussed. This approximation is quite reasonable for the isolated absorption bands in 

the IR region where the dispersion of the background values nII,I(X) is 10w.l~ Then 

from Eq. (5) we obtain 

and relations (3) can be rewritten in the following form 

Thus, the values S2.3, corresponding to the correct accounting of the optical anisotropy 

of a medium and the local-field anisotropy can be obtained only from the spectral 

measurements of N2,3(X,). 

Really the assumption that the oscillator strengths of the molecular transitions 

do not depend on the molecular orientational distribution may be violated because 

of disturbance of the vibrational or electronic molecular structure by intermolecular 

interactions. Therefore it is preferable to use in Eq. (3) the relation for Sl, since the 

dichroism Nl, does not depend on the change of the oscillator strengths of the bands 

Xj. The identity C,Slj=O gives the equation 

For the conditions pointed out above, when the dispersion gl(X,) can be neglected we 

obtain from here the following equation 

This equation has one physical positive real root 

g l  = .( 2COS ($ - l)] - 1) 
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170 E. M. AVERYANOV 

where the following notation is used 

2 
b =  

1 P  l y  N l z  

Measurement of three dichroic ratios Nk, for each of three absorption bands allows 

one to make conclusions about the possible change of the oscillator strengths of these 

bands by the comparison of the value gl (11) with the value 

g l  = g3/g2 = (13) 

which follows from Eqs. For the isotropic absorption oscillator as 

well as for the anisotropic one in the spherically symmetric molecule we have 

Nk,=Nb=Nb=Nk and from Eqs. (7) and (11) obtain &he known result gk=l/Nk.s*18*19 

and in the general case for 

(4) and (7). 

The approximation of the oriented gas means 

&,#I we have 

Therefore, the systematic deviations C k # 1 observed e~pe r imen ta l ly~ '~  are 

the natural results of the approximation used. It should be mentioned that the same 

result may be caused also by the possible breaking of the molecular symmetry as 

well as the change of the moment's orientation for some molecular transitions in the 

condensed matter.13 However the latter reasons may be considered only after properly 

accounting for the birefringence and local-field anisotropy. 

From the right-hand side of Eq. (14) the next relation 

3 + 12a + 2bCN = (15) 
I j  
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LOCAL FIELD PARAMETERS IN UNIAXIAL MOLECULAR MEDIA 171 

follows. By putting CKj=1 we obtain 1+3a=2b that corresponds to gl=l in Eq. (10). In 

the case CKj # 1 we have gl=l+a and for a << 1 our consideration can be restricted 

to terms linear in (Y in Eq. (10). Then the substitution of the parameter b from Eq. 

(15) into Eq. (10) gives the relation 

g l  = 1 + B(1 - C K j )  

where 
3 + 12a + (1 + 3a)CNlj 

(3  t 6 a ) k  - (1 - CKj) (2 + ENlj)] 
B =  (17) 

Thus, for ( C K ] )  g 1 the inequalities of g, S 1 are fulfilled. The linear dependence 

gl(CK,) can be expected for the fixed system in the case of changing the orientational 

molecular ordering because of the temperature change (for liquid crystals) or the 

preparation method (the degree of stretching - for the anisotropic polymeric films). 

Both possibilities (CK j) g 1 are observed e~perirnentally.~-'~ 

TEST MATERIALS, RESULTS AND DISCUSSION 

In order to test the method described, the precision published data have been used 

for the parameters K, (14) measured in the IR region for the solute molecules in the 

anisotropic matrices of various types: polyethylene (PE), perdeuterated high-density 

polyethylene (PED) and the liquid crystal trans-trans-n-butyl-4'-cyanobicyclohexyl 

(4CCH). The stretched polymeric sheets are widely used as orienting matrices for 

studying the electronic and vibrational structure of the solute molecules' although the 

information about the features of the local-field for them is very limited" and has been 

obtained using the optical probing method" from the dichroism N1 of the electronic 

absorption of the octahedral solute molecules Mo(CO)6. For the liquid crystals with 

low birefringence to which 4CCH belongs, the features of the local field have been 
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172 E. M. AVERYANOV 

explored experimentally in the framework of other methods’ and therefore it is of 

interest to compare the results of various approaches. 

The solute molecules chosen have a variety of chemical natures and differ from one 

another by the electronic structure and shape changing from rod-like to disk-like. These 

factors are of interest from the standpoint of their influence on the local-field parameters 

as well as dependence of the latter parameters on the features of the intermolecular 

 correlation^.^ 

The results of determination of the parameters gl, Eq. (1  I ) ,  S=S], and G=SI,-S1, 

from the known values K,. Eq. (14). are presented in the Table. The parameters K, have 

been obtained by averaging corresponding values over a large number of the spectral 

bands of the same polarization in order to make weaker the possible depolarizing 

influence of the nearest or overlapping bands with various polarization on the values 

Nl, measured. After such averaging, the values of K, are practically insensitive to the 

possible deviation of some transition-moment’s orientation from the molecular frame 

axes. The dependence gl (CK,) for the investigated systems is presented at the Figure. 

The values gl calculated by Eqs. (16) and (17) differ from that obtained by Eq. (11) 

not more than 0.002. 

In spite of the various types of the impurity molecules in the matrix PE for the 

systems 21-26 with g l l l  the dependence gl(CK,) has the form (16) with parameter 

B=1.6 independent of the electronic structure and peculiarities of the onentational 

ordering of impurity molecules. For the system with gl2l all values gl(CKj) are 

within the narrow region between the lines (16) with parameters H=1.6 and 1.805. 

Such coincidence of the dependences (16) for various molecules in the same matrix 

(systems 1,2,4,8 and 3,5,7,9,12-15) shows the main role of matrix in the features of 

the local field acting on the impurity molecule. From here the possibility follows of 
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176 E. M. AVERYANOV 

using the fixed molecule-probe with the known absorption band polarization for the 

investigation of the local field in various anisotropic matrices. 

The general feature of the matrices presented is low optical anisotropy. This 

explains the closeness of the dependences (16) for the same molecules in various 

0.96 

Figure 1. The dependence of parameter gl (11) on summ CK, of parame- 
ters Kj (14) for the molecules presented in Table 1 in matrices 
PE (a), PED (0) and 4CCH (A). The numbers 1-27 arc the system 
numbers from the Table. Solid and dashed lines are the dependences 
(16) for B=1.6 and 1.805 respectively. 

matrices (systems 4-5, 6-7, 8-10, 14-16, 17-18) as well as the low value of the local- 

field anisotropy. For PE films with nl=1.51 for a six-fold degree of s t r e t ~ h i n g ~ * ' ~ * ' ~  the 
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LOCAL FIELD PARAMETERS IN UNIAXIAL MOLECULAR MEDIA 177 

birefringence n l l  - n, x 0.0420 and n l l  / n, x 1.26. Therefore, for all the systems 

one hasf II M f , which is in accordance with the expected isotropic nature of the 

tensor f in the anisotropic molecular media with low An' and with the independent 

experimental data. l9 
I 

In spite of the low anisotropy of f caused by the matrix's anisotropic properties 

small peculiarities off appear which reflect the specific features of solute molecules. So 

in the PE matrix for the systems 3,12,14,15 and 17 the inequality f I > f ,I appears but 

for the systems 5,7,9,13,21-27 one has f ,  < fll. Analogous correlations f,  

have a place for various molecules in the same matrices PED or CCH4. It should be 

fll 

pointed out that for different impurity molecules in the same matrix the correlation 

between the anisotropy o f f  and the molecular orientational order parameters S and G 

is absent. For the systems 1,4,14, values gl are close to one another although the shape 

of the impurity molecules, values S and the correlation of the parameters S and G are 

significantly different. The same can be noticed for systems 19 and 12. These show a 

negligible dependence of the local field on the shape and character of the orientational 

ordering of the impurity molecules, that is in full accordance with the known data of 

the independent method for the liquid crystals? Differences between parameters gl for 

systems 6 and 11 as well as for systems 12 and 13 with the close values S and G 

shows the dependence of the anisotropy of f on the specific features of the electronic 

structure of the solute molecules. 

CONCLUSION 

The results of the investigation carried out show that the method proposed for 

the experimental determination of local-field parameters from spectral data can be 

used for a self-consistent study of the molecular onentational ordering and local-field 

features in a uniaxial statistically-ordered molecular media of various types. Unlike 
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178 E. M. AWRYANOV 

the known spectral methods5 this approach is not limited by (i) the supposition T r k l  

for the effective Lorentz tensor L in Eq. (6), (ii) the assumption of the independence 

oscillator strengths of the anisotropy of molecular orientational distribution and (iii) 

the necessity to use data on Di for the onentational-disordered (isotropic) state of the 

molecular ansamble studied. Experimental determination of parameter gl with the 

same accuracy as dichroism N1 allows one to verify various theoretical approaches to 

the calculation of tensor f in anisotropic doped  system^.^*'^ 

The data obtained give new information about the influence of the matrix’s and 

impurity molecules’ properties on tensor f for these molecules. Side by side with 

the general contribution to the anisotropy o f f  determined by the matrix’s anisotropic 

properties the dependence o f f  on the specific features of the electronic structure of 

impurity molecules is significant. It is of interest to use the method discussed for the 

experimental determination of the local-field parameters in uniaxial molecular media 

with high optical anisotropy. 
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