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LIST OF SYMBOLS

The symbols used in this thesis are listed below.

Symbols introduced in Chap. 2.

O~KLM Coordinate system fixed in a fluorescent
molecule.

Ai Absorbing oscillator of a fluorescent molecule.

Fi Emitting oscillator of a fluorescent molecule.

§,e Polar and azimuthal angles, respectively,

specifying the direction of Ai in the molecular
coordinate system O-KLM.

n,& Polar and azimuthal angles, respectively,
specifying the direction of Fi in the O-KLM
system.

g(s,e) Probability function of findingﬂ-\i in the
direction (§,e) in the O-KLM system.

h(n, %) Probability function of finding Fi in the
direction (n,£) in the O-KLM system.

O-abc Sample coordinate system fixed in a specimen.

w,p,x (=9 Three Euler angles specifying the orientation
of a fluorescent molecule (O-KLM) in the
sample coordinate system O-abc.

m(w,®,X) Orientation distribution function of fluores-
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qa{A,E)

r(H,2|A)

L m n
2'm'n'

cent molecules in the O-abc system.

Polar and azimuthal angles, respectively, speci-
fying the orientation of Ai in the O-abc system.
Polar and azimuthal angles, respectively, speci-
fying the orientation of Fi in the O-abc system.
Orientation distribution function of Ai in the
O-abc system.

Orientation distribution function of Fi in the
O-abc sysfem.

Spherical harmonics.

Generalized spherical harmonics.

Normalized associated Legendre function.
Generalized associated Legendre function.

Wigner rotation matrix.

Coefficient for the expansion of g(6,e) in a

series of spherical harmonics Y n(d,e),

[
characterizing the intrinsic anisotropy of
light absorption of a fluorescent molecule.
Coefficient for the expansion of h(n,£) in a

.(mi):

series of spherical harmonics Yl'n
characterizing the intrinsic anisotropy of
emission of a fluorescent molecule.

Coefficient for the series expansion of m(w,¥,x)

expressed in terms of the product of two gener-

-vii-



alized spherical harmonics, szn(ﬂ)Qg,m,n,(Q),'
characterizing the molecular orientation
distribution.

Transmission axis of polarizer.

Transmission axis of analyzer.

Polar and azimuthal angles, respectively,
specifying the direction of pl in the O-abc
system.

Polar and azimuthal angles, respectively,
specifying the direction of p2 in the O-abc
system.

Excitation probability of fluorescent molecule
by the incident exciting light.

Detection probability of the fluorescence
emitted from Fi through the analyzer.
folarized component of fluorescence intensity.
Coefficient for the expansion of ia in a series

of spherical harmonics Y m*(A,E), characteriz-

2
ing the excitation probability.

Coefficient for the expansion of i_ in a series

f

of spherical harmonics Yl'm'*(H'E)' character-
izing the detection probability.
Electric field of the exciting light at a

position 1 of a fluorescent molecule in the
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anisotropic medium.

Two components of Ei, divided in the directions
of privileged axes of the medium.

Period of oscillation of the exciting light Ei.

Amplitudes of Ei and Ei , respectively.

1 2

Vibration axes of Ei and Ei respectively.

1 2’

Phase difference between the two components

Eil and Ei

2
Polar and azimuthal angles, respectively, speci-
fying the direction of[pl_l in the O-abc system.
Polar and azimuthal angles, respectively, speci-
fying the direction of pl_z in the O-abc system.
Electric fields of two detected fluorescence
rays coming to the air from Fi in the aniso-
tropic medium.

Period of oscillation of detected fluorescence
light.

Amplitudes of E. and [E., respectively.

1 2

Vibration axes of El and Ez, respectively.

Phase difference between El and.E2.

Electric fields of two fluorescence rays in

the anisotropic medium, corresponding to El and

IE respectively, in the air.

2’
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_ ()
Py, (53770

(2) }- Vibration axes of E(i) and E(g), respectively.
P, , (=131,")
agyr Ag, Scalar products ( P, 3 ) and ( P, 3, )
respectively.
] 1)
a2,82 Polar and azimuthal angles, respectively, speci-

fying the direction of p2_l in the O-abc system.
a2,82 Polar and azimuthal angles, respectively, speci-

fying the direction of p2_2 in the O-abc system.

D Thickness of a sample.
{ ]int in Refers to the birefringence effect, and
[s, T ] denotes fD% d1/D.

fm”2'm' " int 0

Symbols introduced in Chap. 3.

An Birefringence.

NNy, nc Refractive indices along the principal axes,

a, b, and ¢, of the optically anisotropic

medium.

Ai' Af Wavelengths of exciting light and fluorescence,
respectively, in the air.

R Fluorescence anisotropy ratio.

RO Fluorescence anisotropy ratio obtained for the

rigid matrix in which fluorescent molecules

orient randomly.
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2
<cos 6>,

2
<cos n>

2
<cos w>,

4
<cos w>

. 2 2
<sin"wcos 9>,}

. 4 4
<sin wcos ¢>

.4 -2
<sin wcos ¢>

i1’ vi2

Photophysical anisotropy factors of fluorescent
molecules.

Second and fourth moments, respectively, about
the c-axis of the molecular orientation distri-
bution.

Second and fourth moments, respectively, about
the a-axis of the molecular orientation distri-
bution.

Another fourth order moment of the molecular
orientation distribution.

Angle between the normal of film surface and

an incident beam.

Angle between the normal of film surface and

a direction of fluorescence observation.
Refractive angles of two exciting lights
oscillating parallel (I) and perpendicular (IT)
to the plane of incidence, when they enter the
anisotropic medium from the air.

Refractive indices of the anisotropic medium
for the two exciting rays -I and -II.
Refractive angle of the normal of light wave
front corresponding to the exciting ray-I.
Amplitude transmission coefficients of the

two rays -I and -II, respectively.
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sy’ Ps(2)

Transmittances of light energy of the two

rays -I and -II, respectively.

Incident angles of two fluorescence rays whose
electric fields are parallel (I) and perpen-
dicular (II) to the plane of incidence, when
they enter the air from the anisotropic medium.
Refractive indices of the anisotropic medium
for the two fluorescence rays.

Angle between the normal of film surface and
the normal of light wave front corresponding
to the ray whose electric vector lies on the
plane of incidence.

Amplitude transmission coefficients of the two
fluorescence rays.

Transmittances of light energy of the two

fluorescence rays.

Symbols introduced in Chap. 5.

O-K'L'M'

Coordinate system fixed in a rotating molecule
in the excited state at t'= t + u.

time

time when used as an order comparable with

the fluorescence lifetime (nanosecond).
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m
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YU, g (=1

q(A,E, t)

r(H',E',t'|A)

m(R,t)

P(R,t|Q',t")
= P(Q,t|T,u)
K(Q,t]Q',t")
= K(Q,t]|T,u)
£ mn

Ml'm'n'(tltl)

(= Q"

Emitting oscillator of an excited fluorescent
molecule with the O-K'L'M!' frame.

Three Euler angles specifying the orientation
of the O-K'L'M' frame in the sample coordinate
system O-abc.

Polar and azimuthal angles, respectively,
specifying the direction of Fi' in the O-abc
system.

Three Euler angles specifying the rotation of
an excited molecule.

Orientation distribution function of absorbing
oscillators mi with respect to the O-abc system
at time t.

Probability function of finding an emitting
oscillator Fi' of fluorescent probes excited
at time t in the direction (H',Z') at t'= t + u.
Orientation distribution function of fluores-
cent probes in the O-abc system at time t.
Transition probability from orientation angle
Q to Q' in a period of u (= t' - t).
Probability function of finding a fluorescent
probe oriented at 2 at time t in the direction
Q' at time t'.

Coefficient for the series expansion of
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K(Q,t]ﬂ',t') expressed in terms of the
product of two generalized spherical

harmonics, len(ﬂ)é ('), characterizing

2'm'n'
the molecular orientation and motion.
Fluorescence lifetime.

u/

. o ~u/T
Denotes the time average, fo% e du/t, for
stationary irradiation of a sample specimen.

Orientation factor.

Mobility factor.

Orientation-mobility factors.
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CHAPTER 1

General Introduction

1-1. Introduction

Molecular Orientation

Mechanical, optical, and other physical properties of
polymer solids are strongly influenced by the orientation of
polymer molecules because of the intrinsic anisotropy of polymer
chains. Practical properties of polymer films and fibers can
only be manifested by the molecular orientation due to drawing
and other processes. Furthermore, in many biological systems,
molecular orientation behaviors have a close relationship to the
biological functions of polymer molecules. Therefore, it is
very important in the fields of polymer science and engineering
to know the molecular orientation characteristics to understand
the relationship between the structure of polymer solids and
their properties.

There are various methods employed for the measurements of
molecular orientation in polymer solids.l_3)

Wide angle X-ray diffraction method is employed to estimate

4) This

the orientation of crystalline regions in polymer solids.
method provides the complete orientation distribution function

-1-



of crystallites.5_8) The measurements of birefringence, infrared

dichroism, and visible and ultraviolet dichroism are also em-
ployed to estimate the molecular orientation in polymer systems,
however these methods provide information only about the extent
of orientation.

The application of the fluorescence polarization for molec-
ular orientation measurements enabled us to obtain the information
about the type of molecular orientation in the non-crystalline
region of polymer solids. Nishijima et al. proposed this
method.g'lo) Experimental worksll_lS) have since been carried
out by analyzing the angular distributions of polarized components
of fluorescence intensity, which depend on the second and fourth
moments of the orientation distribution of fluorescent probes in
polymer solid and thus reflect the orientation patterns of
polymer segments in amorphous regions.

Laser—Ramanl4_l7) and broad-line NMR18_22) techniques have
also been remarkably developed recently as new spectroscopic

methods which are capable of obtaining moments of orientation

distribution higher than the second order.

The initial purpose of this thesis is to develop the
general description of the fluorescence polarization method.
The theoretical treatment is carried out by modifying the

7,8,23)

spherical-harmonic expansion technique which has been
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applied for determination of the crystallite orientation by
X-ray diffraction method. The author aims to clarify the
relationship between the polarized fluorescence intensity and
the molecular orientation distribution in order to establish
the method for the quantitative estimations of molecular orien-

tation behaviors.

Molecular Orientation Relaxation

It is also important to examine the molecular orientation
relaxation mechanism in polymer systems for the detailed under-
standing of their properties. The analysis of the molecular
orientation and its relaxation is essential in the investigation
of the structural change in drawn polymer solid by its heat-
treatment and in the further elucidation of the transformation
of the structure during and after the drawing.

The fluorescence polarization technique can also be applied
to the orientation relaxation studies. The effect of molecular
motions of fluorescent probes must be taken into consideration
in order to study molecular orientation and its relaxation
mechanism. This effect affects the polarized components .of
fluorescence intensity, when the polymer medium is in the glass-
transition region or in the rubbery state. The anisotropic
mobility of molecules in oriented systems can also be estimated

by analyzing the polarized components of fluorescence intensity.
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. 24
Recently Jarry et al. have also reported this effect. )

The main purpose of this thesis is to give the general
theory of fluorescence polarization in the oriented system in
which the effects of anisotropic rotational motions of fluores-
cent molecules are included. Moreover, the author aims to
apply the result of this theoretical analysis to the experiment
in polymer solids, and to discuss molecular orientation and
its relaxation phenomena in relation to the solid state

properties.

1-2. Outline of This Thesis

The author wishes here to give accounts of the outline of
this thesis.

This thesis consists of eight chapters and two appendixes.
Chapters 2-4 and Appendix I are included in Part I, and Chapters
5-8 and Appendix II are included in Part IT.

Chapter 1 is the general introduction of this thesis. The
importance of the studies on molecular orientation and its
relaxation phenomena is emphasized. The outline of this thesis
is also briefly mentioned.

Part I presents the theoretical analysis of fluorescence
polarization in the anisotropic rigid system, in which the

motions of fluorescent molecules are negligible. Applications

—4-



of the theoretical analysis to the study of molecular orien-
tation characteristics in polymer solids are also discussed.

In Chapter 2, the theory of fluorescence polarization in oriented
systems is given. This theory includes the intrinsic photo-
physical anisotropy of fluorescent molecules, the molecular
orientation distribution, and the optical anisotropy of the
medium. The polarized component of fluorescence intensity from
the oriented system is thus formulated. In Chapter 3, the equa-
tion of polarized component of fluorescence intensity provided
in Chapter 2 is applied to uniaxially and biaxially oriented
systems. The angular distributions of the polarized components
of fluorescence intensity are derived for uniaxial and biaxial
orientation distributions. The theoretically derived angular
distributions of polarized components of fluorescence intensity
are examined experimentally, using uniaxially and biaxially
stretched polymer films. In Chapter 4, the molecular orien-
tation characteristics are fully discussed for poly(vinyl
alcohol) films stretched in four ways (free width uniaxial
stretching, simultaneous biaxial stretching, successive biaxial
stretching, and fixed width uniaxial stretching) by a stilbene
derivative molecule as the fluorescent probe. The estimation
of molecular orientation is carried out quantitatively from

two moments (the second and fourth moments of the distribution)

in the case of free width uniaxial stretching and five moments

-5-



(two kinds of second moments and three kinds of fourth order
moments) in the other cases of stretching. In Appendix I, the
generalized spherical harmonics used for the theoretical treat-
ment in Chapter 2 is shown in a condensed form and some symmet-
rical properties of this function are also given. Moreover,
various optical quantities required to analyze the molecular
orientation in biaxially anisotropic systems are represented

in plain forms.

Part II presents the theoretical analysis of fluorescence
polarization in the anisotropic system, in which the motions of
fluorescent molecules are measurable during the fluorescence
lifetime, and also deals with the applications of the result of
theoretical analysis to the studies on molecular orientation and
its relaxation phenomena in polymer systems. In Chapter 5, the
polarized component of fluorescence intensity is generally
described by introducing a function characterizing the rota-
tional motions of fluorescent molecules. In order to analyze
the molecular orientation and motion in uniaxially oriented
systems, the simplified equations are also discussed. In
Chapter 6, a method to estimate the anisotropy of molecular
mobility in a uniaxially symmetrical system is developed. 1In
this chapter, an apparatus is also designed in order to study

the molecular orientation and its relaxation mechanism in
polymer films. 1In Chapters 7 and 8, the fluorescence polari-

-6-



zation technique proposed in Chapters 5 and 6 is applied to the
experiments in polymer solids. The molecular orientation and
its relaxation mechanism are discussed in relation to molecular
mobility. The anisotropy of molecular mobility in stretched
polymer films is also discussed in terms of the angular factors
characterizing molecular orientation and motion. Chapter 7

deals with the uniaxial stretching of poly(vinyl chloride) films,
and Chapter 8 deals with the uniaxial stretching of natural
rubber films. In Appendix II, some useful equations are derived

for the theoretical treatments in Chapters 5 and 6.
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PART I

FLUORESCENCE POLARIZATION IN THE ANISOTROPIC RIGID SYSTEM

AND

ITS APPLICATION TO CHARACTERIZATION OF ORIENTED POLYMER SOLIDS
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CHAPTER 2

Theory of Polarization of Fluorescence

in the Oriented Rigid System

2-1. Introduction

When fluorescent molecules absorb the energy of polarized
light, they are excited photoselectively. The probability of
excitation is determined by the angular alignments of the
molecular axes with respect to the direction of the electric
vector of the exciting light. The polarization characteristic
of fluorescence from the system is indicative of the spatial
distribution of the molecular axes of excited molecules.l—3)
Such a polarization characteristic of fluorescence is one of
the several properties4_6) which can be utilized for the study
of molecular orientation behavior.

This chapter deals with the generalization of fluorescence
polarization in the anisotropic rigid system. In order to
clarify the polarization characteristics of fluorescence inten-
sity in relation to the intrinsic photophysical anisotropy of
fluorescent molecules and the molecular orientation distribution,

the equation of polarized compcnent of fluorescence intensity

will be given in the generalized form. The features of the
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theoretical analysis are as follows: 1) The photophysical
anisotropy of a fluorescent molecule is treated with a model of
"ellipsoidal" dipoles for the absorption of light and the
emission of fluorescence. 2) The fluorescent molecules are
dispersed in a birefringent rigid medium. Finally, 3) the
relationship between the polarized component of fluorescence
intensity and the molecular orientation distribution is repre-
sented in terms of the coefficients of the series expansions in

spherical harmonics.

2-2. Oscillator Model for Light Absorption and Emission
of Fluorescent Molecules

First of all, let us define the transition moments of the
light absorption and emission in terms of the probability
functions g(§,e) and h(n,£). These functions are the proba-
bilities of finding the absorbing and emitting oscillators Ai
and Fi' respectively, and given in the molecular coordinate
system O-KLM, as shown in Fig. 2-1. 1In this figure, the K- and
M- axes lie on a molecular plane formed by the conjugated
double bonds, and the M-axis is on the main axis of the fluo-
rescent molecule. The directions of Ai and Fi are specified by
a set of polar and azimuthal angles with respect to the molecular
coordinate system O- KIM, (§,e) and (n,&), respectively. The

functions g(d,e) and h(n,£) are normalized as follows;

-14-



Fig. 2-1. Oscillator model for the characterization of
the photophysical anisotropy of a fluorescent molecule.
The functions, g(d§,¢) and h(n,g), are the probabilities

of finding the absorbing and emitting oscillators,.Ai

and Fi, respectively, in the coordinate system O-KLM fixed

in the fluorescent molecule.
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= 2_
f&,e g(s,e) d(S,e) 1 (2-1)
h(n, d(n, =1, (2-2)
ng (n,&) d(n,&)
where
2T (T
JG d(s,e) = sindddde
€ 070
J 2T (M
d(n,&) = J f sinndndg .
ne& 070

In the case of the general "ellipsoidal" dipoles as shown in

Fig. 2-1, g(68,¢) and h(n,) can be represented as

1 c052€ sinze 2 cos26 =3/2
9(6,8) = E {( 2 + . > ysin § + -a—z—— } (2-3)
ak 1 m
2 . 2 2 ~3/2
h(n,8) = 3 {( 2554 SHE 507 4 S20 . (2-4)
ﬁk fl fm

The institution of such a model is based on the following
reasons: (a) The absorption and emission transition moments
are essentially independent of each other. (b) Plural types of
electronic transitions may take place simultaneously on the
occasion of the absorption of the incident light by fluorescent
molecules.7_9) (c) A thermal effect may be included in the

function h(n,&). This effect signifies a limited libration of

the molecular axis of excited molecule. The time scale of this

-16-~



kxind of vibration is much shorter than that of molecular

rotational diffusion.

2-3. Angular Specification of Orientation Axes and
Relationship among Various Angular Functions

The orientation of the molecular frame O-KILM with respect
to the coordinate system O-abc fixed in the specimen (e.g., a
stretched polymer film) can be specified by using three Euler
angles, w, ¥, and X, as shown in Fig. 2-2. The orientation of
the axes‘Ai and Fi, lying in the directions (§,€) and (n,&) in
the molecular coordinate system O-KLM, can also be given by
using a set of polar and azimuthal angles, (A,E) and (H,Z), with
respect to the sample coordinate system O-abc, as shown in
Fig. 2-3.

Secondly, let us define m(w,¥,X) as the orientation distri-
bution function of the fluorescent probes within the coordinate
system O-abc. Similarly, let the orientation distribution
function of the absorbing oscillator Ai with respect to the
sample coordinate system O-abc be g{(A,E). Moreover, let us
introduce the function r(H,EIA) as the probability of finding
the emitting oscillator Fi in the direction (H,Z). Since the
emitting oscillator Fi is only produced on the excitation of
the particular fluorescent molecules, the orientation distri-

bution function of Fi is denoted as r(H,ElA). In the ideal case

-17-



Fig. 2-2. Euler angles, w, ¥, and Y, specifying the
orientation of the molecular coordinate system O-KLM
with respect to the coordinate system O-abc fixed in

the specimen.

Fig. 2-3. Polar and azimuthal angles specifying the
orientations of the axes, Ai and Fi’ in the sample

coordinate system O-abc.
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in which the emitting oscillator Fi can be identified with the
absorbing oscillator'Ai, r(H,EIA) equals to §(H-A)S(E-E). (§
denotes the Dirac delta function.) Three functions m(w,¥,%) .,

g(A,E), and r(H,E|A) are normalized as

fﬂ m(w,9,x) do2 =1 (2-5)
IA g G(8,E) A(8,E) =1 (2-6)
JH - r(H,E|n) a(4,8) =1, (2-7)

where

27 (2T T
JQ dae = J J J sinwdwdydy

07’0 ‘0

and the representations, f d(A,E) and IH :d(H,E), have the
' B

AE

same notation as previously used for J €d(d,e).

S,

By application of the expanded Legendre addition theorem,lo)
the transformation relations among the three sets of angles (A,E),
(§,£), and (w,¥,x) and among the three sets of angles (H,E),
(n,&), and (w,¥,x) are given by the following equations in terms
of the spherical harmonics Ylm and the generalized spherical
harmonics ¢

Lmn

- 2 172 -
Yoot (BGE) = 21(5 PR ) @ mn*(Q)YZn*(G,e) (2-8)

(2 =0,1,2,ccc , M= =8,...,0,00.,2)



R{'
2 )1/22

Y e "5 = 2Ty

O, XY, *(n,E) (2-9)
n'=-g ' g 'm'n Ln

(2'=20,,2,... ,m"=-2",...,0,...,0" ),

where * denotes the complex conjugate, and

Y, (8,8) = Pz(cosA) TIE o2 (2-10)

L

5 (Q) =2 —1(mgnxX) ,ony . (2-11),
mn

. n(cosu)) e

m

. m . . .
The function P, is the normalized associated Legendre function,

L
and Zlmn is a generalization of the associated Legendre function.
1 .
These functions were used by Roe, 0 and were also described by
11)

Nomura et al. and Bowerlz). The generalized spherical
harmonics QEmn(Q) defined by eqg. (2-11) can also be related to
2
the Wigner rotation matrix Dmn(Q), as follows:
- L+ L
o, (@ = (-n™" EEAELV2 L ), (2-12)

2mn 8112 mn

. . 2, . . .
in which Dmn is the rotation operator following the convention

of Rosel3) and that of Yamanouchil4). The explicit form of ©2mn
is shown in Appendix I. The spherical harmonics ng defined
by eg. (2-10) can also be represented as
1/2
Y = -
m (2m) ¢gm0 (2-13)



and is somewhat different from Yﬁm used in References (13) and
(14) (see Note (15)).

Multiplying both sides of the equation obtained by the
product of egs. (2-8) and (2-9) by all the defined angular func-
tions, m(w,¥9,x), q(A,E), r(H,E[A), g(8,e), and h(n,&), and
integrating over the whole ranges of all the angles, one can

derive the following relationship by using the normalization

conditions given by egs. (2-1), (2-2), and (2-5)-(2-7).

JA,EJH,E Y F(A/E)Y,  (H,E)q(A,B) x (H,E[A) d(H,E)d(A,E)

_ 2 , -1/2 2 mn _

=8r°{(2 2 +1)(2 '+ 1)} ) 'Gzn oMy ¢ (214
n,n
where

= * -
ng fﬁ,a Yln (8§,€)g(8,e) A(S,e) (2-15)
Hﬁl'n’ = Jn'g Yl.n.*(mg)h(mE) d(n,&) (2-16)

£ mn _ * * _
e'm'n' - JQ len (Q)@Z,m,n, (Vm(w,P,x) df . (2-17)

Here ng and Hl'n' are the coefficients for the expansions of

g(§,e) and h(n,&) in a series of spherical harmonics an(ﬁ,e)

and Yl'n'(n'g)' respectively, and characterize the intrinsic

photophysical anisotropy of the fluorescent molecule. The

coefficient Mz'm'nl is the angular average characterizing the
£'m'n
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molecular orientation distribution. The left side of eq. (2-14)
can be combined with the observed quantity, i.e., the polarized
component of fluorescence intensity, as shown in the next

section.

2-4., Polarized Component of Fluorescence Intensity

Let ia be the excitation probability when the fluorescent
probe having an oscillator.:Ai is excited by the incident polar-
ized light with its electric vector pl, and if be the detection

probability of the fluorescence emitted from an oscillator Fi

through the analyzer with its transmission axis pz. Then, the

P
fluorescence intensity of the polarized component I( l) can be
2
written as follows,
Py . s ;
I(]pz) = |aglnz q(A,E)lar(H,:lA)lf d(H,2)da(s,EB) . (2-18)

If the angular alignments of the vectors pl and p2 with
respect to the sample coordinate system O-abc are specified by
using a pair of polar and azimuthal angles (al,Bl) and (a2,82),
respectively, the excitation probability ia is a function of the

angles (al,Bl) and (A,E), and similarly, i_ is a function of the

£

angles (a2,82) and (H,E). Therefore, when ia and if are formu-
lated in terms of the series expansion in spherical harmonics,

as shown by
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i_=k ) } S, Y, *(AE) (2-19)
a 220 meml fm 2m
and
3 7
i_= ¢ YT, Y., ,*(4,8) , (2-20)
£ 120 m'omg" 2'm' £'m
the‘coefficients Slm and Tl'm' depend on only the angular align-

ments of pl and Py respectively, and they can be obtained by

the following equations:

n
]
Al

fA’E i ¥, (AE) d(4,E) (2-21)
1
¢

JH,E i ¥, (H,E) d(H,E) . (2-22)

For example, in the simplest case, that is, in optically iso-

tropic media, ia and if can be written as

i =k ( pl.‘ﬂi )2 (2-23)

A 2 _

i = ¢ ( p, Fi ). (2-24)
Hence, substituting egs. (2-23) and (2-24) into egs. (2-21) and
(2-22), respectively, one can calculate as follows:

(4ﬂ/9)l/2 (2-25a)

0
|

00

1/2

(3cos’a. -1) (2-25b)

0
|

(41/45)

20 1
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1/2 . -iB
= - -k = 1 2"2
S2l 821 (21/15) 51n2ul e ( 5¢)
/2 ., 2 -2iR
= -_% = -
822 522 (27/15) sin ay e 1 (2-254)
ng =0 for %=o0dd or £>2 , (2-25e)

and similarly, for T ,» the above set of equations is appli-

2'm
cable by substituting (a2,82) for (ul,Bl).

Now, substituting eqgs. {(2-19) and (2-20) into eg. (2-18)
and using eqg. (2-14) derived in the preceding section, we find

the relationship between the polarized component of fluorescence

intensity and the molecular orientation distribution.

P -
1(H=8?xe J {@r+vEe+n)y Y25 o
P m 2'm
2 2 mn
llmlnl
2 mn

* Conforn My - (2-26)
Equation (2-26) is the fundamental equation for the polar-

ized component of fluorescence intensity. In this derivation,
however, we have not considered the effect of the optical aniso-
tropy of the medium (i.e. birefringence effect) on the polarized
component of fluorescence intensity. In order to treat this
effect, the excitation probability of fluorescent probes and the
polarization characteristics of fluorescence must be considered

in the birefringent medium, in other woxrds, ia and if defined

-24-



above need to be described in more general forms than those

shown by eds. (2-23) and (2-24).

Light Absorption of Fluorescent Probe in Birefringent Medium:

When the incident linearly polarized light enters an
optically anisotropic medium, it propagates as two polarized
components whose vibration axes and velocities of the propa-
gation are different from each other. Let Ei be the electric
field of the exciting light at the position of a fluorescent
molecule. The electric field Ei can be divided into two

components, E,

i1 , whose vibration axes are in the direc-

and Ei2

tions of privileged axes of the medium, as given in eq. (2-27).

[Ei = IEil + 1E12 , (2-27)

in which

2T
cos (

Eil =351 Py T, T %1 (2-28a)
E, . = L S (2-28b)
i2 = 22 Ppp ©08 T, i2’ *

where Ti is the period of oscillation of the exciting light in
the medium. Then, the excitation probability ia may be given

in the following way:

Ty 2
i o« J (E.» A, ) dt/T. . (2-29)
a 1 1 1



Substitution of egs. (2-27) and (2-28) into eqg. (2-29) leads to

o 2 _ 2 2 .
Lomkdag Oy gt Ay )T+ a, (R ot Ay)

2

+2a,a,(P_ A ) (P, A )cosGi}, (2-30)

where Gi is the phase difference 61 -8, between the two compo-

1 i2

nents E, . and E.
i i

1 2°

Equation (2-29) is based on the following concepts: (a) The
excitation of a molecule by the incident light takes place along
the absorbing dipole within lO_15 second order corresponding to
the period of the light wave.le) (b) The energy of an electro-
magnetic wave passing across a unit area in the medium per unit
time is given by the Poynting vector $ (= E x H), and the inten-

sity of light is the time-averaged value of the magnitude of §,

i.e., fglsldt/T (<=fg|El2dt/T) .

Fluorescence Emission from Fluorescent Probe in Birefringent

Medium:
The electric field of fluorescence light at a distance r

from the emitting oscillator Fi can be represented as follows:

27

Te

E_= a_ J cos({

£ £ t - k.r) (2-31)

and I« 5 x ( Fi XxXs ), (2-32)
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Fig. 2-4. Diagram illustrating the angular alignments
of unit vectors, Fi, 3, s, and P2’ in the sample coor-
dinate system O-abc. The vector s is normal to the

—
plane of analyzer, sz.

where s is the unit vector which indicates the observed direc-

tion and is equal to ¥/r. and T_ is the period of oscillation of

f
the fluorescence emission. When we observe such fluorescence
through the analyzer with its transmission axis P, perpendicular
to the vector s (see the angular alignments in Fig. 2-4), the

detection probability i_ may be given by

£
Te 2 12 2
ig « f (1p2- IEf ) dt/Tf =3 ag ( P," J ). (2-33)

Using eqg. (2-32) and ( p2- s ) = 0, we find that eq. (2-33)
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coincides with eq. (2-24).
If two rays of fluorescence emitted from Fi are detected

and their electric fields are given by

27
= ] - 2—34
El al ]l cos ( Tf t Sfl) ( a)
and
kil
= 3 - -34
E, = a, J, cos ( T, t 6f2) p (2-34b)

then if can be written in a way similar to eq. (2-30), as

follows:

. 2 o2 2 . .2
ie=¢{a " (p, 33 ) +a, (py 3,)

+ 2ala2( Pyt 3 ) ( P,* I, )coséf} , (2-35)

Se1 7 e

]

where Gf

In the anisotropic medium, however, the two rays El and E2

should propagate in the directions which are different from the
observed direction s, and their vibration axes should also be

different from jl and jz. Suppose that El corresponds to one

component, E(i), of the electric vector E(l) of the fluorescence

(1)

which propagates in the direction s in the medium, as shown

in Fig. 2-5. The amplitude a, of the detected fluorescence E

1 1

can be related to the amplitude a(l) of E(l)

1 1 in the medium in

the following way,
-28-



Isotropic medium
77777777 7777777 777777 77777777777
Anisotropic medium
S(Z)

5(1)

_ @)
E@= E(2)+E (1)_ M ap )
EV=EMSEY

Fig. 2-5. Observed fluorescence rays, El and E2, coming

from a fluorescent probe in the anisotropic medium.

_ )y, (1) .(1) _
a, =a (3 1 J ) (2-36)
where j(l) and j(i) are the vibration axes of E(;) and E(i)

. . . . (1) (1)
respectively. By using the relations that j « 8 x ( Fi X
s(l)) and ( j(i)- s(l)) = 0, eq. (2-36) can be rewritten as
follows,

(1), . (1) :
o4 . N - 2-37
a; (3 1 Fl ) ( )

In the same manner, the amplitude of E_ can be represented, by

2

Properly changing the numbers of suffixes used for E., as

1
follows,
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a ey

2) _
2 F, ) . (2-38)

2 i

By substituting egs. (2-37) and (2-38) into eg. (2-35) and by

. (2 .
altering the notations ](i) and m(z) to new notations p, , and

Py_or respectively, eq. (2-35) can be rewritten in the following

form.

2 2

2
T g (Pypt Fy )

. 2 .
ig=o¢dlay (py " F;) i

+ 2ag,a.,(p, ;° L VP, ,° F, )cost} ,  (2-39)

where

ag, = (Pz' j‘l ) (2-40a)

ag, = (P, 3,) - (2-40b)

Polarized Component of Fluorescence Intensity in the Optically

Anisotropic Medium:

Both equations (2-30) and (2-39) consist of the sum of
three terms. Accordingly, the coefficients, ng and Tz'm" of
the series expansions given by edgs. (2-19) and (2-20) can be

expressed in the following forms which consist of the three

terms.
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~ 2 (1) 2 (2) (3) _
Szm =a, slm + a;, Slm + 2ailai20036i slm (2-41)

2 (1) 2 _(2) (3)
Tom' T %1 Tem Y22 T 2351350080 Tyape - (2742)

(3) g oD

om g1t (3=1:2,3) can be determined

Then the coefficients S

by the following equations:

(3) _ . 2 . -
S,Q,m = JA,E (lpl—j Ai ) Ylm(A'E) d(A,E) (3 = 1,2) (2-43)
Lm ALE 1-1 i 1-2 i fm "’ !
3 (p,_.+F. )2 Y, (43 a5 (j=1,2) (2-45)
gimt = Ju,z (Pooyt Fy grme S 2 =

(3) = . . k=) = -
Torm = JH,E (py 1 F; ) (Py 5 Fy ) Yy, (H,E) d(H,E). (2-46)

On the other hand, ia and if should depend on the distance
1 from the surface to the fluorescent molecule in the medium of
thickness D, since the phase differences Gi and Gf are the func-
tions of the optical path difference between the two components
of each light wave. Hence, the polarized component of fluores-

cence intensity obtained from the anisotropic system can be

written as

D
() = JOJA,EJH,E q(A,E)i_r(H,E|R)i. a(H,E)d(A,E)dl/D . (2-47)

One can derive the following equation from eq. (2-47) by the
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same procedure as eq. (2-26) was derived from eg. (2-18).

P
1, .2 , -1/2
() =81 k¢ Yoo+ D@2+ )} 1Sy Ty 'm ) int
2 g mn
l’m'n'
g mn _
x wn zlnl Q/lmlnl 4 (2 48)
where
T ] = 0 ( 2 S(l) + 2 8(2) + 2a,.a,.cosé S(3))
Pm L'm'int |, i1 “em %2 Tim 11%2 i “gm
2 (1) 2 _(2) (3) _
x (afl Tz‘m' +oag, Tﬁ'm' + 2aflaf2c056f Tz‘m')dl/D . (2-49)

2-5. Explicit Formulation of Coefficients

s (3) (3) .
The coefficients Slm , Tz'm' (j=1,2,3), Gzn’ HQ'n" and
ﬁ,ﬁ,g, in egs. (2-48) and (2-49) can be given in more explicit

form as shown below.

s(j) and T(?),
qm g'm

coefficients by eqgs. (2-43)-(2-46), let the polar and azimuthal

(j=1,2,3): 1In order to calculate these

angles of pl-l’ pl-2’ Py g and p2_2, with respect to the sample

1 ] " " 1 1]
coordinate system O-abc, be given by (ul,Bl), (al,Bl), (a2,62),

and (a2,62), respectively. Then the result of the calculations
is given as follows,
(1) /2

— l —
Sog = (471/9) (2-50a)
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]
séé) = (417852 (3c0s%a. -1) (2-50b)
1
1
(1) _ (), _ /72 vo-ig
S2l = 821 = (27/15) 51n20Ll e 1 (2-50c¢)
1]
(1) _ (L, _ 1/2 ., 2 ' -2iB
822 = 822 = (2m/15) sin‘a, e 1 (2-504d)
(1) _ -
SQm =0 for 2=o0dd or £>2 . (2-50e)
. . (2) (1)
Equations (2-50a)-(2-50e) are also applicable to Slm ’ Tl'm"

2 . . ] ] n " ] 1
and Té.;.r by substituting (ul,Bl) by (ul,Bl), (a2,62), and

(a2,82), respectively. (Equations (2-50a)-(2-50e) are, in fact,

equivalent to egs. (2-25a)-(2-25e).) The coefficients S;i) can

be given by

Ség) = (4w/9)1/2{ cosai cosa;

+ sinai sinai cos(Bi—B;) } (2-51a)
Ség) = (4ﬂ/45)1/2{ 2cosai cosal

- sinai sinal cos(B;—Bl) } (2-51b)
Séi) = —Sé%)* = (2W/l5)l/2( sinai cosa; e_iei

+ cosa, sina P (2-51c)
{3 = s = 219 /2 sina, sino, SHEED g
Séi) =0 for g=odd or £>2 . (2-51e)
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As for T;?;,, eqs. (2-5la)~(2-5le) are applicable by substituting

(“2’82) for (al,Bl)-

G and

on Hl'n': These coefficients can be calculated by

egs. (2-15) and (2-16). Some of them can be written in the ex-

plicit form as shown by

-1/2 _
G00 = (4mw) (2-52a)
Chy = (161T/5)’1/2 (3<cos®6> -1) (2-52b)
e -1/2 . 2. 2ie _
G22 = G22* = (327/15) <[ sin" 8§ e 1>, (2-52¢)

where the sign <[ ]> denotes the operator that

<{ X ]>= <Re X> + i <Im X> (2-53)

( Re X : real part of X , Im X : imaginary part of X ).

As for Hl'n" egs. (2-52a)-(2-52¢c) are applicable by substituting

(n, &) for (8,e).

.. mn
L man The coefficients Mz

imtnt [ imint 2T given by eq. (2-17).

Their apparent forms can be obtained as a function of several
angular averages, i.e., the moments of molecular orientation

distribution, as follows,
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000
000

200
000

200
200

210
210

220
M%0

220
220

210
210

220
000

220
200

etc.

1/ 8W2

(/57 16W2)(3<0082w> -1)
(5/ 32n2)(9<cos4m> - 6<coszw> + 1)
(15/ 16ﬂ2)(<cos4w> - <coszw>)

(15/ 64ﬂ2)(§cos4m> - 2<coszw> + 1)
4i¢

(15/ 64ﬂ2) <{ sin4m e 1>

(15/ 16ﬂ2) <{ (sinzw - sin4m) eZi? 1>

(vl5/2/ 16ﬂ2) <{ sin2w e2ig> 1>

v3/2 (5/ 32n2) <[ (ZSinzw - 3Sin4m) e2ig>’>
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CHAPTER 3

Application to Uniaxially and Biaxially Oriented Systems

3-1. Introduction
In the preceding chapter, the theoretical analysis of
polarized fluoréscence was carried out by considering the photo-
physical anisotropy of a fluorescent probe and the birefringence
effect of optically anisotropic medium on the polarized component
of fluorescence intensity. Consequently, the equation for the
polarized component of fluorescence intensity in the optically
anisotropic system was derived in the form as shown by eg. (2-48).
In this chapter, the equation (2-48) is applied to the
cases of uniaxially and biaxially oriented systems and checked
experimentally using uniaxially and biaxially stretched polymer

films in which fluorescent probes are partially oriented.

3-2. Fluorescence Polarization in Uniaxially Oriented Systems
Let us apply eq. (2-48) to the study of uniaxial orientation
distribution.
When the orientation distribution of fluorescent probes,
referred to the sample coordinate system O-abc, is rotationally

Ssymmetrical about the c-axis and the orientation of fluorescent
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probes themselves is also rotationally symmetrical around the

M-axis, the distribution function m(w,®,¥x) depends on only the

angle . Then the coefficient Mi,ﬁ,i, has the symmetrical
property,
2-2'2- =0 for m+m'#0 or n+n'#0 . (3-1)

Furthermore, when the fluorescent probes treated here have a
quite high photophysical anisotropy, one can reasonably assuﬁe
that the both transition moments of absorption and emission are
uniaxially symmetrical prolate ellipsoidal dipoles. Then g(§,¢c)
and h(n,£) defined in Chapter 2 are independent of ¢ and g,

respectively, and hence the following conditions are satisfied.

Gln =0 for n#0 (3-2)

Hl'n' =0 for n'#0 . (3-3)

Using eq. (2-48) under the above mentioned conditions, the

polarized fluorescence intensity can be represented as follows:

- a2 -1/2
I(7) =81 k 2 0+ 1)(2 2'+1 -
, ™ k¢ . g m{( ) (2 2+ 1)} R S

(3-4)

( -min(g,%") <m <min(%,2'), 2 and &' = 0,2 )
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Here we find that the orientation factors in the right side of
eq. (3-4) are the coefficients given by egs. (2-54a)-(2-54e)
and hence they are the functions of the second and fourth
moments of molecular orientation distribution about the c-axis,
<coszw> and <cos4w>. Moreover, we find from egs. (2-52a) and
(2-52b) that the photophysical anisotropy factors in eq. (3-4)
2 2
are <cos §> and <cos n>.

On the other hand, [SlmTl'ﬁ

]

int depends on the alignment
of optical system for the measurement. For the alignment in
which the planes of polarizer and analyzer are parallel to the
ca-plane of the oriented sample as shown in Fig. 3-1, the inci-
dent exciting polarized light and the fluorescence can both be
divided into two components, that is, one is parallel to the
c-axis and the other is parallel to the a-axis. Then one can
give the followiné equations for the amplitudes and the vibration
directions of the two components, using the symbols defined in

Chapter 2.

For the incident exciting light,

a,, = cosa,y (3-5a)
ai2 = sina1 (3-5b)
and
= (o .B) = 3-6
pl_l (allBl) (0,0) ( a)
= (o B = . 3-6b
Pq_o (al,Bl) (r/2,0) ( )
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Exciting
light l

>

Polarizer orescence

Sample Analyzer

Fig. 3-1. Optical system for measuring the polarized
components of fluorescence intensity from a uniaxially

oriented sample.

For the fluorescence,

afl = cosa2 (3-7a)
af2 = 51nu2 (3-7b)
and
1 '
P,y = (0y,B,) = (0,0) (3-8a)

n "

Py , = (0,,8,)

(m/2,0) . (3-8b)
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Therefore, using egs. (2-49), (2-50), and (2-51), we have

[S00T00) it = 4779 (3-9a)
2
15,0T00) ine = (47/ 9/5) (3cos o, = 1) (3-9b)
2
[SooTa0)ine = (47/ 9v/5) (3cos a, = 1) (3-9¢)
[S. T. 1. . = (4n/45) (3cos a, - 1) (3cos’a. - 1 (3-94
207207 int i cos”a, cosa, ) -9d)
[521T2i]int = [S2iTZl]int = -(2w/15)51n2a131n2a2
D
X [ cos§.cos$ _ dl/D (3-9e)
i £
0
[S..T.=] = [S.=T..1 = (21/15)si 2y sin? (3-9f)
22722 int 227 22%int Sih a,Sin @, .

The birefringence effect due to the optical anisotropy of the
medium is expressed in the term, [S2lT2i]int' and this term is
ineffective when P, and/or]p2 coincides with one of the principal
axes of the anisotropic medium.

Let us write the birefringence term ISCOSSicosdfdl/D in a
more condensed form. For the wavelength of exciting light, Ai,
and that of fluorescence, Af, the relative phase differences 6i

and Gf between the two components of each light are given by

o
I

2w Anil/ki (3-10)

[e3)
1

27 Anf(D - 1) /A (3-11)

f 14
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where Ani and Anf are the birefringences (nc—na) for the wave-
lengths ki and Af, respectively (nc, na: refractive indices in
the directions of the principal axes c¢ and a). Therefore the

birefringence term can be calculated as

JZcoséicoséf dl/p = (AisinAi - AfsinAf)/(Ai2 - Afz) , (3-12)
where

Ai = 27 AniD/Ai (3-13)

Af = 27 AnfD/)\f . (3-14)

3-3. Experimental Verification for Uniaxially Stretched

Polymer Films

In order to verify the validity of the equation for the
polarized fluorescence intensity in the uniaxially oriented
system, the experiment was carried out by using uniaxially
stretched polymer films in which fluorescent molecules were
dispersed.

Poly(vinyl alcohol) (PVA; average degree of polymerization
500) was dissolved in water containing a fluorescent stilbene
derivative (Whtex RP; Sumitomo Chem. Co.) as shown in Fig. 3-2.
The film specimen (PVA-RP) was prepared by casting the solution
onto a glass plate at 50 °C. The concentration of the fluo-
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@—NHCOHN-@-HC=CH-©-NHCOHN —@

SO,Na Na0,S

Fig. 3-2. Fluorescent compound of stilbene derivative (RP).

04}
—c-—czicempy——0
0.3¢
[+ 4
0.2t
0.1f
011- L Laess o 3 o | P 1 | P 1
162 10 16 10°

«— Concentration of RP in PVA Film (mol/l)

*)
Fig. 3-3. Fluorescence anisotropy ratio versus concen-

tration of RP in PVA film. ( * See eq. (3-17) and Note 2).)

rescent molecule in the film was controlled at about 1 X 10-4

mol/1. ( It was confirmed that the fluorescence depolarization
by energy migration due to high concentration effect was not
caused at this concentration. See Fig. 3-3. ) The sample of
uniaxially symmetrical orientation was prepared by the free
width uniaxial stretching in which it was drawn at 100 °C in

heated air and cooled quickly to room temperature.
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Now, let the c~ and the b- axes of the sample coordinate
system O-abc be the stretched axis and the axis perpendicular
to the plane of film surface, respectively. Then, using the
optical system shown in Fig. 3-1, one can observe many polarized
components of fluorescence intensity by rotating the oriented
sample about the b-axis for various angular alignments of the
transmission axes of polarizer (pl) and analyzer (pz). When the
oriented sample is rotated about the b-axis from the initial
position where the c—axis is parallel to pl, the angle of rota-

tion is equal to o Let Icc be the polarized component of

1"
fluorescence intensity when the axes pl and p, are both parallel
to the c-axis, i.e., ul=a2=0, and Ica be the component when pl
and p2 are parallel to the c- and the a- axes, respectively,
i.e., al=0 and a2=n/2. Iaa and Iac can be similarly defined.

The fluorescent molecules were excited by the 365 nm line
of a mercury arc lamp, and the fluorescence was detected through
a cut-off filter (SC-42, Fuji Film Co.) with a cut-off wave-
length of 420 nm.

In order to verify the applicability of eq. (3-4) to uni-
axially oriented system, let us take the following procedures:
1) The photophysical anisotropy factors, <coszé> and <coszn>, of
the fluorescent molecule RP were estimated. 2) The estimation

5
of the second and fourth moments, <cos w> and <cos4w>, of

molecular orientation distribution was carried out in terms of
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eq. (3-4) by using the observed values of the three principal
components of fluorescence intensity (Icc' Ica' and Iaa).

3) The birefringence was measured by means of a polarizing
microscope (Nikon POH, Nihon Kogaku Co.), and the value of
fgcoséicoséfdl/D was calculated from egs. (3-12)-(3-14). For
this calculation, the following values were adopted; Ai=365 nm,
and Af=435 nm since the maximum peak of the fluorescence spec-
trum of the compound RP in PVA film was at 435 nm. The wave-
length dispersion of birefringence was disregarded. 4) Many
components of observed polarized fluorescence intensity were
compared with the corresponding values calculated from eq. (3-4)
by using the values estimated in the procedures 1)-3).

When a prameter Bl) defined by

B = (Icc + 2Ica)/(1cc + ZIac) (3-15)

was estimated for PVA-RP films stretched at various draw ratios,
it was independent of the extent of elongation and nearly equal
to unity. Equation (3-15) can be rewritten by using eq. (3-4),

as follows;

5/2 5/2

1 low 200 1 16T 000
B = (= + ——mM = —
3 5 C20Mo00’ /5 Y T5 T oMo
2 2 2 2
_ 1 3<cos 8> -1 3<cos w> -1 1 3<cos n> -1 3<cos w> -1
= (z + ) /(5 +
2 2 2 2 2
(3-16)
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Hence, from the result of B = 1, the anisotropy of light absorp-
tion and emission of the fluorescent molecule RP can be consid-
ered to be nearly equal. Then the photophysical anisotropy
factors were evaluated as <c0526> = <coszn> = 0.951 from the
fluorescence anisotropy ratioz) of unstretched PVA-RP film, R _,

0
which is defined by

= - +
RO (Icc Ica)/(Icc ZIca)

2 3<cos26> -1 3<coszn> -1
5 2 2 :

(3-17)

Figure 3-4 shows the result of measurement of the polarized
components of fluorescence intensity for the PVA-RP film
stretched uniaxially to 20 % elongation with free width. The
birefringence, An, of this film is 0.196 x 10._2 for the Sodium-D
line. The thickness of the film, D, is 0.123 mm. The value of
fgcoséicosﬁfdl/D was estimated to be -0.457 from the retardation,
242 nm (= AnD). The second and fourth moments were estimated as
follows: <cos2m> = 0.400 and <cos4w> = (0.258. Figures 3-4a,
3-4b, and 3-4c show the results of the verification for the

three cases; a) o, = 0., b) a, = a, + /2, and c) a_, = o, + n/4,

2 1 2 1 2 1
respectively. Observed fluorescence intensity is in good agree-

ment with the curve calculated by eq. (3-4) according to the

above mentioned procedures. In these figures, the calculated
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curves disregarding the birefringence effect due to the optical
anisotropy of the polymer medium are also shown by the broken
lines, in order to clarify the birefringence effect. It is
clear that the polarized fluorescence intensity is affected very
remarkably by the optical anisotropy of the medium.

Similar experimental verifications were carried out for
other uniaxially oriented PVA-RP films stretched to higher
elongation, and the results were also explained reasonably.

Moreover, such verifications were carried out for uniaxially
stretched poly(vinyl chloride) (PVC) films containing stilbene
derivative -SW.3) The observed polarized components of fluo-
rescence intensity from the oriented PVC-SW film were also in
good agreement with those according to eq. (3-4), as shown in
Fig. 3-5.

It can be concluded from these results that the equation
of the polarized component of fluorescence intensity is valid
for the application to the optically anisotropic system of
uniaxial symmetry and that the obtained values of the moments
of molecular orientation distribution are also reliable.

From the fact that the observed fluorescence intensity is
in agreement with the one given by eg. (3-4), the broken line
curves shown in Figs. 3-4 and 3-5 characterize distinctly the
true type of molecular orientation. Accordingly, when we esti-

mate the molecular orientation from the angular distribution of
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the polarized components of fluorescence intensity, we should
remove the contribution due to the effect of the optical aniso-
tropy of the medium from the observed intensity according to

the theoretical formula derived in this discussion.

Effect of Wavelength Distribution of Detected Fluorescence:

For the calculation of fgcoséicoséfdl/D in the above men-
tioned experimental verifications, one representative wavelength
of fluorescence (i.e., Af = 435 nm for PVA-RP, 442 nm for PVC-
SW) was used disregarding the wavelength distribution of detected
fluorescence light. The deviation from the calculated curves
(i.e., solid lines as shown in Figs. 3-4 and 3-5) due to such an
effect was taken into account for PVA-RP and PVC-SW samples
given in Figs. 3-4 and 3-5, respectively.

The fluorescence spectra of PVA-RP and PVC-SW films through
the sharp cut-off filter (SC-42) are shown in Figs. 3-6a and
3-6b. For the oriented samples having the retardations (AnD) of
242 nm and 486 nm, the birefringence term fgcoséicoséfdl/D for
the fluorescence wavelength (kf) is calculated and plotted
against Af in Fig. 3-6c¢c. The right vertical axis shows the

maximum differences between I( l)k and I(al) , and between

. . 5 Mg a2 435
I(1) and I(°1) , where I( 1) is the polarized fluorescence
o, Af a2 442 5 Af

intensity obtained when measured monochromatically at the wave-

QL Q QR QR

length Xf. (Here, let I(g), i.e., Icc be unity.) The maximum
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differences are given by the set of o) = a, = n/4 (see eq. (3-
9e)).

It is noted in Fig. 3-6 that the deviation caused by
neglecting the effect of the wavelength distribution is less
than a few percent and in practice the angular distribution of
polarized components of fluorescence intensity can be treated

with the wavelength at the maximum peak of detected fluorescence

spectrum.

3-4. Fluorescence Polarization in Biaxially Oriented Systems
Let us apply eq. (2-48) to the case of biaxial orientation
distribution.
Now, let the orientation distributions of the K-, L-, and
M- axes of fluorescent probes in the sample coordinate system

O-abc have a symmetrical property of the point group D Then

2h’
the ab-, bc-, and ca- planes of the sample are three mutually
perpendicular mirror planes. Such a molecular orientation
distribution may be found when polymer films are deformed in

orthogonally biaxial stretching.

When the molecular orientation distribution has such a

£ mn

symmetry, the coefficient Ml'm'n'

characterizing the molecular

orientation has the following relationships,

=0 for mtm' ¥ even (3-18)
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and

_ m n _ .2 m n
= Mllmlal - Mllalnl*
4 mn '3 m n £ m n
g'm'n' Mllalﬁl = Ml'm'n'* (3-19)
_ 2 m n £ mn
- Ml'ﬁ'n' = lemlnl*

The above equations can be derived by utilizing the symmetrical

properties of the generalized spherical harmonics ¢ (Q). (see

fmn
egs. (AI-2) and (AI-3) in Appendix I.)

If the photophysical anisotropy of fluorescent probes used
here is quite high and the coefficients Gln and Hl'n' have the
symmetry given by egs. (3-2) and (3-3) as treated in the uni-

axially oriented system, then the general equation (2-48) for

the polarized fluorescence intensity can be simplified as

follows;
1(]pl) el ke V) {@2a+D@y+ Y2 s 1, 0
P - % gm 2 'm' int
2 L m
Q,'m'
m O
* GQOHQ'O 2'm'0 (3-20)
(m+ m' =even, & and &' = 0,2 ) .

. 2
Since the imaginary part of M oo

2'm'n’ must be zero from eq. (3-19),

the orientation factors constituting eq. (3-20) are the coeffi-
Cients given by egs. (2-54a)-(2-54i) and are the functions of
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. 2 4 . 2
the five angular averages, <cos w>, <cos w>, <sin wcosz2¥>,
. 4 . 4 . 2
<sin wcos2¢>, and <sin wcos4¥>. The angular averages <sin w

. 4 . 4 .
*cos29>, <sin wcos2y>, and <sin wcos4%> can be rewritten as

2
<sin2wcos2?> 2<sin2wcos29> + <cos w> -1 (3-21a)

<sin4wcos29> = 2<sin4wc0529> - <cos4w> + 2<coszw> -1 (3-21b)

. 4
<sin4wcos4?> 8<sin4wcos4¢> - 8<51n4mc0529> + <cos w>

- 2<coszm> + 1, (3-21lc)

so that the polarized component of fluorescence intensity from
the biaxially oriented system depends on the second and fourth

. 2 4
moments about the c-axis (<cos w> and <cos w>), the second and

. . 2 2 . 4 4
fourth moments about the a-axis (<sin wcos ¢> and <sin wcos ¢>),
. 4 2

and another fourth order average <sin wcos ¢>.

The coefficient [S,6 T ]

omTetm is dependent on the optical

int
system employed for the measurement. In this treatment of
biaxially oriented system, the polarized components of fluo-
rescence intensity are calculated in an optical system as shown
in Fig. 3-7, where the directions of incident beam and fluo-
rescence observation are at angles ei and ej’ respectively, from

the c-axis. These directions are in a horizontal plane perpen-

dicular to the surface of the sample (ab-plane). When the
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Py \ 0?\
b/ / . Analyzer
Polarizer
\ Sample

Fig. 3-7. Optical system for measuring the polarized

components of fluorescence intensity from a biaxially
oriented sample. (A)-set: the a-axis is parallel to the
vertical axis, (B)-set: the b-axis is parallel to the

vertical axis.

a-axis of the sample is vertical to the horizontal plane, the
alignment of the sample is defined as (A)-set. In the alignment
for (B)-set, the b-axis is vertical to the horizontal plane.
For such an optical system, both the incident exciting light and
the emitted fluorescence light are divided into the horizontal
and vertical components in the optically anisotropic sample.

The amplitudes and the vibration axes of the two components
of the exciting light which propagates in the anisotropic medium

can be given by the following equations, using the same notations
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as defined in Chapter 2.

a., = sino
il 1

= o
and

(r/2 - 611' m/2) for

e}

I
)
>

—A
1}

1-1 1’71
= (W/z - eil/ W) for
" " = (ﬂ/2l O) for
P,_, = (a ,B.) {
1-2 1 le (2, 1/2) for

(3-22a)

(3-22b)
(A) -set

(3-23a)
(B) -set
(A)-set

(3-23b)
(B) -set ,

where the subscripts 1 and 2 of a; and pl denote the horizontal

and the vertical components, respectively, and

eil is the

refraction angle for the horizontal component of incident light

from the air into the anisotropic medium.
Similarly, the following relations can be
two components of the fluorescence coming from

medium into the air.

afl = SanL2

af2 = COSO.2

and

-56-
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(3-24a)

(3-24b)



. ' ' = (/2 - ell m/2) for (A)-set
Py q = (“2'82) { (3-25a)
= (n/2 - 61, ) for (B)-set
" " { = (n/2, 0) for (A)-set
Y,_, = (a_,B,) (3-25b)
22 202 = (n/2, w/2) for (B)-set ,

where 61 is the incident angle for the horizontal component when
fluorescence beams enter the air from the anisotropic medium.
Using egs. (3-23) and (3-25), one can calculate the coeffi-

(3) g oD

m e'm’ (j =1,2,3) from egs. (2-50) and (2-51).

cients S
Moreover, by substituting the result of these calculations and

egs. (3-22) and (3-24) into eg. (2-49), [ ] can be

SlmTZ'm' int

calculated in an explicit form. 1In the case of oblique incidence
of a light beam, however, the effect of the transmittance or the
reflectance of light energy must be considered, since the pro-
portion of light energy transmitted through the surface of the
sample is, in general, different between the horizontal and the
vertical components. Therefore, in order to correct such an

effect, the following equation should be utilized here instead

of eq. (2-49).

[SlmTZ'm']int
P 2 (1) 2 _(2) (3)
- JO (T123;1 Sgm * To2ip Spp + 2T54231235°088; Spp)
vo2 1) o2 (2) ' (3)
(Tlafl Tovmt ¥ Tolgy Tpipe t 2Tavaf1af2cos<3f Ty i) 4L/D 4
(3-26)

-57-



where

cos{(eil+ei2)/2}

( Tl = nsltl (3-27a)
cos B,
i
cos{(0,.+6,.)/2}
] _ il i2 2
ﬁ T2 = n52t2 (3-27b)
cos 9,
i
cos{(0, +6. )/2}n _ +n
k T - il i2 sl s2 £t (3-27¢)
av 172
cosB, 2
i
and
. cosB, 1 'y
(T, = J £ (3-28a)
cos{(61+62)/2} ng (1)
. cosf. 1 ,
ﬁ o = j t22 (3-28b)
cos{(61+62)/2} D (2)
. cosf . 1/n + 1/n v
LTaV = J s(1) s(2) £t - (3-28¢)
cos{(el+62)/2} 2

The notations (6i 6..), (nS

17°%i2 ), (tl't2)’ and (Tl’T2) denote,

1'%2
in turn, the refractive angles, the refractive indices of the
anisotropic medium, the amplitude transmission coefficients, and
the transmittances of light energy for the two components of
incident exciting light. Similarly, (81,6

), (n )y

2 s(1) "Ms(2)

] ]
(tl,t2), and (Tl’Tz) denote, in turn, the incident angles, the
refractive indices of the anisotropic medium, the amplitude

transmission coefficients, and the transmittances of light energy
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for the two rays of fluorescence from an emitting oscillator Fi
in the anisotropic medium. These values can be determined by

the principal refractive indices, na, n, , and nc, of the aniso-

b

tropic medium, as shown in Appendix I.

The result of the calculation of [SlmTz'm']int for the case

of (A)-set can be given as follows:

]

2
cos o)

. 2
(4ﬂ/9)(Tls1n al + T2 1

[500T00% int =

1 2 1
x (T,sin"q. + T

2
1 P PECE uz) (3-29a)

[ = (an/ 9J§){Tlsin2a (3sin’6,
1 i

2
S2OTOO]int -1) - T_cos al}

1 2
vro2 ! 2
X (T151n o, + T2cos az) (3-29b)
[s. T .1 = (4w/ 9/?5(T sinza + T cosza )
00 20 int 1 1 2 1
X {T'sin2 (3sin26 -1) - Tlcos2 } (3-29¢)
1 % 1 2 % c

2 2
s _ . .
[ T, ] (4ﬁ/45){T181n al(3s1n ei

2
20720 int -1) - TycosTa,}

1 2

-1) - T coszaz} (3-294)

X {T'sin2 (3sin26
1 % 1 2

[S..T

_ = _ *
21721 ine = 521721 ine

]
= (‘2ﬂ/l5){(TlT sinzu sinza sin26i

1 1 2 s1n28l

1
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+ TaVT;Vsin2alsin2u2sin6ilsinelJZcosGicoséfdl/D)
] 2 D
+ i (TaVTlsinZalsin GZSineilSinzelIOCO56idl/D
' D

. 2 . . .
- T,T_ sin ulsln2u251n29i181nelfocoséfdl/D)}

] = [s_ =T_.]

- *
[S5,T53 it 237227 int

2 2
cos eil - T2cos al)

. 2
(2ﬂ/15)[{(T151n oy

vo2 2 ! 2
X (T151n a.,COS eil T2cos a2)

D
)
+ . .
TaVTaVs1n2als1n2a2coseilcoseljocoséicoséfdl/D}

1 2

r2 2 N
+ i . . _
1 {Tav51n2alcoseil(T sin ¢ .,COS 91 Tzcos az) 0

(3-29e)

cosﬁidl/D

D
' . . 2 2 2
- Tav51n2a2cosel(Tlsln Q. cos ei T2cos al)f cosdfdl/D}]

1 1

0

= _7 - *
(S35 20 int = 1523725 ine

. 2 2 2
= (2w/15)[{(T151n 0., COS eil T2cos al)

1

2 2 2
x (T151n 0..COS el T2cos a2)

2
\ D

TavTav51n2a151n2a2coseilcoseljocosdicoséfdl/D}

. . ' 2 2 ! 2
+ -
i {TaV51n2a coseil(T151n a,Cos el T2cos az)f

1
D

D

0

(3-29f)

coséidl/D

' . , 2 2 2
+ TaV31n2a cosel(T sin“q. cos ei Tzcos al)f coséfdl/D}]

2 1 1 1

0
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15517217 ine = [557%07) ine*
= (-27/15) {(T T'sin2a sinza sin2g,_sin2¢
171 1 2 il 1
' D
- TavTavsinZQISin2uzsineilsinelfocosGicoséfdl/D)
! 2 D
+ i (TaVTlsin2alsin azsineilsin2elfocoséidl/D
1 2 D
+ TlTaVsin alSinZQZSinzeilSinelJOCOSGfdl/D)} {3-29h)
1552T00d int = 15237001 int”
! 2 ! 2
= (—2ﬂ/3)¢571§-(Tlsin a2 + T2cos a2)
2 2 2 P
x (Tlsin alcos eil - T2cos oy + i Tavsin2alcoseilJOcosdidl/D)
(3-291)
[S00T221int = 5007230 1nt”
= (—2ﬂ/3)V37I§ (T sinzu + T cosza )
1 1 2 1
! 2 2 ! 2 ! D
X (Tlsin azcos 61 - T2cos az + 1 TavSinzaZCOSSlJOCOSGfdl/D)
(3-297)
($22T20 sne = 15237207 int”
= (—2W/15)/E7§ {T’sinza (3sin26 -1) - T'cos2a }
1 2 1 2 2
2 2 2 ) b
X (Tlsin alcos eil - T2cos al + i Tavsin2alcoseilfocoséidl/D)
(3-29k)
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—_ - *
(S50 221 int = 15207230 int

= (-21/15)/2/3 {Tlsin2u1(3sin2ei -1) - T coszal}

1 2
D
X 'sin? 26 - T' sza + i T' sin20_cos9 cos6 _dl/D)
(T;sin-a,cos 0, - T,cos o, av 250571 °°%%¢

(3-291)

Equations (3-29a)-(3-291) are also applicable to the case of

_ . +l= -
(B)-set, except that the sign of [SlmTz'm']int for m+m'=2 and -2

is opposite for the case of (B)-set, that is, [SQmTl'm']int ((B)-

= - - £ +m'=2 -2.
set) [SzmTl'm']int ((A)-set) for m+m and -2
Practically, we need only the real part of [SQmTl'm']int'
since the imaginary part of the coefficient Milg,g should be

equal to zero from eqg. (3-19). Therefore, we can find the bire-

fringence texrm, fgcosdicosdfdl/D, in [S [S,.T

227T23!

21721 ine int’
[822T22]int’ and [S2lT21]int' The birefringence effect is absent
when the transmission axis of polarizer and/or that of analyzer
coincides with the vertical or the horizontal direction. fgCOSGi

'coséfdl/D can be given by uéing egs. (AI-13) and (AI-14) in

Appendix I, in the following way:

D
_ . _ . 2 2
[o coséicosdf dl/p = (Ai51nAi AfsunAf)/(Ai - Af Y . (3-12)

where for (A)-set,
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_ 2 .2 2 . 2

A, = —XT_—?T_( n yéa -~ sin ei - nblvéc - sin ei ) (3-30)
_ 2 .2 /2 . 2

Af X (n \/ﬁa sin ej - ny n, - sin Gj )+ (3-31)

and for (B)-set, the principal refractive indices, n_ and nb,

must be exchanged.

3-5. Experimental Verification for Biaxially Stretched

Polymer Films

In order to verify the validity of the equation of polarized
fluorescence intensity in the biaxially oriented system, the
experiment was carried out by using a biaxially stretched
poly (vinyl alcohol) film in which fluorescent probes RP were
dispersed. The PVA-RP film was prepared by casting the solution
in the same way as described in the previous section. The
biaxial stretching was carried out at 100 °C by the apparatus
for orthogonally biaxial stretching (Iwamoto Seisakusho Co.,
Ltd.). The sample film was stretched uniaxially with fixed
width, then it was subjected to a secondary stretching along the
axis perpendicular to the first stretching axis. Here, let the
axis with the larger refractive index of the two stretching axes
of the film be the a-axis and the other be the b-axis. Accord-

ingly, the c-axis is defined as the axis normal to the surface
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of the film. The measurement of the polarized components of
fluorescence intensity were carried out for two kinds of align-
ments of the optical axes with respect to the surface of the
film, that is, 6i=6j=o° and ei=6j=60° in the optical system
shown in Fig. 3-7. On the other hand, the principal refractive
indices (na, nb, and nc) were measured by using an Abbe refrac-
tometer, and a polarizing microscope was also used for the
measurement of the birefringence in the ab-plane, i.e., na - nb.
The equation of polarized fluorescence intensity in the
optically anisotropic system of biaxial orientation can be
verified experimentally in the same manner for uniaxially
oriented films. The five moments of molecular orientation
distribution, <coszw>, <cos4w>, <sin2wc0829>, <sin4wcos49>, and
<sin4wcosz9>, were determined from eq. (3-20) by using the
observed values of several components of fluorescence intensity
unaffected by the birefringence effect. In those cases the
transmission axes of polarizer and analyzer were either in the
vertical or the horizontal direction, i.e., al=0 or m/2 and
a2=0 or T/2. For the calculation, 0.951 was adopted as the
factors of photophysical anisotropy of the fluorescent probe RP,
i.e., <c0525> = <coszn> = 0.951. Many components of observed
polarized fluorescence intensity were compared with their

corresponding values calculated from eg. (3-20) by using the

previously estimated five moments. For this purpose, the bire-
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fringence term fgcoséicosdfdl/D must be determined beforehand
from egs. (3-12), (3-30), and (3-31) by using the values of
principal refractive indices.

Figure 3-8 shows the result of measurement of polarized
components of fluorescence intensity for PVA-RP film which was
stretched to 76 % elongation on the first stretching and to 26 %
elongation on the second stretching. The first and second
stretching axes of this film correspond to the a-~ and b- axes,
respectively, and three principal refractive indices for the
Sodium-D line are na = 1.5263, nb = 1.5202, and nc = 1.5155.
The thickness of the film, D, is 0.120 mm. The values of five
moments were determined as follows; <coszw> = 0.166, <cos4w> =
0.060, <sin2w00529> = 0.539, <sin4w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>