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A general molecular-statistics approach is taken to analyze the polarized luminescence
spectrum for impurity molecules of arbitrary symmetry in a matrix of a nematic liquid crystal.
The particular case of uniaxial molecules is used to study how the electronic structure of

the molecules, their orientational statistics, the molecular dynamics, and the anisotropic
intermolecular interaction influence the positions v;;(#) of the peaks of the polarized

impurity fluorescence bands J;;(v,). It is shown, for the first time, that all these factors
strongly influence the degree of degeneracy of the v;;(¢) spectrum. At 5£0 the relaxation of the
subsystem of excited impurity molecules toward an equilibrium orientational distribution

lifts the partial degeneracy of the v;; spectrum which prevailed at #=0. It then restores a partial
or complete degeneracy of the v;; spectrum in the limit #= co. If there is no degeneracy

of the v;; spectrum at ¢=0, the relaxation may impose a partial degeneracy at 50, depending
on the particular electronic structure of the molecules. The results of this study explain
existing experimental data on the number of independent components v;;, the relations among
them, the dependence of v;; on the order of the matrix and of the impurity subsystem,

and the relationships between the positions of the polarized components of the impurity band

in the absorption and fluorescence spectra.

1. INTRODUCTION

Recent years have seen increasing interest in the gen-
eral physical consequences of, and new experimental man-
ifestations of, such features of liquid crystals as the statis-
tical nature of the molecular order and the anisotropy of
the rotational diffusion of molecules, accompanied by a
relaxation of the temporal correlation functions.! The lat-
ter effect can be seen in the intensity of the polarized lu-
minescence bands of liquid crystals, among other places.?™
There has accordingly been a substantial increase in re-
search on impure nematic liquid crystals by time-resolved
fluorescence spectroscopy.("”.This research has provided
new information on the anisotropy of the rotational-
diffusion times and of the diffusion tensor of molecules, on
the orientational statistics of impure nematic liquid crys-
tals, and on their local order at the scale of molecular
dimensions.

It has also been shown'>!* that static splitting of po-
larized bands of electronic absorption and of Raman scat-
tering is a general consequence of the nonuniformity of the
orientational distribution of impurity molecules in a liquid
crystal. By combining data on the intensity (dichroism)
with data on the splitting of absorption bands, one can
obtain information on the order parameters'® (P, ,) which
is attainable (with the help of the band intensities) only by
the methods of Raman scattering and polarized lumines-
cence.

In the impurity luminescence, in contrast with the ab-
sorption of a liquid crystal the spectral positions of the
polarized bands are determined by both the statistical
properties of the orientational order and the anisotropy of
the rotational diffusion of molecules. In this case we can
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thus expect an interesting joint manifestation of these prop-
erties of liquid crystals. It has been found that the positions
v;; of the peaks of the impurity fluorescence J;;(v) in nu-
merous liquid-crystal matrices'"® depend on the polariza-
tions of the absorbed light (/) and of the emitted light ()
with respect to the director n. This circumstance, along
with the giant spectral response of the liquid crystals to the
application of fields in the course of Fréedericksz
transitions,?’ opens up the possibility of new applications
of liquid crystals in devices with controllable spectral
properties.?! .

On the theoretical side, several questions concerning
the interpretation of experimental data and the dependence
of v;;(#) on the electronic structure of the molecules, the
orientational statistics, and the molecular dynamics of lig-
uid crystals remain open. These questions are the subject of
the present study. The components v,,(0) and v,,(0) were
found in Ref. 22 on the basis of a model for a particular
type of intermolecular interactions, under a large number
of special assumptions. In the present paper we instead
take a general approach, which is not restricted by a
model. We focus in particular on the role played by relax-
ation processes in shaping all the independent components
Jij(w,t) and vij(t) of the fluorescence spectrum.

In Sec. 2 of this paper we derive general expressions for
v;;(¢) and for the intensity components J;;(v,?) in the case
of uniaxial molecules. We allow for a difference between
the energies of the interaction of a molecule with its sur-
roundings when the molecule is in its ground and excited
states. We derive an expression for the anisotropy r(z) of
the polarized fluorescence, taking account of the difference
between the equilibrium order parameters (P, 4(¢)) in the
ground state (#=0) and in the excited state (1= ). In
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Sec. 3 we study the behavior of v;;(#) as a function of the
particular features of the electronic structure, the order,
and the orientational statistics of the molecules at £>0 and
. We offer an explanation for the results of Refs. 16-19,
and we identify features of the v;;(¢) spectrum which stem
from a relaxation of temporal orientational correlation
functions.

2. INTENSITY OF THE POLARIZED FLUORESCENCE OF
IMPURITY MOLECULES IN A NEMATIC LIQUID CRYSTAL

In order to avoid having to deal with effects which
stem from the exchange of excitation in the impurity-
matrix system and from the migration of excitation energy
in the impurity subsystem, we consider a nematic liquid
crystal with a low concentration of fluorescent molecules
which absorb and emit light in the transmission region of
the matrix. We also assume that the electronic excitation of
the molecules is not accompanied by a change in their
conformation. It was assumed in some previous studies,””
which serve as the basis for an interpretation of experi-
ments on the intensity of impurity fluorescence bands, that
the properties of the fluorescing molecules do not depend
on their electronic state. That purely geometric approach is
inadequate for analyzing the shape of the bands J;;(v,1),
and it is inconsistent with some recent experimental data.

Let us take a brief look at the physical picture. In the
electronic ground state Efg"'q’ , the subsystem of impurity
molecules is characterized by an equilibrium orientational
distribution function f, (ed) and by the equilibrium moments
(D (Q))("q) of this functlon These moments are the ori-
entational order parameters. During pulsed excitation of
impurity molecules at the time t=0, the transition of these
molecules into an excited electronic state leads to changes
in several anisotropic molecular properties (the dipole mo-
ment and the polarizability tensor, among others**?*) and
in the anisotropic impurity-matrix interactions. These
changes can be seen directly in the static shift and splitting
of the peaks of the polarized bands of impurity electronic
absorption in the phase transition from an isotropic liquid
to a liquid crystal.'>!>% The intramolecular relaxation
from an absorbing level to an emitting level, accompanied
by an additional change in the properties of the fluorescent
molecule, occurs over a time significantly shorter than the
time scales of the changes in the spatial coordinates of the
molecules. The transition of an impurity molecule from the
equilibrium ground state to the nonequilibrium emitting
state Eg") () thus does not alter the orientational distribu-
tions of the impurity and matrix molecules. At =0, the
nonequilibrium distribution function fé")(Q,), of the ex-
cited molecules, and its nonequilibrium moments
(DOk(Q )N are  the same as f(e‘“(Q) and
(D5 (Q) Ve (ed) The equilibrium order parameter of the im-
purity subsystem S _(DZOO(Q))("’“) , can thus be deter-
mined from the dichroism of the electronic absorption
bands.

If the lifetime of a molecule in the excited state is >0,
the rotational diffusion of impurity molecules occurs in a
fashion which is matched with the spatial (orientational
and translational) relaxation of the surrounding matrix
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molecules to the new equilibrium state E f,eq)( o0 ). This new
state corresponds to the maximum of the energy of the
interaction of the excited impurity with the matrix. In this
state the equilibrium distribution function f f,°q) () of the
excited molecules at t= @ and the equilibrium moments
of this dlstnbutlon, (DOk(Q)) () " differ from Se (ea)(())
and (DOk(Q) Yo (ed) Experiments show that S, can be either
78 or less than?>426 § | dependmg on the par-
ticular system. The difference can reach 30~70%. The ap-
proximation f:°¥(Q) = £{*¥(Q), which is widely used in
interpreting the intensities of polarized fluorescence spec-
tra in the case of steady-state excitation, would thus intro-
duce some uncontrollable errors in the values found for the
order parameters (P, 4).

If light is emitted at the time ¢, the impurity molecules
go into a nonequilibrium ground state E™ (¢+7) with a
nonequilibrium distribution function f () (Q,) and with
nonequilibrium order parameters ( DOk(Q ) g") For =0,
this distribution function and these order parameters are
the same as the nonequilibrium values f{™(,) and
(DE.(Q,)){™. With increasing 7, the relaxation of the state
of the impurity subsystem to its original equilibrium state
Eé")( ®) = Eéeq) (¢ = 0) is accompanied by a relaxation of
the distribution function to its original equilibrium version,
as the result of a self-consistent orientational diffusion of
impurity molecules and relaxation of the surroundings of
these molecules. Under the assumptions adopted above,
the presence of a nonequilibrium state Eg,”) (7) is not man-
ifested in the intensity of the impurity fluorescence bands,
but it does strongly influence the positions of these bands.

We consider a uniformly oriented nematic liquid crys-
tal with a director n||z in the laboratory system x, y, z. The
electric vectors of the exciting light (e;) and of the light
being analyzed (e j) coincide with axes of this coordinate
system. The directions of the dipole moments of the mo-
lecular transitions associated with absorption and emission
are specified by the unit vectors p and fi, respectively. The
intensity of the impurity fluorescence excited by a
S-function pulse at the time =0 and measured after a time
interval ¢ is given by

T () = F(OK(T,(Q0,2,) p(1,Q,,0)),

1;;(920,92,) = [ega(Qy) ]z[ejﬁ(ﬂt) 1%

The function F(t) =exp(—t/7r)/7F characterizes the at-
tenuation of the fluorescence of the impurity molecule in
the sample, and 7 is the effective lifetime of the molecules
in the excited state. According to the experimental data of
Refs. 6-12, this F(¢) dependence and the parameter 7
remain the same in the course of the phase transition from
an isotropic liquid to a nematic liquid crystal. The change
in 77 in the mesophase is negligible. The possible weak
F(Q) dependence for the impurity molecules in the liquid
crystal can thus be ignored. The anisotropic coefficients K;;
depend on the optical anisotropy of the liquid-crystal ma-
trix, on the anistropy of the local field of the light wave
which is acting on a molecule, and on the experimental
geometry.””?® We are omitting all the constant 1s0trop1c
coefficients in (1).

(1)




The shape of the fluorescence band p(v) of an individ-
ual impurity molecule is governed by intramolecular relax-
ation processes. To lowest order it is independent of the
phase state of the matrix and of the orientation (2, of the
molecule with respect to the director n. However, the peak
position v, of the p(v) band is determined by the differ-
ence between the energies of the anisotropic interaction of
the impurity with the matrix in the Eg") (¢) and Eé") (z4-0)
states. Accordingly, v, depends on the orientation (, of the
impurity molecule in the field of its neighbors. In addition,
even for a fixed orientation of the impurity with respect to
the director, the relaxation of the surroundings in the
E{"(t) state and the corresponding change in the energy
of the anisotropic impurity-matrix interaction over time,
for both states Ef,")(t) and Eé")(t+0), would lead to an
explicit v,(¢) dependence. The simultaneous, coordinated
rotational diffusion of the impurity molecules and relax-
ation of their surroundings give rise to a v f(Q,,t) depen-
dence, which is reflected by the notation p(v,Q,,t) in Eq.
(1). The angle brackets in (1) mean a statistical average
over the impurity subsystem for all motions of the impurity
molecules in the interval 0—¢.

In the isotropic phase of the liquid crystal, at a tem-
perature sufficiently far from the temperature T, at which
the isotropic-nematic transition occurs, there is no local
orientational order.*®% In this case the time evolution of
the peak vy (¢) of the J;;(v,) bands is similar to that for the
impurity fluorescence spectra in isotropic solutions.*® In a
nematic phase, the most common form of the v(Q,,t)
dependence for an individual impurity molecule corre-
sponds to an expansion in Wigner D functions:

VA Q) =vo(t) — 2 ELmn() Di( D), (2)

Lmn

where the coefficients are

2L+1
ELmn(t)=——g—>— Vf(Qn’)D,I:.:(Qz)er (3)

The summation in (2) is over integer values L>0; the
term with L =0 is incorporated in v (#). The minus sign in
(2) means that the energy of the anisotropic interaction of
the excited impurity with its surroundings in the Eg")(t)
state is larger than the energy of the unexcited impurity
molecule with surroundings in the E;,”)(H-O) state. Vari-
ous types of intermolecular interactions contribute to the
coefficients €;,,, of a certain rank L. In general, therefore,
some of the coefficients €,,, may be negative (cf. Ref 14).
The time dependence €/,,,(¢) stems from relaxation of the
surroundings of the excited molecule. The function
v({,,t) must be invariant under the symmetry operations
of the point symmetry groups of the liquid crystal and the
impurity molecules. In a nematic, the uniaxial symmetry
and the presence of a symmetry center restrict the summa-
tion in (2) to even values of L and to m=0. Limitations
are imposed on the index n by the group symmetry oper-
ations of the impurity molecule.

The position of the peak v;;(#) of the component
Jij(wt) is given by the equation dJij(v,t)/dv=0 or
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(Ij(Q0,Q) p’ (v,Q,,1) ) =O0. (4)

A solution of this equation can be found, within a specified
error, by expanding the derivative p’(v,{,,?) in a series in
[v—v(Q,,2)] near v=v,(Q,,t) and by retaining only a
finite number of terms. Since the difference v;;—v; is usu-
ally considerably smaller than the half-width of the J;;(v)
bands,'®° it is sufficient to use the linear approximation.
As a result we find

v (1) =vo(1) — (I,,-(no,m 2 €Lmn(1) Dy () >/

(1;j(20,2))). (3)

The position v;;(¢) does not depend explicitly on the opti-
cal anisotropy of the matrix or the anisotropy of the local
field. These factors do play a definite role in the derivation
of the quantities v,,(0) and v, (0) for a particular type of
intermolecular interaction,?? but they are not necessary for
determining the features of the v;;(#) spectrum.

The correction to the intensity Jij(vy;,t) at the peak for
the difference between the values of v; j(t) can be found by
expanding the function p(v) in (1) in a series of
[v—v;(Q,,t)] and retaining terms up to quadratic, and
also by replacing v by v;;(¢#) from (5). As a result we find

Jij(vij 1) =F(t) p(vf)K;; <Iij(0070t) [ 1 —% [vii(8)

>, 6)

where a= | p”(v/)|/p(v;) and where we have, in order of
magnitude, a/2 ~1I/T? where T is the half-width of the
p(v) band. For known systems,“"‘19 the second term in
curly brackets (braces) is therefore small in comparison
with unity, and with good accuracy we can set

—vA(Q,0)]?

Jij(vij 1) =F (8) p(v ) K;j{I;;(Q0,Q,))

As in the case of absorption,'? the intensity of the polarized
impurity fluorescence bands is only slightly sensitive to the
anisotropic impurity-matrix interactions, provided that
these interactions are not accompanied by the formation of
complexes or by other perturbations of the electronic struc-
ture of the impurity molecules which would lead to signif-
icant changes in the shape of the p(v) bands. However, the
shape of the J;;(v,¢) band in (1) and its half-width T';;(¢)
are not the same as p(v) and I'.

Below we discuss fluorescent molecules with an effec-
tive cylindrical symmetry. Expressing u? and ﬁf~ in terms of
the irreducible components of the tensor A=p ®u and
A=fi o fi (Ref. 22), we switch to parameters which char-
acterize the orientation of the transition moments in the
molecular coordinate system and the orientation of this
system with respect to the laboratory system. As a result
we find the following expressions for the independent com-
ponent [;;(¢) in (7):
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L(8) =543 Spa(Py(0)) +3 Sp.(Py(2))

+4 3 D%(0,8,,0) Dy(a,,B.,0) 92 (0), (8)

L (8) =3+3 Sp,(P2(0)) —5 Spe( Py (1))

—1 T D%(0,8,,0) DX(@.,B.,0) D2 (1), 9)

I,(2) =%_% Sﬂa<P2(0)) +% Sﬁe<P2(t)>

—2 3 D%(0,8,,0) D2(@,,B.,0)®2(2),  (10)

Ly (8) =§—4 Sp(P5(0)) —5 Sp(Py(1))
+ 2 D25(0,8,,0) Do(a,.B..0) [®2(1)
—303,(n], (11)
(1) =3—4 Spo(P2(0)) =4 Sl Py(1))
+ 2 D%(0,8,,0) D2y(@,.B,.,0) [®Z(2)

+302(n)]. (12)

The angles B, and a,, B, specify the orientation
of the vectors u(sinf,,0,cos B,) and g (sinp,cos a,,
sin 3, sin a,,cos B,) in the molecular coordinate system:
Spa=P,(cos B,), Sg.=P;(cos B,), (P,(cos 60)) = (P,(0)),
(Py(2))=(P,(cos 6,)). Here 0 is the angle between the
long axis of the molecule and n. The correlation functions

ONY (1) =Dy, (Q0) Dira( Q) (13)
satisfy the symmetry conditions

MV =dMM(r) =MV _ (1) =(—1)M+NoMY (1).

—m-—n —mn
(14)

The nonequilibrium order parameter (P,(¢)) of the excited
impurity molecules in Egs. (8)-(12) differs from
(P,(0)) =S,; in the limit #— oo it relaxes to the value S,.
At %0 we would thus have I,,#I,, even if u and i are in
the same direction; this is what is actually observed. %!
The identification (P,(0))=(P,(¢)) reduces (8)-(12) to
known equations.?™
The anisotropy of the fluorescence polarization,

T () +20,(2)° (15)

r(t)

is given by

) Sge(Py(1)) +23,D%(0,8,,0) Dlo(t, ,B,,0) B(2)

1+25,(P,(0))
(16)

We see that the identification® 7(¢) = (P,(t)) is valid for all
t only if the conditions Sg,=1 and Sg,=0 hold simulta-
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neously. For B,=B,=0, the exponential relaxation®® of
r(t) reflects the combined relaxation of the functions
(P,(t)) and ®3(1); here

14+ 555,+36(P4(0))
rO=""735172s,)

r()={(Py())=S..
(17)

From the experimental values of 7(0) and S, we can de-
termine the parameter (P,(0)) (cf. Refs. 7 and 8). In
contrast with (P,(¢)), the nonequilibrium order parameter
(P4()) =[35(cos* 8,) —30(cos® 6,) +3]/8 does not appear
in the expressions for /,;(¢) at t50, and it cannot be found
experimentally (cf. Ref. 6).

3. POLARIZED FLUORESCENCE SPECTRUM OF AN
IMPURE NEMATIC

For uniaxial impurity molecules, the functions
DE.(Q,) in (5) are replaced by even Legendre polynomi-
als, and expression (5) is conveniently put in the form

1

vi(8) =vo(1) — 2 eL(2) <PL(t>>—m S ex(d)

X [{L;;(Qo, Q) PL(2)) —I;;()(PL(2))]. (18)

The first two terms on the right side of this equation char-
acterize either the position v ,(#) of the center of gravity of
the multiplet v;;(#) in the spectrum of a uniformly oriented
sample or the position of the fluorescence band in the spec-
trum of an unoriented sample. The position v.g(#) does not
depend explicitly on the angles 8, and B,, being deter-
mined exclusively by the parameters £;(¢) of the aniso-
tropic impurity-matrix interaction and by the order param-
eters (P;(?)) of the impurity subsystem. The parameters
g; are functions of the orientational order of the
matrix.”>’® In a first approximation we can write
e ()=S,4.(t), where S, =(Py(cosb,)) is the
orientational-order parameter of the matrix molecules. At
fixed ¢ (or in the case of steady-state excitation) we would
expect the inequality vo> v, to become stronger as the
temperature of the mesophase decreases and S,, increases;
this expectation agrees with experimental data.'®!® At a
fixed temperature of the liquid crystal, the values of €, (¢)
increase with increasing ¢, and we would expect
vo(2) > v (2) at all ¢. This expectation agrees with the re-
sults of time-resolved measurements.>?

To pursue the analysis of (18) we introduce the cor-
relation functions Ii’;(t) =(I ,-j(Qo,Q,)PL(t)) for uniaxial
molecules in a nematic liquid crystal:

IE(1) =5 (PL()) +} Spa( Py (0)PL(D))
+3855(P,(DPL(1)) +4 2 D% (0,8,,0)
X D2y (at,,B.,0) { D,(0) D& (1) D&(1)), (8)
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IZ(8) =5 (PL()) +} Sp,(Py(0)PL(2))
—1Sp(Py(t)PL()) =3 2 D%(0,8,,0)

X D(at,B.,0) { DZ,(0) Dar (1) DL (1)), (9)

IE(6) =3 (PL(8)) —5 Sp{Po(0) PL(2))

+3Sp(Py(t)PL(1)) =3 2 D% (0,8,,0)

X Dlo(a,.B.,0) [{ D3,(0) Dy (1) Dy (1))
+3(D?,(0) D2 (1) D& (1)) 1. (12"

We consider the cases 8,=0 and B,=0, in which we
have n=01in (8)-(12) and (8’)—-(12’). In the first of these
cases, the components v;;() are

‘sz(t)=ch(t)

Se (1) [SpalAyy +8y1(2) +28p,A%" ]

X D20(.B.,0){ D}, (0) Do (1) Dgo(1)),  (10) B 1+ZSBa<Pz(0)>+2<P2(t)>+4S,9,,<1>35(t)(19)
IE () =i (P —185,(P,(0)P
(1) =5 (PL(£)) =5 Sp(P2(0) P (1)) or(1) =g (1)
*
—5 SplPoOPLDY+5 X Dio(0,80,0) e 1255885 83,0 ~ 258
. 1+4255,(P,(0)) — (P, (1)) — 255, ?
X Dlg(@e 8,0 [{ D},(0) Diy (1) Do (1)) PO 250"
—3(D3,(0) D3, () Dgy(1)) ], (1) () =veg(0)
L
—4 SpPy(OPL(D) +} T Diy(0,,0) - SMPZ(O))H(PN)) 2sﬁaq> o 1)
J
Zep (1) [SpaA(z) LA L(D) — SBaA(z)Z L+3SBaA(2)t2‘L(22 0)]
ny(t)=vcg(t) 1—S (P (O)) (P (t)) ) (22)
2ol Ps 2(2)) +Spa [P (1) — 302 (1) ]
SeL (1) [SpabYs+ Ay (1) —Sp A% —3S50%,(22,0) ]
V() =V () g P (00) Py (D) + Sl (D) 1 302(D)] (23)
]
In the case B,=0, the components v;;(#) are given by Se,(t) [2A(2“L—SpeA2L(t) zsﬁeA%tL
V(1) =veg (1) T 14+2(Py(0)) — —Sge(Py(2)) — 2Sﬁe¢ HON (207
3¢ (1) [AD7+Spo (1) +ZSaeA‘z’£’L Vea() =g (1)
142(P,(0)) +2S5.(P,(1)) + 4S5 D¢ .
(Pa(0) 4255 (P2(1)) +45 ()(19') Sep (1) [2Sged (1) —AY, —2SpA%%" ]
T 1—(Py(0)) +2Sp( Py(£) ) —2Sp,D55(1) ’
Vo (8) =veg(2) (21)
|
B zeL(t)[A22+sﬂA2L(t)—S&A25‘L+3SBA2;:'L(22,0)1 ,
V() =V () D 0)) —Spt Pa(0)) + Sl (D) —30B(D)] (229
Se (1) [AY, +S (1) —Sg A%, —385,A%, (22,0)
Ver() =veg(1) + EL [A27+SpArz B2 L HeAZZL ] 23
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—(Py(0)) —Sg{Py(2)) +Sp [ D5 (1) +3D35(2) ]
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Here we have used the expressions

Apr(8) =(Pp()PL(2)) —(Ppy(2))(PL(2)) (24)
for the measures of dispersion and the expressions
A =(Py(0)PL(1)) — (P(0))(PL(D)), (25)

A%, = (P, (0)Py(1) PL(1)) — (P, (0)Py(1) ) (P (1)),
(26)

A%, (22,0) = ( D3(0) D& (1) D (1))

—(D%)(0) D& (1)) (P (1))

for the correlation functions. These functions can be ex-
pressed in terms of the order parameters (P,(0)) and
(Pk(2)) and the correlation functions in (13), by making
use of the formulas

(27)

M+ L
Py(OP ()= 2
M—-L

[Ch 10l *Px(2), (28)

L+2

(DL(0) DN DE())Y= X CE},C 03K (n),

- (29)
where CX!

mpng ar€ the Clebsch-Gordan coefficients.** Con-
sidering only the values L=2 and 4, which are sufficient
for interpreting experimental results (more on this below),
we find

A%, =1 (P(0)) + [3— (P, (1)) OB (1) + B ®%(r),  (30)
A% =[3—(Py(1)) | OB(1) + B ®(1) + 3 D),  (31)

3 \/15
A%5(22,0) = — [34(Py (1)) 1D2(1) +—— D2(1), (32)
35

615

5
AZ5(22,0) = [~ (Py(0) 193 (1) ——5— ©33(1)

J70

Fcpgg(z).

+ (33)
It can be seen from these expressions that the positions of
the components v;;(¢), in contrast with the position of the
center of gravity, v,,(#), depend strongly on the electronic
structure of the impurity molecules, the orientational sta-
tistics of these molecules, and their dynamics. The kinetics
of the v;;(#) spectrum is associated with relaxation of the
correlation functions <I>f,{,‘ (#) whose rank is higher than
that of the correlation functions which determine the 7;;(¢)
kinetics. To analyze the v; /() spectrum, we begin by look-
ing at the limiting cases =0 and .

3.1.t=0

In this limit the correlation functions ®3X(0) can be
written in the form

k+2

%)= X
J=k-2

2k—2Co010¢Ps(0) ), (34)
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and the quantities /;;({}y) in (1) can be written in the
compact form

II](QO) =E,'j+FijP2(Coseo) +H,-jP4(COSGO),

where the numerical factors (E,F,H) ;j are functions of the
angles 8, and 3,. Expressions (19)—(23) and (19')-(23’)
thus assume a form which is valid for all L:

v;j(0) =v,(0) —2e,(0)(P.(0))

_ e (0)[FijAy +HijAyy]
E;j+F;j{(Py(0))+H;;{P4(0))

Complete degeneracy of the v,;(0) spectrum corresponds
to uniform orientation of the impurity molecules with
A1 »=0. Partial degeneracy of the v;;(0) components may
stem from the particular electronic structure of the mole-
cules or the particular intermolecular interaction (a rela-
tion between the values of ¢ for different ranks L). In the
case 3,=0 we have

Ezz=% (1+§Sﬁa)9 Fzz=% (1"*'1—71 Sﬁa)’ szzs% Sﬂw

(35)

(36)
En=5(1-3Sg), Fn=5(3Sp—1), Hn=—iH,,

(37)
E,=E,, F,=}02-%Sz), H,=H,, (38)
E=E,, E,=3(GSpg—1), H,=iH,, (39)
Eu=E,, Fu=—F. Hy=iH,. (40)

The angle S3, specifies the orientation of the transition mo-
ment p at the excitation frequency. When fluorescence is
excited at various frequencies with various angles 3,, the
values of v;; in (35) will evidently be different, although
the emission comes from the same level. When fluorescence
is excited at different frequencies with identical values of
B,, on the other hand, the quantities v;; should remain
constant. This is what has been observed!” for the com-
ponents v,, and v,, for the dyes R823 and R829 in a 6CB
matrix.

In the case B,=B,=0 we find from (37)-(40) the
results I,,=1,, and I,,=3I,,. These results correspond to
partial degeneracy, v,,=v,, and v,,="v,,, in (35). In this
case we have v, ,>v.,>v,. At the ‘“magic” angle
B.=B,=54.7° and with the value Sg,=0, the relations
I,=I,,=1, and I,,=1I,, hold. These results correspond
to the degeneracy v,,=v,,=v,,=v, (0) and v,,=v,,
=v (0), where

= 3 2e.(0)A,,(0)
7 (== 2 (O FLO) %,
(41)
2e7(0)A,,(0)
v (0)=%(0) ZEL(0)<PL(0))—21—_ wLL2(P22(g))'

The parameters v, (0) > v (0) also give us the positions
of the polarized components of the impurity absorption
band associated with the direct transition from the
E{*9(0) ground state to the E{™ (0) excited emitting state.
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This band is shifted in the low-frequency direction by an
amount equal to the Stokes shift of the spectrum of the
isotropic phase.

From (36)-(40) we find I,,(B,=90°)=1,,(8,=0)
and I1,.(B,=90°)=2I,,(B,=0)/3; these results corre-
spond to v,,(90°) =v,,(0) and v,,(90°) =v,,(0). Since the
inequality F,,>F, holds for B,>0 in (37) and (38), we
can set v,,>v,, in (35). This inequality becomes stronger
as B, increases. This result agrees with the data of Ref. 1.
It follows from (36)-(40) that in the case 8,70, B,, the
degeneracy v,,=v,, is lifted.

In the case B,=0 in (36), (39), and (40) we should
replace Sg, by Sg,; Eqs. (37) and (38) then become

sz=% (1_%Sﬁe)’ sz=% (2_1_7ISBe)y H,= _%Sﬁu
(37)
E.=E,, F.,=3%$Sg—1), H,=H,. (38')
In the case B,>0 we thus have v,,>v,, . In the case B,=8,,,
the w;(0) spectrum is partially degenerate with
Vix="Vxy=Vx,="V, (0) and v,,=v,,=v (0), where the fre-
quencies v, | (0) are given by the same expressions [ex-
pressions (41)], which in this case are unrelated to the
positions of the polarized components of the absorption
band for the direct transition from the Eé‘q)(O) ground
state to the E{™(0) excited state. Since we have Sg.=0,
there is no splitting of these absorption components.* We
now have v,,(B8,=90°) =v,(0) and v,,(8,=90°) =v,,(0).
To determine how the components ¢; affect the posi-
tions v;;, and also to determine how v;; depend on the
orientational order of the molecules, we assume that the
distribution function of the impurity subsystem, f é“v(()),
is of the Mayer-Saupe form:

1
£$9(8) =5 explaPy(cos 0) . (42)

This distribution function corresponds well to experimen-
tal data'#!>!% on (P,,4(0)). The parameter a=a(S) here is
found for each value of S from the self-consistency condi-
tion for S; then it is used to calculate the values of (P,(0))
for the given S.

Figure 1 shows the measures of dispersion A,;(0) as
a function of S=(P,(0)) according to calculations from
(42). For values S <0.7, which are typical of the nematic
phase, the values of A,; fall off with increasing L > 2, while
the values of A, fall off with increasing L > 4. For nematic
matrices we can thus restrict (35) to the values L=2 and
4, although in smectics with §~0.7-0.8 the role of mea-
sures of dispersion with L >4 may be significant. Support
for the use of this restriction comes from the circumstance
that in interpreting the polarized impurity absorption spec-
tra it is usually sufficient to consider simply one parameter
€1 (specifically, €,; Refs. 13—-15) or two such parameters
(&2,4s Refs. 19 and 34). Switching to normalized peak shifts

AVij= [v,-j-(O) —v9(0)1/4,8

which depend only on the properties of the impurity sub-
system, in (35), we find
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FIG. 1. The measures of dispersion Ay, (1), Ay (2), Ay (3), Ay (4),
Ay (5), Ay (6), and Ay (7) versus the order parameter S, calculated
with distribution function (42).

Av;j=—(Py) —a(Py)

Fij(Ap+aly) +H;j(Ay+aldy)
E;j+F;j(Py) +H;j(Py) ’

where a=¢,/¢,. Figures 2a and 3a show the dependence
Av,;;(S) for the two limiting cases a=0 and a=10, which
correspond to known experimental situations with a<1
(Refs. 13-15) and a>»1 (Refs. 19 and 34). Also shown
here is the dependence Av, A (S) for normalized shifts
Av,  =[v, ) (0)=v(0)]/4,S,, in the form

Av, = —S—a(P) + (Ayp+alh,) (1-85)"},
Ay = —S—a(Ps) —2(Ap+aBy)(1 +28)L

We see from Fig. 2a that the maximum splitting
Avy=v,,—v,, of the fluorescence components is greater
than the splitting Av,=v, —v, of the absorption compo-
nents for the direct transition to the radiating level. For the
typical change $=0.3-0.7 we find Av;/Av,=1.34-1.78, in
agreement with existing data.'®!® An increase in a strongly
influences the v,.(S) and v, (5) behavior, which becomes
nonmonotonic at ay 1. At sufficiently large values of a, an
additional degeneracy, v,,=v,,, arises at S=S,(a), so we
have v,,2v,, at $2.5,. It can be seen from Fig. 3b that the
distribution function in (42) and the value a=10 corre-
spond to §,~0.37. With increasing a, the ratio Av /Av,
decreases slightly, and at a=10 it lies in the interval 1.18-
1.45 for the change §=0.37-0.7.

To analyze the Av;;(B,) dependence, we adopt §=0.5,
which is an average value for nematics. For this value the

(35"

(41)
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FIG. 2. a: Plot of Av;; in (35') for ij=xx
and xy (1), xz and zx (3), and zz (4),
along with plots of Av; in (41’) for i=1
(2) and || (2’) versus the order parameter
S with a=B,=pB,=0. b: Plots of Av,; in
(35’) for ij=xx (1), xy (1’), xz (3), 2x
(3'), and zz (4), along with plots of Av; in
(43) for i=1 (2) and | (2’) versus the
angle f=p, with a=B,=0 and $=0.5.

measures of dispersion A,, and A4, are close to their max-
imum values, and we have A,;~A4,. Figures 2b and 3b
show Av;;(B,) along with the quantities

&%, (Bi0) = =S ~a(P) + 5Bt aba (1-538)
Av) (B.,0)=—S—a(Ps) —2S5g.(Ayp+aly,)
X (1428g,5) 7,

which characterize the position of the polarized absorption
components for the direct transition from the E‘“‘)(O)
ground state to the E(")(O) excited radiating state. It can
be seen from these figures that at B,SpB,, the relations
VxxZ ¥y, hold. The switch from B,<p,, to B,> B, changes
the relatlons among the components v;;, from
Vx> Vay > Vi > Vi >V 100 Vi > v > v > v, >y, At
B=90°, the maximum (minimum) dlﬁ'erence is observed

Av‘/
3 r~

) 1 ] ) L i

between v,, and v, (v,, and v,;). These quantities are
equal (maximally different) in the case 8,=B,=0. With
B.=0 and B,5-0, we should interchange v,, and v,, in these
inequalities. In this case, with 8,<f,,, the expected rela-
tion among components, vy, > vy, > v, > vy, > v,,, Was ob-
served in Ref. 19. A change in a does not have any qual-
itative effect on the values of v;;(j3,) or the relations among
them.

From (43) and the figures we see that in the cases
B.SB,, we have Av, 2Av| , and with B,=p,, we have
Av,=0 in the absorption to the radiating level. With in-
creasing B, <J,,, the ratio Av,/Av ; decreases rapidly. This
decrease explains the results of Ref. 17 for the dyes RM64
and E18 with B,>0 and significant values of Av,, but
undetectable values of Av,. Using the results of this anal-
ysis, along with the data in Figs. 2a and 3a, we can easily

FIG. 3. The same as in Fig. 2, a and b, for
a=10.

0 0,2 0,4 0,6 S 0° 30°
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reconstruct the v;;(3,) dependence for other values of S. In
general, at =0, for all S5£S,, the number N, of indepen-
dent quantities v;; is the same as the number N, of inde-
pendent intensity components J;;(v).

3.2. t=w
In this limit we have, for a uniaxial liquid crystal,

B3(0) =(P(0))(P(w)), DH(00)=A%F=0,
(44)

Adri™ =(Py(0)) Ay (), AR} (22,0)=0.

As a result the relation I,,=1,, holds for all g,, B,, @, in
Egs. (11) and (12). When we incorporate (44) in
(19)-(23’), we draw the following conclusions. With
B.=0 and B,+#p,, there are four independent components,
I, I, I,, I,, and only two independent values
Veix=Vx=Vx=V) () and v,,=v,=v| (). They are
given by

v, (00)=vp(e)— 2 (0 ){(Pr(w))

3er(0)Ay (o)
1—(P(w))

(45)

v (00)=vp(0)— 2 €2(0){(Pr(0))

Zer(0)Ay(c0)
14+2(P,())

With B,=p,=0, the orientational relaxation of impu-
rity molecules lifts the degeneracy v,,=v,, (which pre-
vailed at t=0) in the long-time limit but does not affect the
degeneracy v,,=v,,. With B,=0 and B,=8,,, the relations
I,,=I,,=1,,and I,,=1,, hold. This situation corresponds
to a  degeneracy = vV, ,=vy=v,=v, () and
Ve=Vz="V| (). Accordingly, with 8,=0, in the limit
t= oo (in contrast with t=0) the positions of the frequen-
cies v;; do not depend on the angle 3,, which determines
only the number of independent components I;;. In the
long-time limit the impurity system ‘“forgets” the excita-
tion conditions at r=0.

With B,=0 and B0, B,,, with four independent
components I,,, I,,, I,,, and I, there are only two
independent  values v, ,=v,,=v,=v, (B,,;0) and
Vee=Vz="V| (Be,0). They are given by

Vi (Beyoo ) =vp(0) — 2 €2(0){(Pr(0))

3er(o0)Ayr(o0)
"B 1 —Sp(Py())

(46)
Vi (Beyoo)=vp(0) — 2 €1(0){PL(0))

25 3er(0)A ()
* B 1+25p(Py(w))
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This v, | (B.,) behavior at a fixed (P,( o )) is analo-
gous to the v, A (B.,0) behavior shown in Figs. 2b and 3b
at a fixed (P,(0)). At B,=B,,, there is a complete degen-
eracy of the spectrum, v,-,-( ) =v¢g(o0), with two inde-
pendent components I,,=1,,=1,, and I,,=1,,. Overall, at
t= o and for all B,5%B,, (B,=0) or B, (8,=0) we have
N,=Ny/2.

Equations (45) and (46) are completely analogous to
those which give the positions of the polarized impurity
absorption bands at t=0 (Ref. 13). We can thus use a
combination of the data on the intensity J;;() and the
position of the fluorescence bands v; j(0) to determine the
parameters (P,( o)), £,( 0 ), and Ayy( o) (or (Py(0)))
simultaneously, as has been done® in the case of absorp-
tion spectra, to find (P,,) and £,(0). This appears to be
the only possibility presently available to determine
(P4()) and to accurately reconstruct the distribution
function f g“l) (Q2). On the other hand, the combination of
data on the polarized absorption to the radiating level and
on the parameters J;;( o) and v;;( « ) can be used to clar-
ify the effect of the relaxation of the surroundings on &,(¢).
The limiting values v;;(0) may have been measured in
experiments which have already been performed.*

3.3.0<t<

In this intermediate case, the relaxation of correlation
functions (25)-(27) substantially affects the number of
independent components v,-j(t) and the relations among
them. In contrast with the 1=0 case, with 8,=8,=0 we
now have five independent components I;(¢) [see (8)-
(12)] and five corresponding different values v; j(t). In
other words, the degeneracy of the components v,,=v,,
and v,,=v,, has been lifted by relaxation. With 8,=0 and
Ba=B, by analogy with the =0 case, the v;;(#) spectrum
is partially degenerate and is characterized by two compo-
nents, v, =v,,=v,=v, (#) and v,,=v,=v (1), given by

Sep(t)A, (1)

vy (1) =vo(t) — ZEL(t)(PL(t))+%’
(47)

e (8)Ay(2)

At t=0 and o, these expressions become (41) and (45),
respectively.

With B,=0 and B,=p,,, the v;;(¢) spectrum is again
characterized by two components, v,,=v,,=v,,=v, (0,f)
and v,,=v,=v| (0,¢), which are given by

Sep (DAY,

1—(Py(0))’
(48)

vy (0,8) =vo(1) — 2 L(D(PL(D)) +

Se (H)AY

vy (0,) =vo(1) — 2 eL(1)(PL(1)) —2 142(P,(0)) "
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FIG. 4. The correlation functions A% (1,1'), A% (2,2), A%5(22,0)
(3), and A%/, (22,0) (4) versus the order parameter S=(P,(0)) for t=0
(14) and versus S=(P,()) at t=o0 (1’,2’).

At t=0, these expressions become (41), and as 7— oo the
relaxation of the correlation functions Ag;'L restores the
complete degeneracy of the v; spectrum with
Vi (0,t)=vcg(t), by virtue of (44).

The magnitudes and signs of the functions in (25)-
(27) at t5~0 can be estimated by comparing their limiting
values at =0 and = «. For =0, we find from (30)-(34)
the expressions

A222—7 Dyy+38 Ags, A224—2Az4+3s Ay, (49)
Ag, 22(22,0)=—3 Ay +35 Ay, A22:4(22’0)
= —F D+ Ay (50)

Figure 4 shows plots of these quantities versus S, calcu-
lated with the help of the A;,,(S) dependence in Fig. 1.
Also shown here are plots of functions (30) and (31) ver-
sus S=(P,(0)) at t=0; here we have used (44) under
the assumption (P,(0))=(P,(w)) and under the as-
sumption that (42) remains of the same form at 1= o

It can be seen from Fig. 4 and Eqgs. (44) that for L=2
and 4 the inequalities A%', >0 and A%, (22,0) <0 hold
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for the entire range of S typical of nematics. For
B.=B,=0, analysis of expressions (20) and (21) thus
shows that at 0 we have v,, > v,,. For 8,=0 and 8,70,
an increase in 8, and a relaxation of the functions (25)-
(27) strengthen the inequality v, > v,, and cause the val-
ues of v, and v,,(¢) to move closer together This result
explains the observation!® of a relation v, v,, for an im-
purity system which satisfies the requirements on 3, and 3,
specified here. In the other case 8,=0 and B,#0, an in-
crease in B, and a relaxation of functions (25)-(27) have
the opposite effect on the relation between v,, and v,,.
Analysis of (20’) and (21’) shows that for certain values
of 0<B,<B,, and t#0 the direction of the inequality
V> V4, May reverse at a fixed ¢ with increasing 3,, and the
direction of the inequality v,, <v,, may also reverse at a
fixed B, with increasing ¢. For B,> B,, the relation v,, <v,,
holds for all ¢.

Analysis of expressions (22) and (23) along with the
data in Fig. 4 shows that the inequalities v,,2v,, may hold
at B,=B,=0, depending on the particular features of the
relaxation of the functions (25)—(27). In this case the re-
laxation lifts the degeneracy v,,=v,, at =0 and restores it
at t= . For B,=0 and B,SB,, at t#0, the relaxation
may either strengthen or weaken the inequalities
vxx(0)2v,,(0), but as 7— o the degeneracy Vix="Vyy 18
restored. The experlmental observation'® of a significant
difference v,,—v,,, comparable to the difference v,,—v,,
for a dye with Be=0 and B,<p,,, is evidence of a strength-
ening of the inequality v,,>v,, due to relaxation for the
given system.

CONCLUSION

The analysis above shows that the positions of the
v,-j(t) peaks of the polarized fluorescence bands J; j(v,t) for
impurity molecules in a nematic liquid crystal depend sub-
stantially on the electronic structure, the orientational or-
der, and the dynamics of the impurity molecules. In gen-
eral, the number (N,) of independent components v;; at
t>0 is equal to the number (N;) of independent intensity
components J, (v,t) At t=0, the degree of degeneracy of
the v; (0) spectrum is determined by the orientation of the
transxtlon dipole moments for transitions involving the ab-
sorption and emission of light, with respect to the longitu-
dinal molecular axis. The number N, can vary from 5 to 2.
For t£0 the relaxation of the orientational correlation
functions of the impurity subsystem in the course of a
rotational diffusion of molecules lifts this degeneracy, ex-
cept for B,=B,,, B.=0 and B,=0, B,=p,,. However, a
change in the angles B,, and a relaxation may either
strengthen or weaken each other as they jointly affect the
differences between individual components v,;(#). It is thus
possible that the degeneracy of certain components v;;(?)
which were different at /=0 will be restored at ¢5-0.

In the long-time limit, /= oo, the relation N,=N,/2
holds for all values of B,,, except B,=0, B,=B,,, with
N,=Nj,. In this case the relaxation may restore the partial
or complete degeneracy of the v;; spectrum, which did not
hold at t5%0. The number N, may change from 2 to 1. By
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combining data on J;;( « ) and v;;( ) one can in principle
determine the values of (P, 4( o)) and reconstruct the dis-
tribution function f’ g“‘) Q).

The results of this analysis agree qualitatively with all
known experimental data on the number of independent
components v;;, the relations among them, the relation
between the maximum splitting Av, of the components v;;
in the fluorescence spectrum and the splitting Av, of the
components v,  in the absorption spectrum, the depen-
dence of v;; on the order of the liquid-crystal matrix, and
the v, () kinetics. The general approach developed here
can be put in a concrete form to interpret the fluorescence
spectra of impurity molecules of more complex form in
uniaxial molecular media of various types (liquid crystals,
Langmuir-Blodgett films, anisotropic polymer films, cell
membranes, etc.).

I am indebted to A. Szabo and C. Zannoni for a useful
discussion of questions involved here at a NATO Seminar
of the Institute for Promising Research and also to G. R.
Luckhurst, the director of the Seminar, and the NATO
Scientific Council for financial support of the participation
of the author in the work of the Seminar.
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