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Abstract—The polarized el ectronic absorption spectra, orientation ordering, and the special local field features
were studied for push-pull linear dye molecules with strong donor—acceptor electronic conjugation of terminal
fragments in the matrix of anematic liquid crystal. The temperature-induced inversion of the sign of the split-
ting of polarized impurity absorption bands was observed. This effect was shown to be caused by the statistical
character of orientation ordering of impurity molecules and manifestation of the higher moments of the orien-
tation distribution function. The dependence of local field parameters (L orentz tensor components) of impurity
molecules on their orientation ordering was established. This dependence was used to reproduce the tempera-
ture dependence of the orientation order parameter of the matrix. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Orientation ordering of uniaxial molecules in a
nematic liquid crystal with respect to director n is sta-
tistical in character and is characterized by the
moments [P,(cosO) of the orientation distribution
function f(8). Here, 8 is the angle between the longitu-
dinal molecular axis| and n, P,(cosB) represents even
Legendre polynomials, and angle brackets denote sta-
tistical averaging. The degree of molecular ordering is
determined by the 0P, = S parameter, and the [P,[(val-
ueswith n = 4 characterize inhomogeneity of the orien-
tation distribution of molecules, which is described by
the variances A = (PP~ P[P, The influence of
the [P, [parameters on the physical properties of liquid
crystalsisof great interest for understanding the nature
of the liquid crystalline state, development of molecu-
lar-statistical theory, and practical applications. For
instance, the ratio between S and [P,[Idetermines the
anisotropy of elastic deformation moduli of nematics
Kii [1] and the volt—contrast characteristics of liquid
crystalline displays, the thresholds and periods of dis-
tortions of the director n(r) field in nematics under
field actions [2], the anisotropy of Ledlie viscosity
coefficients a; [3], the time characteristics of Freeder-
icksz transitions [2], the amplification coefficients and
threshold characteristics of lasers with dyesin nematic
matrices as active media [4], the intensity of polarized
Raman bands|[5], the dichroism of two-photon absorp-
tion [6], the splitting of polarized absorption bands of

impurity molecules in a nematic phase [7], and other
properties of liquid crystals. This has stimulated many
works concerned with measuring [P, 4by various
methods and theoretical interpretation of the observed
dependences of [P,[lon S,

Much lessis known about the physical effectsinlig-
uid crystals caused by the P,Lmomentswith n = 6. The
[P,_g[lvalues determine the saturation parameters and
the output generation power of laserswith dyesin nem-
atic matrices as active media [4] and also the splitting
of polarized Raman bands in nematic liquid crystals
[8]. Apart from the physics of liquid crystals, manifes-
tations of the P,Ldmoments with n = 6 in anisotropic
statistically ordered molecular media are of interest
because the A.,(S) dependences at high S values are
sensitive indicators of fine structural distinctions
related to the appearance of medium structure anisot-
ropy under external actions or as a result of molecular
self-organization [9]. Recently, thefirst neutron diffrac-
tion measurements of [P,_g[in variousliquid crystalline
phases were performed [10]. The first physical effect
caused by 0P, g[dmoment manifestations, the tempera-
ture inversion of the sign of the splitting of polarized
electronic absorption bands of impurity dye molecules
in a nematic phase, was reported in [11]. The present
work is a complete study of this system taking into
account the special features of orientation ordering of
matrix and impurity molecules, the local field anisot-
ropy for impurity molecules, and other aspects that had
not been considered earlier.
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2. OBJECTS OF STUDY
AND EXPERIMENTAL PROCEDURE

The effects caused by [P,[Imoments with n > 4 can
be observed if we select a liquid crystal property that
fully depends on the variances A, with n = 2, because
the A,, value contains contributions of the ~[P,JJand
[P, . .0terms. Such a property is the difference Av =
V|| — Vg between the v; maxima (splitting) of the D;(v)
electronic absorption bands of uniaxia impurity mole-
culesin a nematic matrix when the light wave is polar-
ized parallel (j =|]) and normally (j = ) ton [12]. The
v; value for impurity absorption bands with the transi-
tion dipole moment d ||| is given by the equation [12]

CJAZn}

v, = Vi_SrnzAn(Srn)[DD”D+1+C.S ’
J

n=2

(D)

where the summationisover evenn, C; =2, C;=-1, v;
is the D;(v) band maximum of impurity absorption in
the isotropic liquid crystalline phase, and S, is the ori-
entation order parameter of matrix molecules. The
A(S) = Ao + AuS, coefficients [7] characterize
changes in the impurity—matrix anisotropic interaction
energy under electronic excitation of the impurity, and
magnitudes and signs of the A, ; parameters are deter-
mined by intermolecular interaction contributions of
various types.

The splitting Av is determined by the statistical
character of orientation ordering of molecules in the
nematic phase, and its value

3S,
(1 _ S)(l + 28) ZZAH(Sm)AZn (2)

depends on the balance of the contributions of the vari-
ances A, and the [P [values with q = 4. The A,, param-
eters change as the temperature of the mesophase varies
and are characterized by different dependences on S[9],
which must manifest itself in the character of tempera-
ture variations of v;. One of the possible effects is the
temperature-induced inversion of the sign of Av caused
by mutual balancing of the A,, contributions to Av,
whichisonly possibleif at least n =2, 4 and [P, _¢[are
taken into account. At the inversion point, the condition
V= Vg # V; should be satisfied. This effect of the man-
ifestation of the 0P,C0momentswith n = 6iseasy to dis-
tinguish from the temperature-induced inversion of the
sign of Av when only one term with n = q isincluded
in (2) and A, vanishes at this point, because the equality
v; = V; isthen satisfied.

It follows from (2) that the impurity molecules and
nematic matrix should satisfy several requirements for
the contribution of A,, with variousnto Av to be notice-
able. For A 1 values to be large, the electronic excita-
tion of molecules should be accompanied by strong

Av =

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 98

1147

D;

1.5 T T T T T T T

1.0

v, 103 cm™!

Fig. 1. Spectral dependences of the sample optical density
components (1) Dy(v) and (2) D(v) and (3) the dichroic
ratio 0.1D(v)/D(v) in the nematic phase at AT = -21.5K

and (4) D;(v) intheisotropic phase at AT = 6 K.

changes in quite a number of their properties, namely,
the dipole moment and the anisotropy of linear and
nonlinear polarizabilities. Impurity molecules should
also have high Svaluesin the nematic matrix for the A,
values with n = 4 to be large. Such objects are long lin-
ear push-pull-type molecules with a system of 1tconju-
gated fragments that have terminal 1t electron—donor
and acceptor substituents bound by polar conjugation
through a system of molecular fragments. We used the
K-6 dye[13],

(OO~ Orre-

which satisfied the above requirements. The nematic
matrix should have high S, valuesfor the A(S,) and Av
values to be maximum and broad nematic phaseand S,
variation ranges. These requirements are satisfied by 4-
butoxyphenyl 4'-hexyloxybenzoate liquid crystals
(BEHA [13)),

H13ceo@ C(O)O@ OC,4Hg |

with the crystal—nematic—isotropic liquid (Cr—N-I)
phase transition temperatures of 50 and 102.5°C,
respectively.
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Fig. 2. Temperature dependences of the optical densities
(1) Dy, (2) D, and (3) D; for dye K-6 in the BEHA matrix.
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Fig. 3. Temperature dependences of the refractive indices
(1) ny, (2) ng, and (3) m; of the BEHA matrix at A = 345 nm.

The spectra of the D;(v) polarized optical density
components of the sample in the region of the elec-
tronic absorption of K-6 were measured in a plane-par-
alel cdl of thickness d = 40 um with a uniform planar
director orientation at a 0.3 wt % dye concentration,
which had no noticeable effect on the T, value, sample
birefringence, and the degree of matrix ordering. The
spectra were recorded and automatically processed on
a PU-8800 spectrophotometer. Weak background
absorption of the pure matrix in the high-frequency
wing of the impurity band was subtracted from the
absorption of impurity liquid crystals at equal d and
reduced temperature AT = T — Ty, values for each spec-
trum component. The resulting D;(v) spectrawere used
to determine D;(v;) and v; for the nematic and isotropic
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phases. Such Dj(v) spectra obtained at AT = -21.5 K
and the D;(v) spectraat AT = 6 K are shownin Fig. 1.
Theisolated nondegenerate long-wave transition in K-6
is polarized aong the long molecular axis, and the
dichroism N,(v) = Dy(v)/D(v) isvirtually independent
of v within the absorption band, which isevidence of its
uniform polarization in the absence of latent unresolved
vibronic transitions.

3. ORIENTATION ORDERING
OF IMPURITY MOLECULES
AND LOCAL FIELD ANISOTROPY

The temperature dependences of the D; = D;(v;) and
D, = D;(v;) parametersare shownin Fig. 2. At every AT
value, the dichroic ratios N; = D;/D; and N, = D/D;
were used to consistently determine S and the Lorentz
tensor L; components by the procedure described
in [14]. The Svalueis given by the equation

_ Nyg, -1
S = N;g; + 2’ ®)

and the L; components, by the system of equations
N.g»(N;9; +2) = 3, SpL = 1. (4)

The correction factors have the form

n if2i
g, = REELY, ©)
NP fbo

2
9 = Noy f oo
1 = ]
anfgu
Here, ny; = nj(v;) isthe background refractive indicesin
the impurity absorption band, which coincide with the
refractive indices of the matrix because of the low con-
centration of impurity molecules, f; =1+ Lj(nﬁj -1is
the background components of the light wave local
field for impurity molecules in their absorption band,
and f,; = (ng; + 2)/3. The ny values at a A = 345 nm
wavelength (the mean wavel ength of the maxima of the
D; j(A) bands) obtained as in [7] are shown in Fig. 3.
The densities p and p; for the nematic and isotropic
BEHA phases were taken from [13].

The SAT) dependence shown in Fig. 4 is well
approximated by the equation

S=S(1-T/T)" (6)

with the parameters §, = 1.047, B = 0.127, and T; —
Ty = 0.18 K. Figure 4 shows that the experimental L
valuesin the nematic matrix phase are substantially dif-
ferent from L; = 1/3 for the isotropic phase, and the
L(S) dependenceiswell approximated by the equation

L. = a+bS @)
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with the parameters a = 0.343 and b = 0.056. The f,; >
fyy) components differ weakly from each other at A =
345 nm over the whole nematic phase interval because
of the mutual balancing of the contributions of the ten-
sor L anisotropy and matrix birefringence to the anisot-
ropy of the tensor f,. For the K-6 dye, the inclusion of
the local field anisotropy insignificantly increases S
compared with the value obtained in [11] by (3) in the
isotropic approximation fy = fy.

The S(AT) dependenceis not known for the BEHA
matrix. In [11, 13], it was identified with the SAT)
dependence for impurity molecules of dye K-2 (4-dime-
thylamino-4'-nitroazobenzene, A, = 490 nm) obtained
from the dichroism N, of its absorption band without
taking the tensor f, anisotropy into account. Let us
show that the experimental SAT) and (7) dependences
can be used to determine the S,(AT) function for the
nematic matrix. The dependence [14]

L, = 1/3+CS, (8)
and the universal relation [15]
S(AT) = AS,(AT) +B, )

whichisvalidfor all impurity nematics studied thusfar,
lead to empirical formula (7) with the parameters a =
1/3 — bB and b = C/A. Substituting B = (1 — 3a)/3b
into (9) yields the dependence AS,(AT). Approximat-
ing this dependence by (6) allowsthe AS,, product and
A parameter to be determined (in the natural limit
S0 =1). Applying this procedure to BEHA yields B =
0.116, AS,o = 1.191, = 0.118, and T, — Ty, = 0.6 K. At
So=1and A=1.191, the S,(AT) valuesinsignificantly
differ from SAT) for K-6 molecules over the whole
range of the existence of the nematic phase and are
somewhat underestimated at AT > 35 K, whereasthe S
values for K-2 molecules [11, 13] are dlightly higher
than those for K-6 in this temperature range.

4. THE SPECIAL FEATURES OF CHANGES
IN v;(AT) AND THEIR INTERPRETATION

The v;(AT) dependences shown in Fig. 5 are charac-
terized by certain features that have not been observed
earlier for transitionswith d ||1 [7, 12]. Thetemperature
inversion of the sign of Av is observed at AT = AT* =
—6.5 K, while the v value is constant over the whole
mesophase interval, and a strong v (AT) dependence is
observed with a change in the ratio between v; and v,
closeto Ty,. The D;(v) and D(v) bands correspond to
the absorption of orthogonally polarized normal light
wavesintheliquid crystal that do not interact with each
other. As aresult, exact degeneracy v, = v is observed
at AT*. The differencev; > v; at AT* is evidence of the
presence in (2) of contributions of variances A, with
severa values of n = 2 and mutua balancing of these
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Fig. 4. Dependences S(AT) and L(S) for K-6 moleculesin

the BEHA matrix (open and solid circles) and their approx-
imations by (6) and (7) (lines).
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Fig. 5. Temperature dependences of the maxima (1) v,
(2) v, and (3) v; of D (v) absorption bandsof dyeK-6inthe

BEHA matrix. Solid lines were obtained by interpolating the
v; values calculated by (1) with the parameters given in text.

—40

contributionsto Av at this point. Figures 2—4 show that
the S(AT) dependence and the ensuing temperature
dependences of the D;, n;, and L parameters do not
have singularitiesin the neighborhood of the AT* paint,
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and (5) Ayg on P, Sfor distribution function (10).

which is also evidence of contributions of moments
(P,Owith n = 4 to Av sign change. Note that, for many
impurity systems studied thus far, taking into account
terms with n = 2 in (1) was sufficient for describing
V(S dependences (see [7, 12] and the references
therein).

The OP,Oparameters and A,, variances in (1) were
calculated using the distribution function

(8) = Zexp[Ao(S)Pa(cos0)],

1 (10)
Z = J'exp[)\z(S)Pz(cose)] dcosB,

which corresponds to experimental distributions when
Svalues are high and native and impurity moleculesare
fairly long and do not contain terminal alkyl chains |7,
10, 12]. The A,(S) parameters were found by the equa-
tion S=0dInZ/0\, and then used to calculate the [P, [(S)
and A,,(S) dependences shown in Fig. 6. Because of the
closeness of the Sand S, values at equal AT values (see
above), it was assumed that S, = Sin (1).

An analysis showed that including terms with n = 2
and 4 in (1) and the determination of the A, ; adjust-
ment parameters from two pairs of v, ;values at two
AT pointsor fromv valuesat four AT pointsgavealin-
ear v|(AT) dependence with Av sign change at AT close
to the middle of the mesophase temperature interval.
Including terms with n = 26 into (1) substantialy
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improved agreement between theory and experiment.
The v;(AT) dependences corresponding to the smallest
mean-square deviation of the calculated v;(AT) values
from experimental ones with the parameters Ay, =
1855, Ay, = 2348, Ay = —20123, Ay = 13867, Ag =
36773, and Ag; = —35260 cm™ are shown in Fig. 5.
Agreement between theory and experiment is evidence
of mutual consistency of all special features of changes
inv;(AT) and the ratios between them and v; mentioned
above. Even an insignificant deviation of the calculated
vy values at AT = —6.5 and —4.5 K toward lower values
compared with experiment corresponds to substantial
exaggeration of calculated v, values at the same tem-
peratures. On the whole, agreement between the calcu-
lated and experimental v;(AT) dependences obtained in
thiswork issimilar to that reported [11], where Svalues
for dye K-2 were used as S, [13] and the local field
anisotropy was ignored in determining S The Ay ;
parameters given above are al so close to those obtained
earlier [11]. These observations are evidence of aweak
influence of the characteristics of changes in S,(AT)
and S(AT) on Av sign change for impurity molecules.

The largest discrepancy between the theoretical and
experimental v;(AT) valuesis observed at the inversion
point AT*; the discrepancy rapidly decreases asthe sys-
tem departs from this point. Figure 6 showsthat, in the
interval S=0.5-0.8, A,,(S) monotonically decreases as
Sincreases, whereas the A,,(S) and A(S) dependences
are nonmonotonic and pass maxima at S = 0.55 and
0.74, respectively. As the experimental SAT*) = 0.633
value coincides with the value 0.638 at which the
Dy(9) — Dy (S) difference changes sign from positive to
negative as Sincreases, the discrepancy between theory
and experiment in the vicinity of AT* can berelated to
a smal difference between the rea distribution func-
tion and model (10). Such differences have been
reported for low Svalues|[5, 7, 14].

To summarize, the temperature-induced inversion of
the sign of Av and the other observed characteristics of
changesin v;(AT) are caused by the statistical character
of orientation ordering of impurity molecules and man-
ifestations of the [P,Cmoments of the orientation distri-
bution function with n = 2-8. Distribution function (10)
can serve as a good approximation for theoretically
modeling the physical properties of nematics in the
region of high Svalues. The spectral characteristics of
polarized impurity absorption and luminescence [9] are
effective and are the only indicators of fine structural
features of anisotropic statistically ordered molecular
media known thus far.
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