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Polarized fluorescent emission in uniaxial liquid crystals.
The effect of intramolecular energy transfer and rotational
Brownian motion on measurements of the orientational

distribution function
L. Lawrence Chapoy and Donald B. DuPré®

Instituttet for Kemiindustri, The Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 3 October 1977)

An expression is derived for the anisotropic fluorescent emission in uniaxial liquid crystals where
fluorescent sites governed by an initial nonrandom distribution of orientations are subject to rotational
Brownian motion. The possibility of nonparallelism of absorption and emission oscillators is also

considered.

INTRODUCTION

The approach to the mathematical formulation of the
distribution function that describes long range orienta-
tional ordering of molecules in liquid crystals is neces-
sarily an approximation. Some workers propose model
forms with one or more adjustable parameters used to
fit data of some experimental property sensitive to an
average over this unattainable function., These attempts
are open to criticism of the reasonableness and unique-
ness of the chosen form of the approximation. An alter-
native procedure, which is mathematically rigorous and
unambiguous, is to write the function as a truncated se-
ries expansion whose coefficients are experimentally de-
terminable moments of the real distribution. This meth-
od is usually limited by the availability of only the sec-
ond moment. Raman, !™5 magnetic resonance, ® and fluo-
rescent emission spectroscopy !'? are capable of supplying
both the second and fourth moments, hence extending the
expansion and making it a more faithful representation of
the real distribution. The fluorescence technique, how-
ever, has inherent complications in that there is usually
a significant delay (1-10 nsec) between the absorption
and emission process and emitted radiation may emanate
polarized along a different axis of the excited molecule.
We consider below the effect of rotational Brownian mo-
tion of the fluorescent site during the lifetime of the ex-
citation and the nonparallelism of absorption and emis-
sion oscillators. Anexpressionisderived for the anisot-
ropy of emission which contains the possibility of a non-
random distribution of fluorescent sites before the photo-
selection’® process. A nonzero intramolecular energy
transfer angle & is included; and rotational relaxation
appears through a reduced variable 7/7;, the ratio of the
fluorescence lifetime to the rotational relaxation. time,
Limits are considered and it is shown that considerable
misinterpretation of experimental data, and hence the
form of the orientational distribution function, can occur
if the analysis of the experiment is not properly placed
in the regime of 8 and 7/75.

#)0n leave from the Department of Chemsitry, University of
Louisville, Louisville, KY 40208,
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MOLECULAR ORDER IN THE LIQUID CRYSTAL:
THE LONG RANGE ORIENTATIONAL DISTRIBUTION
FUNCTION

Consider a macroscopically aligned liquid crystal situ-
ated such that the major symmetry axes of the specimen
are parallel to a laboratory based coordinate frame 0-
XYZ. A representative molecule whose unique symmetry
axis (long axis of the liquid crystal molecule) is denoted
by M can be located in this coordinate system by polar
and azimuthal angles 6, ¢ as in Fig, 1, In discussing
the orientational order of a collection of such molecules
it is convenient to introduce a distribution function f(9, ¢),
relating the vectors M to the macroscopic coordinates of
the specimen. In many liquid crystals only uniaxial sym-
metry about the director is present and we only need con-
sider an abbreviated orientation distribution £(6).

In liquid crystal research it is the function f(6) that is
frequently sought as it completely describes the long
range and anisotropic orientational order that gives these
fluids their unique physical properties. (Uniaxial case

INCIDENT
RADIATION

SPECIMEN

X

x
FIG. 1. Orientation of a representative molecule with unique
axes M in the laboratory frame 0—XY¥Z. The specimen is
assumed to lie with its major symmetry axis along Z. Incident
radiation enters from the left and travels along the ¥ axis.
The most common conditions of observation straight through
(y=180°) and at right angle (y=90°) are indicated.
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assuming also that the liquid crystal molecule is a rigid
entity and that molecular orientational order is thus spe-
cifiable in terms of the distribution of a single angle 6.)
The significance of f(9) is to liquid crystals as the single
particle distribution function is to “normal” liquids., It
is equally as difficult to obtain. The function, however,
may be reproduced with accuracy sufficient for most pur-
poses by a truncated series expansion®™!! involving the
Legendre polynomials P,(cos§):

FO=3 ﬂZJ’—I(P,(cose))-P,(cose) , (1)

1=0
even

where the brackets indicate the statistical average of the
quantity over all solid angles weighted by the distribu-
tion function £(6). (A bar will be used interchangeably
with (+-°) below.) The first few terms of the expansion
include the moments cos? and cos’ as

<P0> = 1 1 (za)
(Py=4%(3cos?9-1) , (2b)
(P, =+(35 cos*o — 30cos®s + 3) . (2¢)

The average of the second Legendre polynomial (P,) is
usually reported as S, the liquid crystal order param-
eter, !2 but it is seen that (P,) contains further informa-
tion about orientational order present and should in fact
be more sensitive to molecular fluctuations because of
the higher powers of the deviation angle.

Although x-ray scattering can in principle measure all
the moments of the distribution f(g), in practice it is
limited by the lack of definite repetition of crystalline or-
der in liquid crystals. Optical birefringence; ir, visi-
ble, and uv dichroic measurements; and magnetic reso-
nance techniques are the most frequently cited means of
determining the degree of liquid crystalline order. The
optical methods are inherently limited to only a measure
of cosZl, while both the second and fourth moments are
available from suitable analysis of magnetic resonance
data® and polarized Raman'™ and fluorescent emission!*?
spectra of active sites (embedded probes or sensitive
molecular elements) in the liquid crystal. Hence, a de-
scription of £ (6)up to the third term of the series Eq. (1)
is possible.

THE POLARIZED FLUORESCENCE EXPERIMENT

Fluorescent emission has many things in common with
the Raman scattering as it is a two step spectroscopic
process modulated by molecular motion. The singular
difference is that, on the scale of time, the Raman effect
is instantaneous (at least as fast as a molecular vibration
of ~ 1072 sec) whereas fluorescent emission may follow
absorptive excitation by many nanoseconds, perhaps even
emanating from a different direction in the molecule.
These factors lead to experimental and interpretative
difficulties particularly when relaxation processes occur.
In the following we will treat separately the complications
of:

(i) nonparallelism of the absorption and emission oscil-
lators at the fluorescent site,

L. L. Chapoy and D. B. DuPré: Fluorescent emission in liquid crystals

(ii) rotational Brownian motion of the excited molecules
during the lifetime of the excitation 7.

A method of analysis will be suggested for the determina-
tion of co8% and cos*d by fluorescence spectrometry in
liquid crystals and hence f(6) to the second nontrivial
term of Eq. (1).

Most fluorescent emission experiments are performed
in the right angle geometry with the polarization of the in-
cident and exit beam parallel or perpendicular to some
symmetry axis of the specimen. We will restrict our
discussion to this case here, letting the incident radia-
tion propagate along the Y axis from the left in vertical
(Z axis) polarization, Observations are made along the
X axis with the analyzer in either the vertical (parallel)
or horizontal (perpendicular) position (see Fig, 1). The
observed fluorescence intensity depends on the square of
the projection of the electric vector of the incident light
on that of the absorption oscillator of the molecule and
the square of the component of the emission oscillator
radiation that projects on to and eventually emerges from
the analyzer. In the fluorescence experiment, analysis
of radiative capture and re-emission may be complicated
by the factors listed above so the geometry and mobility
of the active molecule must be considered in more detail.
Figure 2 illustrates the general situation at the site of a
cylindrically symmetric liquid crystal molecule or fluo-
rescent probe molecule of similar geometry embedded in
the medium. (It is assumed in the latter case that the
presence of small quantities of fluorescent probes does
not perturb the structure to be monitored and that the in-
duced alignment of such guest molecules adequately re-
flects the order of the host.)

Letting a and e be unit vectors along the absorption and
emission moments, respectively, Fig. 2 defines polar
angles « and € of their positions with respect to the long
axis of the molecule M. The azimuthal angles 8 and g+v
are random, though connected, variables under the sup-
posed cylindrical symmetry of the molecule. They are,
however, significant degrees of freedom except when «
or € equals zero, 8 is the intramolecular angle of energy
transfer between the absorption and emission dipoles,
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FIG. 2. Orientation of absorption and emission moments a
and e, respectively, in the molecular frame O—abc.
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where cosd =a.e, and may be regarded as a fixed, struc-
tural property of the molecule, The directions of the
transition moments a and e relative to M are in principle
dependent on the wavelength of excitation and emission
viewed. There are a number of fluorescent molecules
which have a rodlike character to their overall geometry
where the absorption moment is nearly parallel to the
long molecular axis. It has been shown®'!* for example
that in linear conjugated large molecules thelow energy,
strongly allowed absorption is due to a singlet electronic
transition with transition moment in the direction of the
long axis of the conjugated chain, We will assume this
to be the case here and set ¢=0° in the following. Even
in this simplifying situation, however, the intramolecu-
lar angle & will in general not be zero, and will thus be
retained as it can considerably modify the interpretation
of data.

The intensity oflight emitted that is observed emerging
through a polarization analyzer placed directly along a
laboratory polarization axis j, resulting from light ab-
sorbed from an excitation source polarized directly along
laboratory axis i, is given by®'!®

1 ar rar 7 2 K
- jo jo jﬂ MENIZ, £(6) sinodododp ,  (3)

where M2, and M are the squares of the absorption and

emission oscillator components projected onto the labor-
atory axis ¢ and j, respectively. Instrumental, concen-

tration, and volume factors have been incorporated into

the definition of each I;;, which are thus reduced intensi-
ties. It is the effect of the geometric disposition of fluo-
rescent molecules that we seek to clarify, In general,

Mé=[a-0.u,]% , (4
(5)

where u; is a unit vector pointing in the {th direction in
the laboratory frame and a and e are given, respectively,
by

a=(sinasing, sinacosp, cosa) ,

Mgl = [e-Oou,]z ’

(6)

e=[sinesin(8+v), sinecos(8+7), cosel

in the molecular frame, The rotational transformation

matrix
cosf coso cosé sing - sing
0=] - sin¢ cos¢ 0 (7
sing cos¢ sind sing cosé

serves to bring the two tilted coordinate frames into co-
incidence.

For the fluorescence experiment performed in the right
angle geometry with vertically polarized radiation we re-
quire products of

M2, =cos? , (8)
and
M2, = 3cos?0 sin?¢ sin
+8in?9 sin®¢ cos?6 + scos®d sin (9)

or
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(10

in the integrand of Eq. (3). [In Egs. (9) and (10) the ran-
dom variable § has already been averaged out, |

M2, = 4sin% sin? + cos?9 cos?s

For a static collection of nonrandom molecules, Eqgs.
(3) and (8)-(10) yield

1,=1,, = cos?.-cos™0 + 3sin%. (Cos% - cos®) ,  (11)
1,=1,,=3c05%+(cos% - cos*f)
++8in26+(cos? + cos®) , (12)

where I, and I, are the intensities measured with polars
parallel and perpendicular, respectively. It is seen that
information about cos’d as well as cos% is available from
measurements of these intensities.

DEGREE OF POLARIZATION AND EMISSION
ANISOTROPY

The extent of the partially polarized fluorescent emis-
sion is frequently quoted in terms of one of two param-
eters measured in the right angle geometry: p, the de-
gree of polarization, or v, the emission anisotropy de-
fined through!®!’

_I"—I =Iz;"[z:,

= (13)
I+I, I+,
and .
y___IlI'IJ- o tee Ly (14)

TI+2, L 2,

For a randomly oriented collection of immobile molecules
whose absorption and emission moments are parallel,
Egs. (11) and (12) give po=1/2, 7,=2/5, where the sub-
script denotes this special case. These values obtain ir-
respective of the angle a or e makes with M so long as
they remain colinear and immobile during the lifetime

of the fluorescence process. If a and e form a fixed,
nonzero intramolecular angle 8, the polarization of emis-
sion is reduced and it can be shown also from Egs. (11)
and (12) that

_3cos®%-1
" 3+cos2

3cos? -1
1’0= 5

Py (15)
Equations (15) are therefore intvinsic polarization and
anisotropy factors internal to the molecule, which may
be measured in the isotropic phase of the liquid crystal
quenched to freeze out thermal motions that also act to
reduce the polarization (see next section).

The range of possible values which p, and ¥, Can as-
sume are

*

W
e
A=
11N

sl)os ’ (16)

as 6 may vary between 0 and /2.

<7

Equations (15) may be alternatively written in a form
where a multiplicative factor involving the second Legen-
dre polynomial of cosd appears:

1 5 2 -
1/1’0-§=§(§ros‘z‘m)=§[Pz<°°S‘5” ' (17
2
yo=_§(£9_sz_6:_!) =~2'5’-Pa(c056) . (18)
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If the distribution of molecular orientations is not van-
dom but otherwise static, Eqs. (11) and (12) yield

(19)

9 cos'y - 3cos
= . o]
v ( S > Py{cosd)

The term in parenthesis reduces to the constant factor of
2 in Eq. (18) for an isotropic distribution. In anisotropic
media this quantity gives the information sought about
the moments of the distribution £(6). Another experiment
is necessary however to separate cos2d from cos?s. A
measurement of the absorption dichroic ratio D = (Mf,)/
(M2,) would be sufficient as

cos’6=D/D+2 , a=0° (20)

Choosing another fluorescence geometry, perhaps with
the incident polarization lying in the XY plane, will also
provide a second expression for the moments which can
be simultaneously solved along with Eq. (19). Note
should be taken that » could range as high as 1.0 in an
anisotropic media if perfect order and a zero intramolec-
ular angle 6 obtained.

THE EFFECT OF ROTATIONAL BROWNIAN MOTION

Molecular disorder and the intramolecular transfer of
energy between nonparallel absorption and emission mo-
ments have been shown to destray, at least partially, the
polarization of the incident field.

Considerations above were developed under the explicit
assumption that the experiment monitors a statistical av-
erage over a large collection of molecules statically ori-
ented throughout the lifetime of the fluorescence process.
Rotational diffusion of the fluorescent sites will result in
a further degradation of the polarization. In this section
we will extend the description to include the effects of ro-
tational relaxation.

Due to the anisotropic nature of the absorption process,
molecules in certain orientations with respect to the in-
cident beam polarization are more likely to become ex-
cited. Polarized illumination therefore has the effect of
producing an oriented population of molecules within the
medium even when the initial distribution of all molecu-
lar axes is random, i.e., inherent in the physics of the
experiment, we always deal with a subset of all molecules
present in the illuminated volume, those not eliminated
through unfavorable orientations in the initial absorption
step. In the aligned liquid crystal this photoselection oc-
curs in an already ordered condition of the molecules so
that initial anisotropic and isotropic molecular organiza-
tions are still distinguishable.

Diffusion complications may be introduced in terms of
a time dependent ovientational distribution function of the
photoselected population g(6;t). The development in time
of the orientations of this subset of molecules is governed
by the rotational diffusion equation'®

2(0030) + (T/TR + 1) [:’lz P4(0059) += Pz(COSG) + 5] .P (0085)

L. L. Chapoy and D. B. DuPre: Fluorescent emission in liguid crystals

1 32 1 )
sing 86 <S ng 39)] gle,t) , (21)

where D is a diffusion constant. A general solution to
Eq. (21) is available®'*® and g(¢, #) can be expressed as

3g/3t =D [

sin2g a¢2

g(6,8)=2 a,e” V2P (coso).
1a0

This expansion is subject to the initial condition that
&(6,0)=MZ; £(8) (23)

for a given degree of order in the gross, unexcited sam-
ple, with incident polarized radiation along axis ;. Equa-
tion (23) is simply a statement that from the moment of
illumination, the orientational distribution function fol-
lowed is weighted by the probability of initial absorption
M2, The time evolution of the intensity elements [Eq.
(3)] will thus be given by

(22)

140 = [ [ M2,600,0 P stno o ae (24)

where 1;(0) =1, and P(¢) is the probability that a mole-
cule emits light at time ¢ during the emission lifetime.
In the formulation of I,,(¢), for example, it is clear that
£(6,0)=cos®a f(6) , (25)

which implies that a,=3% f(0), a,=2a,, all other a; being

null, Hence,
g(6,1) = f(6)[3+3€™/"R . Py(cosp) ] P(8) , (26)
where 75 = 1/6D is the rotational relaxation time.
From Eq. (24)
I, () ={} sin® +5in% +  cos?6. cosZd
+€*/7”[s1n?5(5 cos® ~ 3cos*9 - })
+cos?5(cos*0 - 5 cos?)]} - P(®) . (27)
Similarly,
Ly(t) ={% sin®6(2- sin) +1 cos?®. sin%g
+ et/ R[gin6(2 cos's +4 ! cos% - =)
+08%(2 cos? - 4 cos’e - -)]} P . (28)

Equations (27, 28) would describe the decay due to rota-
tional relaxation of the two major fluorescence intensity
components in a transient experiment where the sample
is illuminated with a pulse of light in 2 negligibly short

period. The usual experiment is, however, one of con-
tinuous illumination and the steady state components

I, =J:I,-,(t) dt

are required. These may be obtained by averaging Eqgs.
(27) and (28) over time with a weighting factor P(t) of the
form®'2® v7'¢"*/7 where 7 is the emission lifetime.

(29)

Carrying out these integrations, we have shown that

(30)

7(7/75; 8) =
1+2. (T/TR + 1) . Py(cosd)

J. Chem. Phys., Vol. 69, No. 2, 15 July 1978

Downloaded 04 Sep 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



L. L. Chapoy and D. B. DuPré: Fluorescent emission in liguid crystals

.50

523

§=0°
10°
20°

o
o 30°
~
k
\\\\
\ o
40
\
\
\
10 \
\
\
N 50°
AN
~N
\\
o 1 1 1 1 \s'f— o |
1073 1072 107! 1 10 102 10°

FIG. 3. Anisotropy of fluorescent emission in a uniaxially ordered system as a function of the reduced relaxation time variable
7/7g for various intramolecular energy transfer angles 6. Solid curves were calculated assuming cos’6=0.6, cos'9=0,4, The
broken curve is Perrin’s equation, for the isotropic condition, with 6 =0°.

If the emission is instantaneous (7 =0) or the rotational
diffusion highly hindered (75 > 1), Eq. (30) reduces to
Eq. (19) above for static anisotropic media.

On the other hand, if rotational motion of the probe re-
laxes out much quicker than 'the lifetime of the excitation
(1 < 7), Eq. (30) becomes

7(0; 8) = (P,(cos))+ P,(cosd) , (31)

and no information about the fourth moment of the dis-
tribution is obtainable. In this case, the fluorescence
experiment supplies no more information than an absorp-
tion measurement but is complicated by the possible non-
coincidence of absorption and emission oscillators of the
probe molecules,

In the limit of totally random molecular order, Eq.
(30) becomes

r=%P,(cosd)«(7/1+ 1) , (32)

an expression originally derived by Perrin?' to describe
depolari@ation due to Brownian motion of a rotating,
spherical molecule in an isotropic fluid.

DISCUSSION

Figure 3 is a plot of ¥(7/71; ) versus 7/7; for various
values of the molecular angle 6 with reasonable choices
of cos’0=0.6, cos’d=0. 4 for the liquid crystal.

It is clear that a considerable misinterpretation of
fluorescent emisgsion data can occur if it is not certain
where the experiment falls in the regime of relaxation
times and intramolecular energy transfer angles &, Per-
rin’s Eq. (32), for example, does not apply in liquid
crystal systems, Equation (30) is, however, appropriate
in such anisotropic media and contains more information
about the distribution of molecular order, A faulty ap-
proximation to the distribution function will result, how-
ever, if the estimates of the 6 and 7/7; operative are
substantially in error., A measurement® of the quantity
by to obtain the value of § is therefore necessary. If
suitable instrumentation is available, transient measure-
ments are also suggested to locate the relaxation region
(r/75~1). One possible means of avoiding, or minimiz-
ing, the difficulty would be to rapidly quench the sample
at each temperature within the mesomorphic range freez-
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ing out thermal motion while preserving the molecular
order of the higher temperature phase of interest. This
would assure that the experiment is placed on the far left
of the curves of Fig. 3.
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