Volume 110, number 3

CHEMICAL PHYSICS LETTERS

28 September 1984

FLUORESCENCE DEPOLARIZATION FOR A PROBE IN A CYLINDRICAL PHASE

C. ZANNONI

Istituto di Chimica Fisica, Universitd, Viale Risorgimento 4, 40136 Bologna, Italy

Received 23 June 1984

A theory is presented relating polarized fluorescence intensities to orientational order parameters and correlation func-
tions for a probe reorienting in a mesophase with local uniaxial symmetry and a random distribution of directors in a plane
perpendicular to the axis of a macroscopically cylindrical structure. The theory should be applicable, for example, to ex-
periments on lyotropic hexagonal phases as well as on nerve membranes. Explicit results are given for probes with transition

moments parallel or perpendicular to the molecular axis.

1. Introduction

The theory of fluorescence depolarization for a
probe in an ordered fluid such as a mono-domain ne-
matic has been recently developed [1]. The theory has
been generalized [2] to describe the fluorescence de-
polarization for a probe in a vesicle bilayer and applied
to the interpretation of experiments performed on
model and tumour cell membranes [3,4]. In both
cases, we have written down equations for observables
in terms of model-independent quantities, such as
order parameters and correlation functions. This ap-
proach has the advantage of making contact with
other techniques such as NMR and ESR where the
same type of formalism is adopted. In turn, having a
unifying formalism for the various techniques pro-
vides a first step in a combined-techniques attack ona
problem as complex as the description of order and
dynamics in liquid crystals and membranes. This seems
particularly relevant since there is no universal tech-
nique which can determine with optimum precision
second- and higher-rank order parameters, correlation
functions or correlation times, etc. Thus, NMR is prob-
ably the best technique to measure order parameters
of molecules or of submolecular groups, especially
when coupled with isotopic substitution [5]. On the
other hand, time-dependent fluorescence depolariza-
tion has the possibility, at least in principle, of yielding
orientational correlation functions and, in suitable
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cases, fourth-rank order parameters not available
from NMR. As an example, we have shown in ref. [1]
that the time-dependent anisotropy of polarization of
fluorescence can give, for a rigid rod-like probe with
absorption and emission transition moments parallel
to the long axis, the second-rank orientational correla-
tion function ¢g4(7), where

Sun() = D2,,(0) D2,.(1)"), 1)

and Dﬁm is the Wigner rotation matrix carrying the
laboratory into the molecular frame. Here the angular
brackets { ) indicate an orientational ensemble average.
We have also shown that for vesicles, i.e. macroscopical-
ly isotropic systems with a locally ordered structure,
this very detailed dynamic information is somewhat
reduced. Thus, instead of ¢o(7) or ¢,,,,(¢) for other
orientations of the transition moments only a relative
orientation correlation function (D2, (¢ — 0)) can be
obtained because of the overall isotropic symmetry

of the system. Application of the combination proper-
ties of the Wigner rotation matrices [6] shows that
(D, — 0))= ? Dgn(?) )
i.e. only a sum of correlation functions can be ob-
tained. It seems clear that having at hand a theory

for systems of interest with different symmetry con-
straints can be useful in planning experimental work
as well as being essential for the interpretation of ac-
tual experimental data.
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Fig. 1. A schematic section of a cylindrical phase or a nerve
membrane with a radial two-dimensional isotropic distribu-
tion of directors. The geometry of the fluorescence depolar-
ization experiment is also shown. The light used to excite the
probe comes from the X direction with vertical or horizontal
polarization and is observed along the Z direction through a
vertical or horizontal polarizer. We call 8 the angle between

a local director d and the Z axis.

In this paper, we generalize the theory of fluores-
cence depolarization to systems with locally uniaxial
structure and macroscopic cylindrical symmetry. Cy-
lindrical phases are quite common among lyotropic
liquid crystalline phases. Indeed, theories for inter-
preting ESR and NMR data for molecules dissolved
in these phase have already been put forward by, for
example, Seelig [7]. Cylindrical distributions of bi-
layers are also found in nerve membranes [8]. Here
fluorescence experiments have been performed, for
example by Tasaki et al. [9], on giant squid axons.
An interesting review of such work has been given by
Conti [8].

We consider the schematic arrangement shown in
fig. 1 for the fluorescence polarization experiment.
The cylinder axis is along Y, with the local directors
isotropically distributed in the XZ plane. Light enters
from the X direction through a polarizer set along the
vertical (Y) or horizontal (Z) direction. The fluores-
cence light emitted by the probe is observed along the
Z direction (perpendicular geometry) as shown in fig.
1 or along the X axis itself (transparency arrangement).
In any case, the emitted light is collected through ver-
tical or horizontal polarizers. The intensities of interest
are therefore

(@) I, Iy (horizontal excitation, transparency
arrangement),

326

CHEMICAL PHYSICS LETTERS

28 September 1984

(b) Iy y, I'y 7 (vertical excitation, transparency
arrangement),

(¢) Iy y, Iy x (vertical excitation, perpendicular
arrangement),

(d) Iy, Iy (horizontal excitation, perpendicular
arrangement), .
where ;¢ indicates the excitation polarizer along i and ¥
emission polarizer along f. Because of the symmetry
of the system, we have with the geometry chosen the
following five independent intensities:

I77(0)=1xx(1), (3a)
Iy =Ixy(t), (3b)
Ly(6)=Ix5(2), (o)
Iyy(®), (3d)
Iyx() =Ty (1) (3e)

We now proceed to evaluate these intensities in
terms of molecular properties through a generalization
of the formalism introduced in refs. [1,2].

2. Theory

We have shown [2] that the time-dependent fluores-
cence intensities J if(t) for incoming polarization direc-
tion e; and analyzing direction ey can be written as
a sum of rank-labeled contributions I,!]cL (r):

LA =F() LZL?, '@, LL=0.2, @)

where F{(7) is the intrinsic fluorescence decay function.
The contribution I{?L (t)is

Y (0= 25 EPmER M ubr o) aEk moh, )

with EiL M and Ejlc‘ " irreducible components of the

polarization tensor)[2}] in excitation and emission,

while (45,77 (0) AL, (£)*)is a cross correlation function

of the irreducible components of the absorption and

emission tensors A and A. These are, in turn, con-

structed from the absorption and emission dipole

moments 4, @ as the direct product A=pep, A=jf

@ p. Note that all the geometric information about

the experiment is contained in the tensors E; and Ef y
Explicit expressions for the relevant intensities can

be obtained by substituting components of E; and Er )
¢
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for various geometries and working out the necessary
correlation functions. We now consider the calcula-
tion of the absorption—emission cross correlation func-
tlon To do this, we rewrite our laboratory components
A Iz in terms of those in the molecular frame by first
rotating from laboratory to local director frame and
then from this system to the molecule frame:

A= 220k (- L)' DE, (M- ay 4Ly, (©)

where Dﬁm(F ' — F)indicates the Wigner rotation ma-
trix from £ to F'. Here the local d1rector lies in the
XZ plane (cf. fig. 1) and the rotation DL nld — L) =
=gk n(B), where dmn(ﬁ) indicates a reduced or small
Wigner rotation [6]. Substitution of Alab ,A1 b m gives

0=1/9, )

1 _
1= 320 (V" EF AR o ®))aP ALY, (®)

1 *
Iz’?f’O= 3 20 EFM R o(8))g PA2S, ©)
IZ}Z =2, Ei2,m EJ%m ’(_)m’—"(d,znn(ﬁ)dz_m,_n(ﬁ))d
X gn (AN A2, (10)

where ( )4 indicates an average over the director dis-
tribution and we neglect the possibility of director
fluctuations during the timescale of the experiment.
It can be seen that only 12 2 contains the dynamic
information. In deriving eqs (7)—~(10), the relation

Drftln = (“)m—nDem—n

has been used. We have made the assumption that the
locally ordered structure has uniaxial symmetry, and
that the fluorescent probe molecule also has cylindri-
cal symmetry. This means that the molecule is as-
sumed to be rod-like or disk-like. In this case, sym-
metry requires [10]

(D2, (M — d)) = (P8 08 10 » (11)
(D%, (My— D2, (M, — d)*) =

= DMy — )DL (M, — d)*5,,,15,,

= (8 pm S’ - (12)
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The average over the director distribution in eq.
(10) can be performed after coupling the two small
Wigner matrices using the Clebsch—Gordan series
[6] as

(@2, B2 B4

m',0 (Vg -
(13)
Thus, for eqgs. (8)--(10) we only need the two-dimen-

sional isotropic averages of the small Wigner rotation
matrices, i.e.

= ;} C(22J;m, — m"\C(Q22J; n, —fi)(d{,,_

(g = [ dhi6) ds. (14)
0

These are obtained by direct integration of the stan-
dard Racah expression [6]. We find

(e = ? I + ML — m)(L + ML — n)1] 2

XT(L ~k+im-—n+DIk+3(n—m+1),

X[L+m—KWL —n—k)kik+n—-mIL]™1,
(15)

where ['(x) is the gamma function [12] and the sum
over k is taken over all integers leaving the argument
of the factorials non-negative.

We can now compute explicit formulas for the
fluorescence intensities of a probe with given transi-
tion moments in terms of order parameters and cor-
relation functions. This entails a large number of al-
gebraic manipulations, which we have performed on
a computer using a procedure written in the computer
algebra system SCHOONSCHIP [11]. We obtain for a
probe with absorption and emission moments parallel
to the molecular axis, a case approximated by the pop-
ular probe 1,6-diphenylhexatriene (DPH),

Iz (O/F(1) =5 +5(Py) + 3 650 (6)* 510(F)

+5690(8) (16a)
IzyIF@D) =3 — 15y — {3800(t) — §920(1) , (16b)
IzxD/F(H) =5 + 5(Py) — 73000(1) — §010()

+ §l4¢20(f) , (16¢)
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Iyy(OIF(®) =5 — 3(Pp) + 5600() + 3020(8) . (16d)
Tyx(O/F(t) = § — 15P2) — T 00o(1) — §620(8) .(16¢)

As an example, we shall evaluate the fluorescence po-
larization anisotropy ratio

ryy xx() = Uyy(®) — Iyx(®))/ Uy y(@) + 2Iyx(1)]
= [(l)oo(t) + 3¢90(2) — (P, N2~ 2Py, (17)

obtainable for the geometry in fig. 1. We note first
that eq. (16d) shows that, for complete local order,
i.e.{Py)»=(P4)= 1, there is no absorption for a DPH-
like probe. The limiting values for short and long times
are in general

ryy yx(0) = (& — B P2+ 75(P)/G — 3¢P,) (
18)

and

ryy, yx(=) = —5(Py). (19)

Thus, we see that in contrast to the case of three-
dimensional isotropic systems, such as vesicles, some
information on fourth-rank order parameters is con-
tained in the decay provided the probe has a short
fluorescence time compared with the reorientation
decay time. It is important to arrive at explicit expres-
sions such as these because then a computer program
to simulate or predict fluorescence depolarization can
be written even on a microcomputer, when a model
for the correlation functions ¢,,,,,(¢) is also available.
As an illustration, we have calculated the predicted
fluorescence polarization decay for a probe with both
transition moments parallel to the long axis according
to the strong-collision model [4,13] of reorientation.
The results for (P,) varying between 0.2 and 0.8 are
shown in fig. 2. It is interesting to note that, at least
for times short compared with the reorientation 7,
thé anisotropy ratio changes sign as the order increases.
This hints that the experiment should provide a sensi-
tive way of obtaining information on local ordering
in a relatively viscous environment.

Exact intensity expressions can be obtained for
any other orientation of transition moments. Here we
report just another case, that of a probe with absorp-
tion and emission moments parallel to each other but
perpendicular to the molecule axis (i.e. #luly), which
is relevant, for example, to various condensed aromatic
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Fig. 2. The time-dependent polarization anisotropy ratio
ryy,yx for a rod-like probe with absorption and emission
moments parallel to the molecule axis. Here we assume a
strong-collision model for the long-axis reorientation with a
characteristic time 7o and order parameter (P} = 0.2 (a),

0.4 (b), 0.6 (c) and 0.8 (d). The values of (P4) required by
the model are those expected for a Maier—Saupe distribution
(see, for example, ref. {3]).

hydrocarbons. Working through egs. (4)—(10), we find
Izz@)/F(t) =5 — 15¢Py) +355$00(1) +55802(0)
1 010() + 50120 + 33020(0) +33820(8) , (202)
Ix(OIF(D) =5 — 15¢P) — 585900(1) — 5602(")

~ 54010(D) — 5612(5) + 5660(2) + 3522(1) , (20b)
Iyy(®IF(@®) =5 +356(P2) — 73900(¢) — 23002(1)

- 2—14¢20(t) - %¢22(f) , (20¢)
TIyy(t)/F(2) = § +5Py) + 36000(1) + 12002 (1)

+13020(8) + 322(0) , (20d)
Tyx(DIF() =% + 36¢P2) — 75 b0 (1) — 34 $g(2)

— 3a20(D) — §622(0) . (20e)

From these expressions, we find the polarization aniso-
tropy ratio

ryy, yx(t) =6 {132+ 73600(?)
+ 2_14 [9g2(t) + D(D] + %¢22(’)}
X2+ @)L, ‘ 2D

with limiting values
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ryy,vx(0)= (55 + 56Py) + F5(Py)

X (3 +3P)! (22)
for short times and
vy yx(®) =5Pp) (23)

for long times. Note that, for this configuration of
transition moments, absorption can occur even in the
limit of complete order. Explicit models of reorienta-
tion could be used, as we did previously, to obtain a
plot of the predicted time evolution. This is, however,
quite straightforward and for our purpose it is enough
to point out that a good indication of the behaviour
can be obtained even by interpolating between the.
two limiting values in eqs. (22), (23).

In conclusion, we have shown that the analysis of
fluorescence polarization data for a dye in a cylin-
drical phase can provide information on the local or-
der and dynamics of the molecule. Expressions for
the fluorescence intensities have been obtained for
any orientation of the absorption and emission mo-
ments in the molecular frame for a probe with effec-
tive cylindrical symmetry [1]. We believe these ex-
pressions will be particularly useful when planning
experimental work in order to choose the most ap-
propriate fluorescent probe and geometry.
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Fig. 1. A schematic section of a cylindrical phase or a nerve
membrane with a radial two-dimensional isotropic distribu-
tion of directors. The geometry of the fluorescence depolar-
ization experiment is also shown. The light used to excite the
probe comes from the X direction with vertical or horizontal
polarization and is observed along the Z direction through a
vertical or horizontal polarizer. We call g the angle between

a local director d and the Z axis.

In this paper, we generalize the theory of fluores-
cence depolarization to systems with locally uniaxial
structure and macroscopic cylindrical symmetry. Cy-
lindrical phases are quite common among lyotropic
liquid crystalline phases. Indeed, theories for inter-
preting ESR and NMR data for molecules dissolved
in these phase have already been put forward by, for
example, Seelig [7]. Cylindrical distributions of bi-
layers are also found in nerve membranes [8]. Here
fluorescence experiments have been performed, for
example by Tasaki et al. [9], on giant squid axons.
An interesting review of such work has been given by
Conti [8].

We consider the schematic arrangement shown in
fig. 1 for the fluorescence polarization experiment.
The cylinder axis is along Y, with the local directors
isotropically distributed in the XZ plane. Light enters
from the X direction through a polarizer set along the
vertical (Y) or horizontal (Z) direction. The fluores-
cence light emitted by the probe is observed along the
Z direction (perpendicular geometry) as shown in fig.
1 or along the X axis itself (transparency arrangement).
In any case, the emitted light is collected through ver-
tical or horizontal polarizers. The intensities of interest
are therefore

(@) Iz, Iy (horizontal excitation, transparency
arrangement),

326

CHEMICAL PHYSICS LETTERS

28 September 1984

(b) Iy y, Iy ; (vertical excitation, transparency
arrangement),

() Iy y, Iy y (vertical excitation, perpendicular
arrangement),

(d) Iy, Iy (horizontal excitation, perpendicular
arrangement),
where Iif indicates the excitation polarizer along i and
emission polarizer along f. Because of the symmetry
of the system, we have with the geometry chosen the
following five independent intensities:

Iz7(0)=Ixx(D), (3a)
I;v(0)=Ixy(t), (3b)
Ipx(0)=1Ix;(0), (3¢c)
Iyy(®), (34d)
Iyx(@®)=Iy4(t). (3¢)

We now proceed to evaluate these intensities in
terms of molecular properties through a generalization
of the formalism introduced in refs. [1,2].

2. Theory

We have shown [2] that the time-dependent fluores-

cence intensities Il-f(t) for incoming polarization direc-
tion e; and analyzing direction e can be written as
a sum of rank-labeled contributions I,?L (¢):

LAH) = F(t) LEL, o, LL=02, @)

where F{(7) is the intrinsic fluorescence decay function.

The contribution Il-LfL ®)is
ILL' - Z;EL,m*EL’m’(AL m 0 L', m, % 5
i@ i f iap (O™ (@5, ()

with EiL ™ and Efl,m irreducible components of the
polarization tensor [2] in excitation and emission,

while (ALlé{)" ©) J{‘;};” '(£)*)is a cross correlation function

of the irreducible components of the absorption and
emission tensors A and A. These are, in turn, con-
structed from the absorption and emission dipole
moments u, @ as the direct product A=pop, A=g
® pi. Note that all the geometric information about
the experiment is contained in the tensors E; and Er
Explicit expressions for the relevant intensities can
be obtained by substituting components of E; and E,

i
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Iyy(O/F(t) =5 — 3(Py) + 5000(1) + 5050(1),  (16d)
Tyx(DIF() =5 ~ 18P3) — 150o(t) — §620(2) -(16¢)

As an example, we shall evaluate the fluorescence po-
larization anisotropy ratio

ryy xx® = Uyy(®) —IyxOl Uyy(®) + 21 yx(D)]
= [pgp(?) + 3¢50() — (P, N2 — 2Py, amn

obtainable for the geometry in fig. 1. We note first
that eq. (16d) shows that, for complete local order,
i.e. (Py)={(P,)= 1, there is no absorption for a DPH-
like probe. The limiting values for short and long times
are in general

ryy vx(0) = (& — 5 P+ PG —%<Pz>)( )
18

and

Thus, we see that in contrast to the case of three-
dimensional isotropic systems, such as vesicles, some
information on fourth-rank order parameters is con-
tained in the decay provided the probe has a short
fluorescence time compared with the reorientation
decay time. It is important to arrive at explicit expres-
sions such as these because then a computer program
to simulate or predict fluorescence depolarization can
be written even on a microcomputer, when a model
for the correlation functions ¢,,,(#) is also available.
As an illustration, we have calculated the predicted
fluorescence polarization decay for a probe with both
transition moments parallel to the long axis according
to the strong-collision model [4,13] of reorientation.
The results for {P,) varying between 0.2 and 0.8 are
shown in fig. 2. It is interesting to note that, at least
for times short compared with the reorientation 7,

thé anisotropy ratio changes sign as the order increases.

This hints that the experiment should provide a sensi-
tive way of obtaining information on local ordering
in a relatively viscous environment.

Exact intensity expressions can be obtained for
any other orientation of transition moments. Here we
report just another case, that of a probe with absorp-
tion and emission moments parallel to each other but
perpendicular to the molecule axis (i.e. ulully), which
is relevant, for example, to various condensed aromatic
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Fig. 2. The time-dependent polarization anisotropy ratio
ryy,yx for a rod-like probe with absorption and emission
moments parallel to the molecule axis. Here we assume a
strong-collision model for the long-axis reorientation with a
characteristic time 7o and order parameter (P) = 0.2 (a),

0.4 (b), 0.6 (¢) and 0.8 (d). The values of (P4) required by
the model are those expected for a Maier—Saupe distribution
(see, for example, ref. {3]).

hydrocarbons. Working through egs. (4)—(10), we find

Iz (O/F(D) =5 — 1P, +21T§¢00(’) +38602(?)

55 010(0) + 581200 + 33050() + 33820(1) , (202)

Ly (IF(£) = § — 75(Py) — 535900(1) — 95802(?)
— 5010() — §012(6) + 35020(D) + 33092(1) , (20b)
Iyy(DIF(t) = +56(Py) — 73000() — 2a002(0)

— 2490() — $922(0), (20c)
Iyy(O)/F(2) = 5 + 5(P2) + 36000(D) + T3002(0)

+ T12¢2o(f) + %¢22(f) , (20d)
Iyx(H/F(5) = 5+ %S(Pﬁ - b0l — 24 B2(0)

- 2_14¢20(’) — 5922(0) . (20e)

From these expressions, we find the polarization aniso-
tropy ratio

ryy, yx(H)=6 {34P)) + 729000
+ 55 [002() + $20(5)] +3022(0)}
X2+ P01, ‘ (21

with limiting values



