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1. Introduction and Theoretical Background

It is already well established that the knowledge
and understanding of molecular orientational proper-
ties are very important in various domains of ad-
vanced material sciences. For instance, polymer
fibers, liquid-crystal “smart” windows, phase or in-
terferential or polarizing filters, holographic gratings,
and electrical (ferro-) or optical (chiro-) switches are
typical materials where the control of the molecular
orientations does play a fundamental role in the
measured properties and potential applications.

During these past decades, infrared (IR), Raman,
and inelastic neutron scattering (INS) vibrational
spectroscopies have been extensively used, and they
are among the few nondestructive, very sensitive
techniques which afford a lot of information at the
molecular level: this stems from the inherent direc-
tional nature of the incident photons which are
propagating along a fixed direction and are often
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polarized in the normal plane with respect to that
direction; the transmitted or scattered photons are
thus collected and selected in a precise direction. A
correct understanding of the interaction mechanisms
between the polarized beams and a measurement of
the energy exchanges in absorption—reflection (IR)
or in scattering (Raman, INS) processes are thus
necessary to carry out such spectroscopic studies.

Here, our purpose will be first to recall some basic
knowledge, concepts, and experimental cautions to
keep in mind in order to perform precise macro- and
micro-Raman polarized experiments and accomplish
the related data treatments. Then, we shall concen-
trate on the most probable orientational molecular
distribution functions and their construction from
polarized Raman data obtained on thin films of
macromolecular materials possessing either uniaxial
or biaxial symmetry properties. As illustrative ex-
amples, we shall discuss some results for various
macromolecular systems and azo-dye containing
polymer films, with most results being extracted from
literature data or from recent studies performed in
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Figure 1. Traditional 90° geometry in Raman scattering.

our laboratory. In the former cases, the more impor-
tant data will be extracted from macro-Raman ex-
periments; they will be correlated with theoretical
considerations about deformation schemes suggested
in polymers. Also, it will be shown that direct
spectroscopic methods using internal calibrations can
be successfully applied to polymer systems of indus-
trial interest. In the latter cases, emphasis will be
put on the relative intensity and polarization mea-
surements in micro-Raman spectrometry; also, the
additional performances of a confocal Raman instru-
ment will be underlined for the investigations of in-
depth sectioning polymer structures and for the
possibilities to perform new measurements with a
quite reasonable radial resolution at a micron or
submicron level, that is, at the diffraction limit.

According to Placzek (as early as 1934!) the col-
lected intensity in Raman scattering is described by
the general formula'~

IRaman(mn)

~ KIOZ|(aij)mn|2 ~ Klglegoe * dQ (1)
]

where we have made use of the following simple
notations: K ~ CNg(vs)* ~ CNo(vo & Avg)* with Ng
the density in the scattering centers, Iraman,, IS the
scattered energy per unit time (intensity) collected
within the solid angle dQ for the vibrational transi-
tion from state m to state n, and |y is the energy per
unit surface and time (irradiance) of the incident
laser excitation on the sample. The unit vectors e
and e, define respectively the direction cosines of the
electric fields for the exciting and scattered radia-
tions, and «jj are the derivatives (with respect to the
normal coordinates) of the molecular polarizability
tensor elements due to the induced dipole in the
interaction with the electromagnetic field. Note that
the induced dipole is often written in matrix notation,
¢ = [a]E, and that the boldface characters are here
reserved only for vectors and matrices.

1.1. Laboratory System Axes

First, one must recall that the tensor expression
is dependent on the coordinate system, and in the
traditional “90° geometry” setup shown in Figure 1
we may write
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Oxx Oxy Oxz|[1]]2
Kleqoey|” = K{ (001)|ayx Oy Oyz [0} =

Ozx Ozy Ozz[\1

2
K(ozx + az7)" (2)

Then, using an analyzer located on the scattered
beam, we may discriminate between the polariza-
tions,

either in the horizontal analysis,

IRaman = K|(azx)2| = lyyorlg (3)
or in the vertical analysis,
IRaman = Kl(azz)zl = IW or III (4)

1.2. Molecular Reference System

The direct system of axes X, Y, Z (Figure 2)
represents the laboratory system, but it is first
necessary to work in the reference axes (x, y, z) of
the molecular system. The transformation from one
coordinate system to another one is carried out with
the help of the three Euler angles, (6, ¢, v) defined
in Figure 2, using the general relation

[aXYZ] = [Ttaxsz] (5)

where

CosS 0 CosS ¢ COS P — —C0S O cos ¢ siny —  sin 6 cos ¥
sin ¢ sin y sin ¢ cos
cos@singcosy + —cos@singsiny + sin@siny
cos ¢ sin i COS ¢ COS Y
—sin 6 cos y sin 6 sin y cos 6
(6)

and Tt denotes the transposed matrix. Therefore, for
any isotropic or anisotropic medium we must consider
averaged orientational quantities in the following
general scattering intensity expression:

- 2 1 ron 21 +1
IRaman(I,J)"’ |104\]) ng 0 dl/)j;) de f,l X

d(cos 6) F(y,@,cos O)[T'aT]* (7)
Under these conditions, the orientation distribution

function normalized (to 1.0) with respect to the total
number of scatttering centers is defined according to

[[[F©) do =é iy [Pdg [ x
F(y,p,cos 6) d(cos 6) = 1.0 (8)

and we directly retrieve the expressions for the usual
cases of uniaxial symmetry:

(i) for a general uniaxial system (whatever ¢)
F(y,0,0) = F(y,0) and

%T “dy [ F(y.cos 6) d(cos 6) = 1.0 (9)
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Figure 2. Definition of the three Euler angles.

(i) for a uniaxial system containing rodlike
molecules of cylindrical symmetry (whatever )

F(0,0,60) = F(0) so that
% [ F(cos 6) d(cos 6) = 1.0 (10)

(iii) finally, for a totally isotropic system
(whatever 6)

F(0,00)=1.0 and % [F(0) d(cos 6) = 1.0 (11)

1.3. Application to a Simple Case Example

First, we consider the analytical intensity expres-
sions Ig = lzxy and I, = l(zz) for the totally symmetric
vibrations of a population of cigarlike (cylindric)
molecules distributed in a system of uniaxial sym-
metry; their molecular polarizability tensor is

a, 0 O
(axyz) = 0 al 0
0 0 o3

According to eq 7, we calculate the orientational
averages [ozx)?0Oand [ozz)?Oand obtain

(0zx) = cos ¢ sin O cos 6(a; — ag) and

2
mazx)ZD: E(al - OL3)2

leading after integration to
1, 2 2
lzx) ™ E(al + a3 — 20404),
(0yy) = (0, sin® 6 + acos® 6), and (12)
EGaZZ)ZDZ %(8&12 + 3(132 + 4(11(13)2
leading similarly to
L2 2 2
lzz) ~ E(&ll + 305" + 40,05) (13)

From these expressions the theoretical ratio or “de-
polarization ratio” of the scattered intensities is

_ _ 2 2
Plin = I(ZX)/ lzz) = I(VH)/ lw) = (0" + 05" — 20405)/
(8(112 + 3(132 + 4a,05)
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or equivalently

pin = (r* — 2r + 1)/(8r* + 4r + 3) where
r=(oy/as) (14)

Finally, it is easily checked that this depolarization
ratio may take the remarkable values equal either
to Y (when ay > ag, i.e., when r > 1.0) or to ¥/3 (when
a1 < ag, i.e., when r < 1.0); these values are some-
times encountered in resonance Raman studies, since
they are characteristic of electric dipolar allowed
electronic transitions polarized in a plane (2D dimen-
sion) or along a single direction (1D dimension),
respectively.

2. Gas and Liquid Samples: Invariants of the
Second-Order Raman Tensor

2.1. Depolarization Ratio in “Linear” Experiments
(ptin)

Using a classical 90° geometry Raman setup (Fig-
ure 1), it is important to get an estimate of the
depolarization ratio, pjin = lvu/lyy or Ig/l;, in an
isotropic medium under “ordinary” spontaneous Ra-
man conditions (outside resonance) in order to de-
termine the symmetry of the modes responsible for
the Raman activity. Generally, one may discriminate
between two situations: pjin < %/4 (or equal to 0.0 in
cubic symmetry) for the totally symmetric vibrations;
piin = %/, for the nontotally symmetric modes.

In contrast, under resonance Raman conditions it
is noteworthy that p;in may take a different value. So,
its variations with respect to the excitation laser
energy will provide additional information, since the
symmetry properties of the resonant electronic state(s)
along with the symmetry of the vibronically coupled
different electronic states play a great role in the
selection rules.

2.2. Three Invariants of the Raman Tensor

One must first recall the general “symmetry rule”:
the relevant quantities concerning a rotational aver-
age for randomly oriented species (in a solution or a
gas phase) must obviously be invariant with respect
to the rotation symmetry; they belong to the irreduc-
ible representations of the rotation spatial group
(without inversion), the R3 group, similar to the
“angular momentum” atomic functions.

According to Fano and Racah,® any polarizability
tensor a,, (where p, 0 =X, Yy, or z) is defined by three
irreducible tensors a(0), a(1), and a(2) corresponding
in rotational behavior to the spherical harmonics
Y(Dm, with | = 0, 1, or 2, respectively, and m taking
(21 + 1) values, since —I < m < +I. Therefore, the
various components of these tensors are

that belonging to the totally symmetric

representation
1
- _(axx + ayy + azz) (15)
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those belonging to the same representations as
the components of the dipolar magnetic
momentum operator and transform according to
the rotations R, Ry, and R,, respectively

1 . .
(1(1)+1 == z(axz — 0yt 10y, — I(’*zy)

(1), = é(axy ~ay)

a(l),=— %(axz 0 T iO”yz + iazy) (16)

and those that transform as the components of
the quadripolar momentum operator, that is,
as the five “d” atomic orbitals

0(2)1 = 50 = 0y + 0t + )
a(2),, = %(axz — ay + o, + o)
(2), = %(2% — oy~ 0t)

a2)_, = %(axz T 0ty — ity — i0ty,)

a(2)_, = %(axx Oy T io*xy - I(lyx) (17)

From the above quantities, the three tensor invari-
ants are straightforwardly defined:*~4

(i) The isotropy
G° (or £°%) = |a(0),> = 36° (18)

where 62 = Yo + ayy + 0z7)? is the mean polariz-
ability.

(i) The symmetric anisotropy

G® (or 22) = Zja(2),? = Yy (19)

where ys2 = 5((0xx — Oyy)? + (Oyy — 02)? + (022 — 0xx)?)
+ 3a((0y + Ayx)? + (07 + 0zy)? + (0zx + 0xz)?)
(iii) The antisymmetric anisotropy
G (or &) = Za(l),* ="1ya" (20
With ya2= 3/4((0hy — a)? + (Cyz — 0zy)2 + (Olzx — Gxr)?).
To facilitate the calculation of the invariants in
terms of the tensor elements a,, , it is also very

convenient to define the two new “sum” and “differ-
ence” tensors

S = Y 20, ta,,) and A, = 1/2(OLP0 ~ %),
respectively (21)

We then arrive at the following simple expressions
for the three invariants:

G° (or £°% = 36% = ,|Tr(S)|?
G*® (or X?) = %/5ys® = Tr(S)(S") — G°
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G? (or ') = ?Iya® = Tr(A)(AY (22)

where the symbol “Tr” indicates the trace of the
tensor and the exponent “t” the transpose of the
tensor (or its Hermitian conjugate if o is complex).

2.3. “Average” Raman Intensities and
Depolarization Ratios

According to eqs 1—7, the Raman intensity is
proportional to the squares of the tensor elements,
but the elements must be averaged over all the
molecular orientations. In this respect, instead of
performing cumbersome calculations using the Euler
angles, these quantities are more directly calculated
with the help of the Clebsch—Gordan coefficients
(C1.5¥), as indicated hereafter:

&, ,°0= C, G (23)
k=0,a,s
conditions on 1,J k=0 k=s k=a
1=J 1/3 2/15 0
1=J 0 1/10 1/6

Under these conditions, the polarized scattering
components are

Iz & KB 7 0= K(Y34G° + 1,G?) =
(K/30)(3G® + 5G?)

hizz) ® KEI‘lzzzD: K(1/3GO + 2/1565) =
(K/30)(10G° + 4G®)

so that
Liotan = (Ig + 1) = (K/30)(10G° + 7G® + 5G?) (24)

The general expression of the depolarization ratio pjin
for the 90° geometry setup is

o —l0_ 3674560 _ 2y + Ulyys _
"l 10G° 4+ 4GS 3002 + 8y 2
3ys° + 574

4507 + 4y

(25)

and three distinct important classes of Raman scat-
tering processes can be distinguished:

Pure isotropic
G’=0;G°=G*=0
pin = 0 (Whatever is the value of G°)
Pure symmetric
piin = °1, (depolarized modes, whatever is G°)
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Pure antisymmetric

G*=0,G°=G*"=0
Piin =  (“inverse* polarized modes,
whatever is G%)

From an experimental point of view, the above
formulas deserve several comments:

() In the two above former classes of scattering,
“ordinary” or spontaneous Raman processes are tak-
ing place, whereas the third case applies to particular
resonance Raman conditions.

(i) Under “ordinary” Raman conditions the tensor
is always symmetric (o5 = 0a3,), so that the third
invariant G2 is equal to zero and neglected. There-
fore, any measurement of I provides direct informa-
tion on the relative value of the “symmetric anisot-
ropy”. So, the two following definitions and equations
are often used in Raman polarization studies:

Ianiso = ID (26)

and

iso — III - 4/3|ar'|iso (27)

Experimentally, it is obvious that the “isotropic” and
“anisotropic” Raman responses exhibit, in general,
quite different profiles (in intensity, maximum, half-
width). In particular, the half-width at half-maxi-
mum of the isotropic Raman component, Tis, (cm™1)
= (2zct )7, where 7 is the lifetime of the intermediate
state, is only a fraction of the broader anisotropic
component, Taniso. Actually, this latter profile is
governed by several molecular dynamical processes
(rotations, orientations, ...), and new information can
be extracted using the Fourier transform formalism
of the time dependent correlation functions.

(iii) From simple geometric arguments we may also
conclude that the antisymmetric tensor invariant G2,
which is effective under resonance Raman conditions,
cannot be determined by using a linearly polarized
laser beam; nor can new information be obtained by
varying the scattering angle. So, other experiments
must be performed using a circularly polarized
incident beam, for instance.®”

In conclusion, we have shown that an accurate
measurement of the depolarization ratio (pin) re-
quires cautious experiments in most situations, and
it is often worthwhile to carry out several checks
using various standard solutions (using the high
symmetry CCl, molecular liquid, for instance).

3. Crystalline and Amorphous Thin Films:
Polarization Measurements in “Macro-Raman”
Experiments

In contrast to the cases of the gas and liquid
disordered states, in which the molecules are ran-
domly distributed in space, another particular situ-
ation is that of an ordered single crystal where the
molecular orientations are fixed and totally defined
with respect to the crystallographic axes. In this
latter case many polarized Raman experiments can
be performed, by using generally accurate adjust-



3856 Chemical Reviews, 2004, Vol. 104, No. 9

ments of the incident and scattered electric field
directions with respect to the principal axes of the
refractive index ellipsoid (of wave normals). In these
spectroscopic studies of molecular crystals, such
measurements are well-known to afford a wealth of
relevant information.*

Hereafter, we shall focus our attention on another
kind of solid, the partially crystallized and/or amor-
phous polymer systems, in which some degree of
orientation and ordering is effective. Indeed, various
polymer samples which can be processed as thin films
are able to transform into strongly anisotropic and
partly oriented systems under mechanical (stretch-
ing) or photonic (irradiation) constraints: these
samples are then characterized by a distribution
function of the molecular orientations with respect
to one (or two) selected direction(s). So, in the
following we shall first recall the main expressions
and symmetry properties of the orientation distribu-
tion functions in uniaxial and biaxial systems. Then,
various results of vibrational studies performed on
application examples of such polymer sytems will be
presented, and finally, some theoretical consider-
ations related to the parameter order values and
molecular deformation schemes proposed in the
polymers will be discussed.

3.1. Series Expansion of the Orientation
Distribution Functions in Uniaxial and Biaxial
Systems

The development in spherical harmonics of any
distribution functions, in particular those depending
on the three angular variables (0, ¢, v), has first been
studied by Roe et Krigbaum?®® and by Bower et
al.,1°=13 who have proposed the following polynomial
series:

00 +I +I

F(5=cos 0,¢,y) = ,Z) > > VimnZimn(&) %

m=—| n=—1

exp(—i(mg + ny)) (28)

where the term Zmn(&) denotes the real generalized
Legendre polynomials, which, according to Rodrigues
formula, are

1 d

4+ YU 2 |
2'I!d§'(§ 1) (29)

Zlmn(g) =

with Zooo(§) = 1.0 and Zimn(§) = (—1)'Zimn(—§), and
the coefficients vimn are the ordinary quantities of the
spherical harmonics averaged over the considered
distribution:

1 pon p2n p+1
Vimn = R o Jo f—l FEo.v) Zlmn(g) X

exp(+i(mge + ny)) dé de dy (30)

Equation 30 can be applied to normalized as well as
to non-normalized Legendre functions, but the non-
normalized forms are more often reported in the
literature (see Table 1 in ref 14).1* Nevertheless, in
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this case the vimn coefficients are slightly different
(see numerical factors) and are defined by the fol-
lowing [P\mnexpression:

47°
P, [=—
Imn Nlmn Imn
where
21+ 1+ m)! (I — n)!
N.mn2=( ) ( ) ( ) 1 31)

2 (I=m)! (I +n)![m - n)?

Here, for simplicity, we shall consider only two
variables, the polar (0) and azimuthal (¢) Euler
angles. According to Nomura et al.,*® the orientation
distribution function is then developed in a series of
normalized and general spherical harmonics, as
indicated below:

00 +1 m

F(&=cos 0,90):;) > Qm[]© exp(=img) (32)
=0 m=—I |

where

1 m .
Qe =5_Jo S L FED]© exp(=ime) d(@) d(e)
|

1 (2| + 1)(I — m)!|¥?
= — | F,,.0 (33)
27\ 2 Ja+ m) ’
and
m © 1 (2| + 1)(I —m)! 1’2P "(cos ) (34)
p— R — CcO0S
|T| 27\ 2 Ja+myl

Under these conditions, the [FOparameters are
generalized orientational factors and the P,™(cos 0)
functions are the associated nonnormalized Legendre
polynomials of great interest:

() whenl=m

P,"(cos 0) = (1 — cos? )™? P,(cos 6) (35)

d(cos 6)
(iwhenl=m(=0,1, 2,..)
P,"(cos 0) = 1.3...2m — 1) sin™ 6 (36)

We thus arrive at the general expressions of the
orientation distribution functions:

In a biaxial model system we obtain
F(cos 0,¢) =

é .:%,,4 j 1[ (2| 2+ 1)

[F, /P, ™(cos 6) exp(—ime)p (37)

(- |m|)!)
(I + |mj)!
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In a uniaxial system, assuming m = 0, the
expression becomes obviously simpler

1 21+ 1
F(cos 0) = —
0= 3

Actually, we shall develop the even-parity distribu-
tion function up to only the fourth moment, since in
the Raman scattering technique we can reach the
factors F, »nOup to only | = 2 and 4; so, the complete
analytical expression of the distribution is

F(cos 0,¢) =
i l § 20 _
2 2{2 +4(3 cos” 0 — 1)[F, ,[H+

%(35 cos* @ — 30 cos” 0 + 3)[F, ,H

)[H:LODP'(COS 9)} (38)

g(sin2 6 cos 2¢)F, ,[1—

%(7 cos* 6 — 8 cos® 0 + 1)(cos 2¢)[F, ,[H+

3

128(cos4 6 — 2 cos® 6 + 1)(cos 4go)[EF4v4[}] (39)

where, in agreeement with Nomura et al.,*® the five
generalized orientation factors [ [ display the
simple expressions reported in the following equa-
tions (eqs 40—44):

F, o= %(3&032 60— 1) = P,(cos O)[ = f,
(see ref 16) (40)

F, 0= %(35@054 60— 300tos® O+ 3) = [P,(cos 6)]
(41)

[F, ,(= (3 sin” 6(cos 2¢) = 12[P, ,(cos )=
2f (1 —f,) (seeref16) (42)

F, 0= %(—7@034 O+ 8[Bos® O~ 1)(cos 2¢) =
180[P,, ,(cos 0)U1(43)

[F, ,0= (105(38in* 60(cos 4¢) = 1680, 4(cos 6)0
(44)

Note that the two former factors are effective in
any uniaxial distribution along the OZ long axis
(“fiber symmetry”) with a random rotation about the
director and with possible averages over both the ¢
and y angles (Figure 2). In contrast, the three latter
factors characterize a biaxial symmetry with a pos-
sible average over only the i angle. In the distinct
situation of biaxal symmetry with an average over
the angle ¢, it will be necessary to change the factors
[F2 2,00 Fa 2 00l and [F4 4 000to [F2,02L) (4020l and [Fa 040
respectively. Of course, it will be necessary to sub-
stitute the angle ¢ for v in the related equivalent
expressions.

Finally, we must underline that in the more
general case of biaxial symmetry without any pos-
sible average over both the ¢ and y angles, the
complete distribution function F(cos 6,¢,y) will con-
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Figure 3. Scheme of a photoisomerization cycle under
linearly polarized irradiation.

tain four additional factors, namely OF; 2,0 F4 250
(F4240) and [0F4 420 this leads to a total of 13 factors
in the complete distribution function.** Under these
conditions, it will be quite difficult to get an estimate
of all the orientational coefficients from only polarized
Raman experiments, even if the individual elements
of the molecular polarizability tensor are already
well-known from previous studies.

3.2. Application Examples in Systems of Uniaxial
Symmetry

3.2.1. Photoinduced Orientation in a DR1 Dye Doped
Polymer Film"~20

It is well-known that “push—pull” type chromo-
phores such as the trans-azobenzene dyes, which are
substituted in the 4—4' positions with electron donat-
ing (—NR2) and electron accepting (—NO) groups,
possess intense electronic transitions in the visible
region. Under irradiation with a linearly polarized
light, the “dispersed red 1” (DR1) type molecule
undergoes numerous photoisomerization and reori-
entation cycles, trans, <> [cis]¥ < trans (Figure 3).
This process leads to a birefringent uniaxial material
with preferential orientations of the chromophores
perpendicular to the polarization direction of the
incident beam.

Macro-Raman scattering experiments using the 90°
geometry were performed initially on isotropic films
and, later, on the same films after a beam irradiation
(Ip ~ 10—15 mW/cm?, relatively weak to avoid any
photobleaching) in order to determine the two ori-
entation factors [F,oo0and [F4000 hereafter, for
simplicity, we shall preferentially make use of the
short notations P,0and [P,for the corresponding
Legendre parameters. However, an experimental
complication arose for obtaining confident reference
data; the difficulty was to investigate the initial
sample without any perturbation of its isotropy: such
a problem has been solved by using a circularly
polarized pump beam. Indeed, for the rod-shaped
DR1 molecules of cylindrical symmetry, we may
assume the diagonal tensor

a,
& = (11 (45)
(L%

and by using first a circularly polarized (denoted by
the symbol N) and after a linearly polarized (symbol
1) “pump” incident laser, we have checked that the
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following intensity relations were satisfied (see Fig-
ure 1 for the reference system axes):

(i) First,

n _ N n_yt ! t
Itotal - III + ID - Itotal - IZZ + IZX

2
0~ a3 Noly
total ~ 15

(9r° + 2r + 4) (46)

where r = a1/o3

(ii) Second,

1

122 1{ 2
——— ~ H(@8r° +4r+3) -
OL32No|o 15

2(4# —r— 3P, %(r2 —or+ 1)DP4[F (47)

I 1,2 5 12
W ~ E(I’ —2r + 1){1 + 7DPZD_ 7[534[}
a3 Nolo

(48)

These expressions can be recasted under the simpler
forms

IT
—Z%— ~ A - 2B[P,[1+ 8C[P,0 and
a3 Nolg
Ity
— 2~ ~ D — E[P,[}- 4C[P,[1(49)
a3 Nolg

with the coefficients

A—15(8r + 4r + 3) B 21(8r 2r — 6)

C—35(r 2r +1) D 15(r 2r+1)

_—1 5
E= 21(r 2r +1) (50)

To complete the experiments, we had also to deter-
mine the depolarization ratio of each vibrational
mode (using a solution) in order to calculate the
polarizability ratio r = oy/az. As already discussed
(subsection 1.3), the expression for the depolarization
ratio is

. IV (1- r)z
Plin — I
v

Verraty Y

So, finally, an estimate of the two order parameters
was obtained from the measurement of the two ratios
of polarized relative Raman intensities

lly D - EP,0- 4CP,0
"1, A-2BP,+8CP,0

l3x + 13, (A+D) — (2B + E)P,+ (4C)P,0
B (A + D)

2= 0
total

(52)

Sourisseau
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Figure 4. Polarized resonance Raman spectra, lzz and
lzv) (or l(zx)) for a DR1-PMMA dye doped film (3% wt/wt;
N = 6.9 x 10'° molecules/cm?3) after a 15 mW/cm? irradia-
tion at 496.5 nm. (Reproduced with permission from ref
17. Copyright 1996 John Wiley & Sons Limited.)

Table 1. Raman Results for Several Vibrational
Modes in a DR1-PMMA Dye Doped Film (3% wt/wt)
after a 15 mW/cm? Irradiation at 496.5 nm?2

mode  vs(NOz) »(N=N) »(19a) »(19b), 6(CH,) v(8a)
viem™ 1339 1392 1423 1449 1588

Piin 0.358 0.353  0.365 0.410 0.410
P,0 —-0.120 -0.086 —0.102 —0.028 —0.066
(IR data) (—0.110) (—0. 095) (—0.085)
[P,0 4+0.013~ +0.014  40.025 +0.007 +0.032

a For a better comparison, some infrared data are given in
parentheses.

Experimentally, we did observe significant intensity
variations on the polarized Raman spectra of an
irradiated film (Figure 4), leading to the results
reported in Table 1 for several vibrational modes.

It is noteworthy that all values of the [P,[0param-
eter are negative and confirm a preferential orienta-
tion perpendicular to the exciting polarization direc-
tion; however, these values are far from the —0.5
limit expected for a complete alignment. Further-
more, we note a very good agreement with some
(partial) infrared results of dichroism measure-
ments;?° this provides another evidence for the valid-
ity of the proposed Raman approach. Finally, it is
important to recall that from the [P,[brder parameter
value we may only suggest a mean orientation angle
[@os? Ol meanwhile, the additional knowledge of the
fourth rank parameter [P,0is necessary to determine
precisely the shape of the orientational distribution
function (see later). Indeed, within the optical pump-
ing model of cylindrical molecules distributed inside
a system of uniaxial symmetry, the resulting chro-
mophore orientation function is only dependent on
the polar 6 angle (see Scheme 1). The orientation
function may thus be developed under the classic
series of even order Legendre polynomials:

F(O) = (ﬂ)mm 0 53
()_|=;,,4 5 1[Py(cos 0) (53)

However, the development is restricted and it is not
mandatory that the series is converging. So, it is
advisable to use the “information entropy” model in
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Figure 5. Most probable orientation distribution functions for three DR1 vibrational modes.

Scheme 1

order to maximize the entropy and to get estimates
of the Lagrange multipliers (12, A4): one thus obtains
normalized orientational distribution functions, which
are physically meaningful whatever the space region
considered. The “most probable” orientation function
is then defined as

F(6) = exp(4,P,(cos ) + 1,P,(cos 60))

B [ Td(cos ) [exp(2,P,(cos 6) + 1,P,(cos 0))]
(54)

The results so far obtained are reported in Figure 5
for three vibrational modes, v(NO;) (1, = —0.666;
As = +0.021), v(N=N) (1, = —0.452; 1, = +0.087), and
v(ringl9a) (A, = —0.533; 14, = +0.180), respectively.
As expected, all the distributions exhibit a similar
shape and display a maximum at +90°. However,
some differences are observed at about 0° and 180°,
since the [(P,0Oparameter plays an important role in
the width of the distributions.

3.2.2. Uniaxial Orientation in Stretched Polyethylene (PE)
Films2!:22

During the past decades, several molecular orien-
tation studies on low and high density PE samples
were carried out because of not only urgent industrial
inquiries for high mechanical modulus films or fibers
but also a fondamental interest in establishing the
assigments of the Raman active modes. Also, another
goal of these studies was to get a better insight into

the orientational properties of the chains in this
semicrystalline polymer (in which amorphous and
crystalline phases are mixed). Here, we shall refer
to a very nice Raman study of high density PE films
(thickness ~ 1.0 mm), which were stretched under
the ratios (k) from 7.0 to 11.7 (with no preferential
orientation about the stretching axis).?! In such
samples with a statistical uniaxial symmetry, we
expect, in agreement with Bower’s theoretical treat-
ment,'%! five independent expressions for the polar-
ized Raman intensities; these expressions stem from
sums and products of various polarizability tensor
elements, Yoi? or Saiioy. Actually, for the totally
symmetric vibrations displaying a diagonal tensor

oy
Qa;
Qa3

(for modes of Ay and B,y symmetry species in ortho-
rhombic PE), whose axes are coincident to those of
the structural unit (see Figure 6), one can establish
the following five relations:

2 I[0~xx2]
S 05," = =25 ~ A+ BIF, o0+ 3CIF, 0[]
15Nt
I 2
a
S o’ = [;Z]z ~ A + 2BIF, , o[H 8CIF, o0l
| 2
a
S o’ = 2] ]2 ~ D + 2E[F, 5 o[H CIF, 4,401
1oNo0g
I 2
[ozx7]
15N
I
Oy QL
Zazzass = [Lzz] ~ (A —2D) +
1oNgo;

(2E — BI2)[F, 5 (0~ 4CIF, 4,0 (55)

where |0N0(132, [H:ZYO‘QD []:4,01051 rh = (11/(13, and
r, = apl/og are the five unknows of the problem. Note
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Figure 6. Experimental scattering setup (a) at 90° and (b) at 180° (or backscattering) for the polarized Raman studies of

PE films stretched along the oz direction.

that the two polarizability ratios appear in the
definitions of the coefficients A, B, C, D, and E:

A= 1—15(3r12 + 3r,% + 2r;r, + 2r; + 2r, + 3)

B= 2—11(3r12 +3r,2+2nr,—r, —r,— 6)

1

C =3280

(3r,2 + 3r,” + 2r,r, — 8r, — 8r, + 6)
_1 2 2
D_l_S(rl +r, —nr,—r,—r,+1)

E= %(rl2 + 1,2 —4rir,+2r,+2r,—2) (56)

Experimentally, the authors have made use of both
the 90° and 180° scattering geometries (Figure 6). In
the former configuration they have intentionally
rotated the sample about the OY axis and adjusted
the sample to the special values y = 0°, 45°, or 90°,
to solve more rapidly the system of five scattering
intensity equations.

(i) In the first geometry (the 90° geometry), four
polarized spectra were recorded for each angular
value, y:

(VH) 1,() = Z(alz COS ¥ — y5SiN )
(V) 15(y) = Z(alz sin y — a5 C0S y)°

(HH) 15(y) ~
Y (02 €05% 7 — g SiN 2y + 03 5in° )

(HV) 155(7) >

2
Z(%azz sin 2y + a5 08 2y — %%3 sin 2y| (57)

It is noteworthy that in the above formulas we have
reported the (VH), (VV), ... type notations (see Figure
1), which are still of a traditional use (even though

“old fashioned”) in many publications. More impor-
tantly, it must be pointed out that the 1,3(0°) spec-
trum should be identical to the 1,3(90°) spectrum,
provided there is no depolarization of the diffusion;
in contrast, birefringence effects, which are quite
difficult to totally eliminate, could be detected for the
angle y = 45°.

(il) Conversely, in the “retro-Raman geometry” (at
180°), only three independent measurements were
performed, namely

(VW7 0r Z2) g~ 5 oz’
(“VH"or ZX) (HV orX2) lyu=lp~ Yoy’
(HH"or XX) 1~ Y a,®  (58)

Under these conditions, the Raman spectra were
analyzed essentially in the 1000—1500 cm™ region,
where are located the characteristic bands due to
»(C—C) modes at 1080 and 1130 cm™1, and those due
to the rocking and deformation modes, p and 6(CHy,),
at 1170 and 1480 cm™! for the crystalline (trans
chains) and amorphous (trans and gauche segments)
parts, respectively. The crude and renormalized
intensity Raman spectra for the 90° experiments are
reported in Figure 7A and B, and the results con-
cerning the tensor elements and the orientation
coefficients are gathered in Table 2. We must point
out that the orientation parameters in the amorphous
parts were estimated within the framework of a
simple two phase model and under the assumption
of a 70% weight fraction for the crystalline part
(estimate from density measurements).

From the above results it appears that not only
does the Raman tensor of these modes not belong to
the cylindrical symmetry (r; # r;) but also the
polarizability variations display opposite signs in the
plane and perpendicular to the chain plane; this
effect is more pronounced for the p(CH;) mode, as
expected. Furthermore, it must be pointed out that,
when using only the experimental results recorded
under the 90°configuration (Figure 7A and B), the
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Table 2. Ratios for the Principal Components of the Raman Tensors (ri, rz) and Values of the Orientation
Coefficients [[P2(cos 0)[] [P4(cos #)[] for Several Vibrational Modes of a PE Film Stretched under the Conditions

k = 7.0 and 11.7, Respectively (Adapted from Ref 21)

wavenumber mode K r = ou/os r; = oglos P,(cos 6)@ [P4(cos 6)@
1080 cm™* v(C—C) am. 7.0 -1.10 +0.79 +0.42 +0.40
11.7 —1.05 +0.80 +0.47 +0.47
1130 cm™? vs(C—C) crist (am.) 7.0 —-0.54 +0.31 +0.75 (+0.95; +0.27) +0.56 (+0.87; —0.15)
11.7 —-0.57 +0.42 +0.85 (+0.96; +0.60) +0.69 (+0.90; +0.11)
1170 cm™? p(CHy) crist (am.) 7.0 —-6.2 +0.42 +0.84 +0.45
11.7 -7.3 +0.40 +0.87 +0.52

a2 The sets of two numbers in parentheses were determined from diffraction studies and correspond to values of the order
parameter in the crystalline (X-ray) and amorphous (am.) parts, respectively.
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Figure 7. (A) Polarized Raman spectra recorded using the 90° geometry and the angle y = 90° (1), 0° (2), or 45° (3) for
a stretched PE film (x = 11.7) for the tensor elements [as3]? (1), [ 32]2 (1b, 1c, 2b, 2¢), [o 21]2 (1d, 2a), [a 22]? (2d), [ 32]?
(1b, 1c, 2b, 2c), and [a?y; + a?3,]/2 (3¢, 3d). (B) Result of the calculations to establish the five independent and normalized
polarized Raman spectra. (C) Comparison of calculated (from 90° experiments) and recorded (180° geometry) Raman spectra.
(Reprinted with permission from ref 21. Copyright 1991 American Chemical Society.)

solutions of the five intensity equations (egs 55) lead
to a very good agreement between theory and experi-
ments for the other backscattering spectra (Figure
7C). this confirms the consistency of the present
results. We can thus be quite confident in the
parameter values of [Py(cos 8)and [P4(cos O)L] even
though the values appear always smaller than those
determined from X-ray diffraction in the crystalline
part. Therefore, under the assumptions of a simple
two phase model and a crystalline content equal to
Yerist = 70%, one gets a better estimate of the orienta-
tion coefficients for the sequences of “trans-chain”
segments in both the crystalline (ordered) and amor-
phous (disordered) phases, via the equation

[H)n(COS Q)Qotal = ycrist[EPn(COS g)grist +
(1- ycrist)[ﬂjn(coS Q)Qmorph (59)

Consequently, it is evidenced that the amorphous
part is reorientated more efficiently under stretching
in these PE films; this result is reinforced by the
significant increase (from +0.27 up to +0.60) ob-
served on the [Py(cos 0)[koefficient of the amorphous
part for the mode at 1130 cm™? (Table 2). Then, by
application of the “information entropy” model to the
stretching vs(C—C) mode, we have calculated the
shape of the most probable orientation distribution
functions, as shown in Figure 8; in this figure the
stretching direction is horizontal. So, the “trans”

sequences appear highly ordered in the crystalline
parts, while their distribution function is significantly
weaker and broader (with weak maxima at £23°) in
the disordered amorphous regions.

Furthermore, the authors have observed in the
I3 ~ Sass® backscattering spectra a very strong
intensity enhancement of the mode at 1130 cm™* as
a function of the stretching; meanwhile, the intensity
of the band at 1060 cm~* was nearly constant (Figure
9a). Relevant correlations between the variations of
the intensity ratio [1(1130)/1(1060)] and the value of
either the [P,(cos 6)[br the P4(cos 6)oefficient were
thus established and found valuable for a wide range
of stretching conditions (Figure 9b). It must be
pointed out that such a method has also been applied
with success to thicker samples and to other high
density extruded films, so that it is of potential
application as a reliable simple orientational “test”.

Finally, it is worthwhile to note that, in the course
of other independent Raman polarized studies on
stretched polyethylene films, Gordeyev et al.?22-22b
have similarly established very good correlations
between the intensity variations of several modes and
the amplitude of the stretching factor. Such spectro-
scopic investigations are thus known to afford new
relevant information about the phase transition
mechanisms between the layer type and fiber type
structures in these uniaxially stretched PE polymer
materials.
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Figure 8. Most probable orientation distribution functions of “trans-sequences” in the whole PE sample and its amorphous
and crytalline (X-ray) parts, under the stretching condition « = 11.7.
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Figure 9. (a) Intensity variations of the Raman modes at 1130 and 1060 cm~! in the [oz3]? spectra as a function of the
stretching coefficient (here note 1 = « = 1.0—11.7). (b) Correlations between the intensity ratio [1(1130)/1(1060)] and the
orientation parameters, [P,[] (P, under various stretching conditions. (Reprinted with permission from ref 21. Copyright

1991 American Chemical Society.)

3.2.3. Correlation Diagrams of [P4Cversus [P,Clin
Uniaxial Systems!223-25

According to the respective values of the [P,[Jand
[P,0parameter orders, it may be of great interest in
any uniaxial system to have a rapid knowledge of the
distribution function we are dealing with: the aim is
thus to get a better insight into the domains of
existence of the different kinds of functions, but
considering that values for both coefficients must be
always physically meaningful. If a mean orientation
angle cannot be preferentially selected and if only P,
is known, a Gaussian orientational distribution cen-
tered either at 0° for [P,[positive (orientation parallel
to the constraint) or at 90° for [P,[Jnegative (orienta-
tion perpendicular to the constraint) is generally
considered. In contrast, when both the [P,0and P40
values are known, the shape of the distribution
function is not necessarily unique, as the two param-
eter values are not totally independent.

Indeed, according to the Schwartz inequalities,

[Bos® O < [Bos* Hll< [Bos? G0 (60)

the domain of variations for [P,0is restricted and
limited to the following range,

P, Chin = 1—18(5[H>2ﬁ — 10[P,0- 7) < P,0<

(5P, H 7) = PG (61)

Three main consequences are derived:

(i) If P40= DP40}ax, the distribution function must
be bimodal and exhibit two 6 maxima peaking at
6 = 0° and 6§ = 90°.

(i) If P4,O0= P4Lhin, the distribution function is
necessarily unimodal with a peak maximum at

2 1\1/2
0, = arcos(gthzﬂJr §) (62)

This assumption is often encountered in the litera-
ture when P,0is the unique known value.

(iti) For all other P,00values, the extrema of the
distribution function can be obtained from the de-
rivative of eq 54. Among the possible solutions, there
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Figure 10. Various domains for the distribution functions
as defined from the 0P,Cand [P,Corder parameters accord-
ing to the “information entropy” model (P, Civaries over the
—0.5, +1.0 range).

exist the peculiar situations of a Gaussian distribu-
tion (often called [P,[type, i.e., for 14 = 0) and a conic
distribution. The various domains of existence for
these distributions are then reported in Figure 10.

In the latter cases, and for positive [P,[] monoto-
nously decreasing functions are found; they are
different from zero in the interval 6 = 0.0 to 6o, and
they satisfy the relations

P,[= % cos Oy(1 + cos 6,)

(P, = g c0s 04(L + cos 0,)(7 cos” 0, — 3

(63)

Conversely, for negative [P,[]increasing functions are
effective; they are different from zero over the 6 = 6,
to 7/2 range, and they lead to the corresponding
relations

P, = %(cos2 0, — 1)

P,0= %(cos2 6, — 1)(7 cos® 6, — 3)
therefore [P,[= %DPZWDPZDJr 2) (64)

Therefore, to predict the shape of the most probable
distribution functions, it is mandatory to examine the
solutions for positive and negative [P,[values, suc-
cessively.

(i) Solutions for positive [P,0(Figure 11): In that
case, according to Pottel et al.,** as [P,0increases,
three distinct domains can be defined: a domain (1)
of unimodal distributions (including the conic ones)
with a minimum at 0°; a region (II) where the
distributions display a single maximum at 0° (includ-
ing the Gaussian type); and a domain (111) where the
functions show two maxima, one at 0° (more intense)
and another one at 90° (less intense). For instance,
it is noteworthy that at the point “f” (Figure 11),
where [P,0= 0.5 and P,00= 0.608, a distribution
dominated by the P,0parameter is found, as 1 is
equal to zero at this position.

Finally, it is worthwhile to recall that the lower
and higher limit curves of region Il are obtained
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Figure 12. Various domains of the most probable distri-
bution functions for negative [P,0values.

within the “information entropy” model for the par-
ticular solutions A, = —1%/,14 and 1, = */gl4, respec-
tively; these curves can be fitted with the following
polynomial series:

|:P4|;IA2=7(15/2)}'4) = 0.31[lej + O.88|:H)2|j -
0.16P, — 0.03P,0

P40, + asimy,) = 2.560P,[1 — 3.941P,0 +
2.42P,[ — 0.04[P,0 (65)

(ii) Solutions for negative [P,0(Figure 12):%®> The
diagram is now slightly more complex, as four
domains can be distinguished: a domain (1) of asym-
metric unimodal distributions with a minimum at
90°; a domain (I1) of distributions displaying only a
maximum at 90° (including the Gaussian model); and
two regions (11 and 1V) of bimodal distributions
exhibiting two maxima at 0° and 90°, with the more
intense one being located either at 90° (111) or at 0°
(V).

One can easily check that, as [P,0increases, the
three internal curves (solid lines) are obtained for the
particular relations of the Lagrange coefficients,
Ao = %544, Ao = —1%3A4, and 1, = —5/1504, respectively.
So, this leads to the following polynomial series for
the various domain limits:
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P,[,="A,) = 1.198[P,0 — 2.776[P,03 +
0.180P,[ + 0.184[P,0

P, [h,=—"1,) = 12.232[P,1 + 8.082[P,[F +
2.388[P,1 — 0.047[P,0

P, [,=—"11,A,) = —1.182(P,(1 + 1.634[P,03 +
0.025[P,3 — 1.293[P,[1(66)

From this overall discussion on the (P,[iversus P,[]
diagrams it is clearly demonstrated that particular
attention must be paid to the regions of largest [P,0J
values, where the shape of the distribution function
may change drastically for a relatively weak varia-
tion of the parameters. This is connected to the
largest variances (or fluctuations) of [P,[bbserved for
weak values of this coefficient, particularly in the
vicinity of 0.0 and around +0.25.

Finally, in agreement with Bower,'? it may be
pointed out that from any pair of [P,Cand P,[values
we can get an estimate of the high and low limits of
the higher order parameter, [Pg[J

1
7002P, 0+ 1)
1620[P, 1P, 770P,0— 378[P,0— 231]
1
175(1 — [P,[)
375[P,0P,[H 21P,[H 77] (67)

P[> [275[P,( + 1584[P, +

P O< [-275P,3 — 1984, +

Using these additional relations, the validity of new
experimental results (obtained from X-ray or NMR
techniques, for instance) can be checked in some
particular cases; one may thus obtain a better insight
into the form of the most probable orientation dis-
tribution function.

3.3. Application Examples in Systems of Biaxial
Symmetry

According to the “pioneering” works of Bower and
Ward,'*~13 it turned out that any extension of the

X3

X1

Sourisseau

previous method to biaxially oriented films was
relatively complex. Nevertheless, the vibrational
infrared and Raman techniques could allow good
structural characterizations and provide interesting
results, more extended than those obtained from
NMR or fluorescence techniques, particularly in
polymer systems with a low crystallinity.

3.3.1. Biaxial Orientation in a Poly(ethylene terephthalate)
PET) Film—13

In this example, both the infrared and Raman
techniques were employed in order to investigate
changes in the molecular orientations and/or confor-
mations of the benzene rings and/or the ethylenic
chains within several largely stretched PET thin
films prepared by extrusion from fused mixtures;
these films were displaying orientation properties of
biaxial symmetry. From parallel measurements by
refractometry, three distinct values of the refraction
indices were determined: 1.645, 1.573, and 1.541,
respectively (at the sodium D line of 589.3 nm). In
the following, we shall mainly examine the Raman
results obtained for the benzene vibrational mode
v(8a) (w(C=C)) at 1616 cm™! and, comparatively, the
infrared results for the modes v(18a) (0CH) at 1017
cm~t and »(10a) (yCH) at 875 cm™1.

For the mode v(8a) (w(C=C)) at 1616 cm™?, thanks
to the choice of the internal ring axis “x(3)” parallel
to the long molecular axis (along the 4—4' “para”
positions), we may assume that the principal axes of
the Raman tensor are coincident with the benzene
axes and that the Raman tensor is again of cylindri-
cal symmetry (Figure 13).

Under these conditions, six independent linear
equations corresponding to the Raman intensities
Ij = 1oNo[0G20= ¥ imnFimn[Aimn’ are expected: they
are functions of the five effective order parameters
[FimnOand of the coefficients Amn' (see below the
expressions for A, B, C, D, and E) which are second
degree polynomials in oy and as. After some cumber-
some calculations, we get the following equations:

z
F
Q|

o
= , and r=oy/ o3
o
03

Figure 13. Definitions of the Euler angles and internal axes in the benzene rings in a PET sample.
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First, from the expressions of the tensor diagonal
components,

[o,] = [(a5 — o) cos® ¢ sin® 6 + o]
[a,,] = [(as — ay) sin? ¢ sin® 6 + o]
[asa] = [(05 — @) cos? 6 + a]

we obtain the following equations

I[allz] r r
'y, = — A + BIF 2'0Y0D+ 3CIF 4Y0,0D—
IoNgog
B C C
EDFrz,z,OD 3DF 420D+ 24[5: 44,0D
, o, ] ; ;
I N0a3
B C C
El]:rz,z,oEH' §[H:r4,2 oD+ 24[H:r4 4,0D
_ o]

1= O’ ~ A+ 2BIF, o [H

| N0a3
8CIF', o (68a)

Similarly, from the nondiagonal tensor compo-
nents,

[a,] = [(a5 — @) sin ¢ cos ¢ sin® 6]
[05,] = [(0g — ;) CcOS @ sin 6 cos 6]
[0,5] = [(03 — @) sin ¢ sin O cos 6]

we get three additional relations

| 2
Z o= ]2 ~ D + 2EF", o0+
1oNoog
CIF",, O EIZH:r O
40,0 24" 440
| 2
[05;7]
Za31 = 5~ D — EF', .0
1oNg0,
4CEIFr4’OVOD— %[H:rZ’Z’OD—F %Eﬂ:r4,2,oD
| 2
[057]
= ~D—EF,,,0—
= X% 1oN g0 200
ACF", , [H E[IFr O C[IFr 00 (68b
4,0,0 E 2,2,0 _§ 42,0 ( )

Moreover, for completeness, we must add two inter-
dependent relations arising from products of the
diagonal tensor elements and defined as follows in
eqs 69:
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[all 33l

I0N00’~3

(2E - B/2)|:H:r2’0’0|]_ 4C[H:r4yoyol:|+
(E — B/4)|:|Fr2]2'0|]+

I'11,33 ~ (A 2D) +

C
§[H:r4,2,0D
[(122 33l
|0N0(13
(2E — B/2)|ZH:r2'0’OD— 4C[H:r4’0’0D—

C
(E - B/4)|]:r2,2,0[|_ §D3:r4,2,o|:| (69)

V2233 = ~(A—-2D) +

Provided that the ratio r = ou/as = ay/og, which is
contained in definitions of the A, B, C, D, and E
coefficients, is otherwise known (equal to —0.18 in
this example), we arrive again at the six unknowns
of the problem, namely

|0N0(132, m:2,0,OD [H:4,O,0D |:H:Z,Z,OD |:H:4,2,0D |:H:4,4,0|:|

Finally, all the coefficients (A to E already encoun-
tered in eqgs 50) correspond in that case to simpler
expressions, and they can be further simplified if the
ratio r tends to zero (when oz > oy):

(8r +4r+3)~ %
- 2—11(8r2 —2r -6~
= %(r —2r+ 1)~ 315

(r —-2r+ 1)~ 115
=;—11(r2— 2r + 1)~ 7 (70)

The above equations deserve some general and very
important comments:

(i) First, it must be underlined that these relations
are similar to those already reported in various
publications, including the articles due to Bower et
al.,’>1* put non-normalized forms of the Legendre
polynomials (noted Py, or Zjmn) are more often used.
In this respect, we recall hereafter some useful
relations involving the different notations

d+mid—ny 1

F = P O
S () T (R ) TR (1 Il o) TRl
a+m) 1
EH:l,m,ODZ (I _ m)| (m)| (71)
leading to
|:sz,o,oDE |:Haz,o,om EH:4,0,ODE |:|P4,o,om

[F, 00 12.00P,, 0 [F,, o = 180.0P,, [ and
[F, 4. o= 1680.0P, , o
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where

%Bin2 6 cos 2¢O

P, , 0= %Eﬂ—? cos* 6 + 8 cos® 6 — 1) cos 2¢]

DEPZ,Z,OD:

Py 400 %Eﬂcos4 6 — 2 cos? O + 1) cos 4¢0

(72)

Note that similar expressions apply to P, 20l [P4020)
and P4040provided the angle ¢ is changed to .
Finally, it is noteworthy that the parameter [P, ;[
which is effective in the general case of a statistical
biaxial symmetry (where any Euler angle may take
a random value), can be determined from additional
infrared measurements (in transmission with oblique
incidence, for instance); it is defined as

[P, ,0= "/,[{1 + cos 6) cos 2¢ cos 2y —
2 cos 6 sin 2¢ sin 2y (73)

(i) It is also noteworthy that eqs 70 become simple
fractions when the condition as > qj is fulfilled, and
the Raman intensity expressions (eqs 68a and 68b)
are also simpler:

'0,7]
'), #105———— 5 =21 - 30[Fr2yOVOD+ 9[H:r4,010[|+
1oNgo;
1
15|:H:r2'2’0|]_ |]:r4'2’0|:|+ g[ﬂ:r4'4’0|]
[ 22] r r
oNg0g
15|]Fr2'2’0D+ IZIFr4'2’OD+ %I]FQAOD
'3y~ 10522 [N33 | 21+ 6o 2,0,00+ 240F"4,0,000
o
0 3 (74)
and also
'), ~ 105———— [ ! ] =7 — 100F"2,0,0(H 30F'4,0,000—
| N0a3
%I]Fr4,4,0D
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I';; 2 106——— [05,] =7 + 5[F'2,0,00~ 12[F"4,0,00H
I NOOL3
2.5[F'2,2,00+ [F'4,2,00
'[o25°] )
I')3 7 105—= = 7 + 5[F'2,0,00— 12[F'4,0,000—
| N0a3

2.5[F'2,2,00— [F'4,2,00 (75)

Actually, all the above eqs 74—75 will be very useful
for the treatment of polarized data in any Raman
microscopic measurements on thin films (see below).

3.3.2. Values of the Order Parameters in a PET Film!1-13

Experimentally, the authors used a 28.7 um thick
film of PET which was previously unidirectionally
stretched in the ratio x = 3.5. All the Raman
recordings were performed in the 90° geometry (i.e.
2 x 3 = 6 experiments) and with backscattering at
180° (3 measurements) with different directions with
respect to the three principal axes; nine configura-
tions of diffusion were used with the four possible
polarization combinations. This led to a total of 36
intensity measurements (with redundancies, of course)
for inspection of the ring vibration at 1616 cm™1, even
though only six independent measurements exist in
a biaxial symmetry system. Under this approach, the
error possibilities and corresponding standard devia-
tions were significantly reduced. Then, from the
simultaneous resolution of the six intensity equa-
tions, the best fit final values reported in Table 3
were obtained.

Here, we must underline the excellent coincidence
between values extracted from infrared (IR) and
Raman experiments, the weak error bar on [Pyl
(only 12%), but the larger uncertainties (=50%) on
the other coefficients.

3.3.3. Estimates of the Direction Cosines

From the knowledge of the different [Py,Cparam-
eters, new relevant information about the orienta-
tions of the benzene planes and the chain axes is
obtained via calculation of the direction cosines. As
a matter of fact, mean values of the direction cosines
between the benzene ring axes, Ox;, and the reference

Table 3. Polarized Raman Intensity Measurements and Estimated Values of the Order Parameters in a PET Thin

Film (Results Adapted from Ref 11)

Raman mode 1616 cm1! 11 PP
mean value 25.9 32.8
rms deviation 1.0 3.1
Pimn [P 200 P20
Raman +0.25 —0.013
(IR1017 cm™?) + 003 + 0.006
(+0.23) (—0.01)
(IR875cm™)
Raman

@ Value put equal t0100.0 for overall normalization.

’
| 3,3

I’
120r21

I’
13o0r31

I’
2,30r3,2

100.02 25.5 24.0 32.1

2.7 2.8 1.9 4.0

P20z [P 2200 [P 400l [P a2 [P aao0]
+0.10 —0.003 —0.007
+0.05 +0.004 +0.003

+0.03 +0.07

+0.01 +0.02
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Table 4. Comparison of the Cosinus Direction Values
(Error of £0.02) for the Orientation of the Benzene
Rings and the Skeletal Chains?

mOSZ(Xin)D X]_ X2 X3

X1 0.43(0.46)  0.27(0.27)  0.30(0.27)
X2 0.35(0.35)  0.45(0.46)  0.20(0.19)
X3 0.22(0.19)  0.28(0.27)  0.50 (0.54)

aValues in parentheses were estimated from the “B” con-
formational model described in ref 11.

laboratory axes, OX;, (Figure 13) are easily calculated
from the following expressions:

1 1
[Gos® (X X)E= 5 3 3EIPZOOD+ 2[P,,,0
1 1
[805°(X3X,) = 5 3 3|:|on0D 2P 3500
[605%(X5X4) = % gﬂPZOOD (76)
l 1
[dos (sz )= 3 EDPZOOD P p0lH [Pogoli— [Pyl
1 1
m052(X2X2)D_ 3 gm:'zooEH' [P p0lH P ool [Py,
1 1
[605%(x,X5) = 3 §[ono|:|_ 2P 0,1 (77)
2 l 1
[os”(x, X)) = 3 ED:-onoD [P0~ P ool [Pop,0]
2 . 1 1
[Bos”(x, X,) = 3 GDPZOOD_'_ (P po0li— [Pygpli— [Pyy,U]
l 1
205° (X, Xa) = 5 — 5Pa00TH 2[P o0 0] (78)

Values of these direction cosinus squares are reported
in Table 4, where they can be compared to those
expected for the chains under the assumption of a
so-called “B”conformational model. In this model it
was assumed that there was no preferential orienta-
tion for the ester groups with respect to the adjacent
benzene rings, with the chain axis orientation being
similar to that of the C;—C, ring axis. Moreover, the
terephthaloyl residue should accommodate the same
conformation in the amorphous and crystalline phases,
but the chains could exhibit some “gauche” defects
in the glycol residues in the amorphous phase.
Finally, the mean direction of the chains should be
along the c axis in the crystalline parts.

It is noteworthy that all these values differ signifi-
cantly from 0.33, the value expected in a totally
disordered sample. Moreover, the maximum observed
in [60s2(xsXz)Oconfirms that the C,—C, ring axis is
preferentially oriented along the stretching direction.
Also, we note that [Bos?(x3Xz)is significantly larger
than [dos?(x3X;)[Jwhich indicates a more pronounced
orientation perpendicular to the film plane. Similarly,
the high value of [os?(x2Xz)Oconfirms the previous
observation. To summarize, in the PET layers we can
conclude that the benzene rings, whose C;—C, axes
are located closer to the OX;X3 plane than to the
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OX2X3 0ne, are strongly oriented along the stretching
direction. According to eqs 76, this conclusion is
corroborated in the case under study by the negative
sign of the [P, parameter. It should be equal to zero
in a perfectly oriented sample of uniaxial symmetry.
Therefore, a “biaxiality indicator” is provided by the
domain of variations of [P,50[] whose limiting values
are governed by the 0P,o[Jmain parameter. Indeed,
the following very simple inequality must always be
fulfilled:

(Poo0] = £(1 = Pogl) (79)

The limit is here equal to +0.125, as [P,llis equal
to +0.25, and the inequality is well satisfied. Nev-
ertheless, the very weak value of [Py (—0.013)
provides another proof that there exists only a small
tendency of the C;—C, ring axis for a preferential
orientation perpendicular to the film plane. Similarly,
the determined values of [60s2(x3X1)Cand [80s%(X3X2)[]
confirm the above conclusions. It is worthwhile to
note that the “planar orientation” of the benzene
rings was otherwise confirmed in the crystalline parts
from X-ray diffraction measurements. Concerning the
chain parameters, the values in parentheses in Table
4 are very similar to those determined for the rings.
This result shows again that, under weak stretching
conditions, the chains located near the surface planes
of the PET films are more likely oriented along the
stretching direction. Conversely, an orientation per-
pendicular to the layer planes is expected to decrease
under a stronger contraint, the chains being able to
reorient preferentially inside the film planes. Finally,
it is more tedious to discuss the exact physical
meaning of the values of the P4000) (P20l and [P 4401
order parameters, since all of them have been esti-
mated from the Raman results (Table 3). From eqs
74 and the knowledge of the positive [P, Loefficient,
we may define the limits of their domain of existence:

P 400Lhin = —0.429 =< [P,o01< +1.0 = [P 450} ax
P, [ < - = 0.0536
420 — 56 '
1
|Pazoll = 5 = 0.0625 (80)

The experimental values in the case under study are
found to be equal to +0.10, —0.003, and —0.007,
respectively. So, they are contained within the physi-
cally correct limits. The above values are in total
agreement with the fact that the final orientational
distribution function F(6,¢,1) must be positive what-
ever the investigated region, as illustrated for the
1616 cm~! ring vibration in Figure 14. Furthermore,
these values might show a great influence on the
width of the distributions (when calculated for identi-
cal ¢ angles). Such effects could be evidenced in a
comparative study of several similar samples, but
submitted to various and distinct mechanical con-
traints.
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Figure 14. Shape of the final distribution function F(6,¢,y) in PET layers obtained for the ring mode at 1616 cm~! using
@ = 50° (left side, normal curve variations; right side, polar plot).
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1
3 2 3 3
3.4.1. Theoretical Considerations of the Deformation (=1 2 2(< = 1)
Schemes In contrast, in the “affine” deformation model of
molecular networks, whose origins are in viscoelas-
ticity theories, it is acknowledged that an ideal
network of chains can be built of several segments
and of rotating links, with each chain containing a
number of bondings N'. Under these conditions,
different relatively simple expressions have been
proposed for the variations of both order parameters:

In former models for the deformation of a polymer
under stretching, it was generally assumed that the
polymer was built of an assembly of isotropic trans-
verse units, whose symmetry axes were rotating
during the mechanical drawing, as lines of points in
a bulk material. The polymer was actually subject
to deformation at a constant volume. This scheme P = 1 2 — 1 1 Ak 4 n
was called “pseudoaffine” in order to distinguish it 2007 5N’ 25N'2
from a more conventional “affine” model, in which it
was assumed that all vectors connecting the different
meeting points of a polymeric framework would and
necessarily be rotating and changing their length. In
both models, rather complicated polynomial relations P,..O0= L(K“ — 2k + l) +

K

3 32

400 2 2
have been proposed between both order parameters, 175N’ K
[P,o00and P40l and the unique stretching factor (or 216 6 a4l 7 6
draw ratio «) in an uniaxial system. Equivalently, 13475N'3 K ~5 75 T ;) +.. (84)
. .. K
several relations between the coefficients [P,q00) [P2200)
Paooll) (P20l and [Pasolland the three factors ki, ko, From the above equations, and in good agreement
and «3 (of course with the condition xkoxz = 1.0) were with experiments, in the “speudoaffine” model we
suggested in a biaxial symmetry system. expect monotonic increases for [Pyplland Pagellover
a restricted range of draw ratios (with, however, very
The “pseudoaffine” model was found to be quite low values for [Pso0under weak stretching), but we
predictive with respect to the mechanical and bire- expect more drastic variations in the “affine model”
fringence properties. However, a fundamental objec- (Figure 15). However, an important criticism of the
tion was raised because it was tacitly assumed that latter model comes from the fact that the extension
the unique axis of the structural units was coupled limits of a molecular skeletal system could reach very
to the rotation axis toward the stretching direction. large values, a situation which is not at all physically
Actually, this coupling is not mandatory for chains meaningful.
which may exist in a viscoelastic regime of plastic Therefore, Nobbs and Bower have proposed an-

other version, denoted “modified affine”, in which it
is assumed that a chain may remain rotating, exactly
as a rigid unit, and may still accommodate an
extended “all-trans” form. Thanks to this last model,
which fits the data quite well, correct interpretations
of the Raman spectra, refractometry data, and polar-
12341 3112 Cos—l(K—s/z) ized fluorescence results on _hot-stretched I?ET films

P00 = DPE — 5 o7 (81) and on PMMA amorphous films were possible. Nev-
(x> —1) (k> —1) ertheless, it is necessary to take into consideration a

deformation. So, under this model, the variations of
both P,00aNd [P4eoparameters were first simulated
by increasing functions, which gradually tend toward
asymptotic values for a complete alignment,
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Figure 15. Variations of the P, coefficient versus
the draw ratio (x = 2—6) in the “pseudoaffine”’and “affine”
(N" = 12.0) models, respectively (egs 81 and 83).

distribution of N' values as a function of « . Indeed,
there is no sound argument which justifies that
molecular entanglements of end crossed chains, not
totally extended, would be able to remain in a
deformation “affine” regime.

Finally, Raha and Bowden?’ have proposed an
alternative deformation scheme and suggested that
the number of cross-links decreases systematically
as the draw ratio increases. It is then assumed that
the reduction in the number of cross-links per unit
volume N, that is, the number of molecular entangle-
ments, is proportional to the degree of deformation.
This hypothesis leads to the relations

ON'~ N'(k — 1)
and
N = N'o(t) exp[—(x — 1)] (85)

where the number N'g, or cross-link density, is a
function of the temperature (t) and corresponds to
an undistorted state (large number at low tempera-
ture). Therefore, the simplest approach, which Raha
and Bowden adopted, has been to link the previous
eq 85 to the random link network deformation model.
Considering essentially the first term of eq 83, they
have proposed the useful approximate expression

Paoo= g~ xpL—(c = 1] (86)

It must be recalled that, even though this model
is quite successful in a curve-fitting exercise of
various experimental results from birefringence and/
or optical data obtained on different systems under
stress, it is based on a purely empirical procedure.
New theoretical developments have still to be estab-
lished to better explain the deformation of any
molecular network in the absence of crystallization
effects. The numerous experimental results of high
quality obtained during these last years should
promote shortly such works. This will be very useful
to all scientists involved in studies of the physical
and rheological properties of polymer systems.

3.4.2. Applications of Direct Methods via Internal
Calibrations

Several very nice pieces of work and examples of
polarized Raman studies can be found in the recent
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Figure 16. Relation between the Young modulus and the
overall parameter “Xgans(P2ldans” iN uniaxially stretched
PET films. (Reproduced with permission from ref 13.
Copyright 1985 Springer-Verlag GmbH & Co.)

literature, but they are essentially for systems of
uniaxial symmetry. In these studies, the authors
have provided clear evidences for the existence of
correlations between the values of the first-order
parameters of even-parity and the stretching ratio
and/or the mechanical or birefringence properties. As
illustrative examples, we shall emphasize below some
excellent literature results concerning samples built
of poly(ethylene terephthalate) (PET) polymer layers,
of polyethylene (PE) tubes, of polyester fibers, and
of industrial compounds such as polyvinyl halide
derivatives (PVC and PVF2) and the isotactic polypro-
pylene (isoPP) polymer.

3.4.2.1. Anisotropic Mechanical Properties of
PET Thin Films.’® In such uniaxially oriented
samples it has been demonstrated that the Young
modulus along the stretching direction was not
directly correlated to the orientation function of the
amorphous part. Nevertheless, a good correlation
has been established with the overall parameter
“Ytrans[P2ldans” (Figure 16), where Xans indicates the
proportion of segments in the “trans” conformation.
It was thus concluded that the modulus was mainly
dependent on the proportion of extended chains in
their “trans” conformation, whatever their surround-
ing in the amorphous and crystalline parts. In the
amorphous state, the “trans” sequences could stabi-
lize the overall structure and play a role similar to
that of fibers inside a composite material.

Other layered films oriented with a biaxial sym-
metry ordering were also investigated by mechanical
means, and in particular, the nine independent
elastic constants were determined for a sample
stretched with x = 5.0. As discussed in a preceding
section, the elastic constant values were in agreement
with a chain alignment and a preferential, although
incomplete, orientation of the principal axis (xs) of
the benzene rings and of the associated residus.
Moreover, these values provided evidences for the
existence of shearing forces in the (1,2) and (2,3)
planes. However, these particular results still remain
“case studies”, and similar relevant approaches should
be carried out on other systems. In this respect, it is
worth noting that Archer and Fuller?® have recently
developed a new polarization modulation laser Ra-
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Figure 17. Variations of the parameters [P,qoland 0P 40000
as a function of the draw ratio, «, in a PE sample, extrated
from (a and c) the tensor elements azz, ozy, and ayy and (b
and d) the element ozz. (Reproduced with permission from
ref 29. Copyright 1996 Society for Applied Spectroscopy.)

man scattering technique, to investigate the stress
and refractive index tensors in thin amorphous films
and in the melt state of a polyisobutylene sample.
They succeeded in measuring simultaneously the
time dynamics of the optical “stress” responses to a
mechanical contraint, that is, responses in both
birefringence and dichroism. However, the experi-
mental optical setup and theoretical analyses for a
such dynamical study are rather intricate, and they
still remain a matter for academic research labora-
tories.

3.4.2.2. Use of a Colored Dye Doping as a
Probe of the Orientation in Amorphous PE?. To
probe the degree of orientation in uniaxially stretched
polyethylene tubes, Everall and co-workers?® have
taken advantage of the clever idea to incorporate a
very low quantity (0.05% wt/wt) of a linear absorbing
dye, the “diphenyl 1,8-octatetraene” of chemical
formula ®—(C=C),—® , into the polymer before
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Chart 1. Molecular Structure of the Polyester
PES 3:3/C6
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extrusion and stretching (i.e. located mainly in the
amorphous parts). This dye gives rise to very intense
resonance Raman signals (in particular, for the
modes w(C=C) at 1574 and 1582 cm'). The polarized
Raman spectra, lzz), lizv), and lyy), recorded under
stretching and after a thermal annealing allow us to
get estimates of the parameter orders [P0and [P 4000]
and to correlate their variations to the draw ratio;
this has been accomplished over the whole range of
drawing, « = 1.0—7.0 (Figure 17). It is thus demon-
strated that the amorphous parts as well as the
crystalline phases are strongly oriented under the
constraint, since [P,ollis found to be nearly equal to
+1.0; nevertheless, the crystalline parts appear to
relax significantly under annealing (—30%).

This “dye doping method” is very efficient and can
be generalized to other systems, in particular to
systems in which it is very difficult to characterize
isolated vibrational modes due to only the specific
amorphous phase.

3.4.2.3. Molecular Orientations in Polyester
Films As Studied by Raman, FTIR, and X-ray
Techniques.®° Here, the authors have investigated
a bulky polyester containing para-terphenyl chains
with n-hexyl substituents in the side-chain position,
so that they used the reference name PES 3:3/C6
(Chart 1). Different 90° geometry scattering setups
were employed with the sample in a vertical, hori-
zontal, or oblique position, to probe several polar-
izability tensor elements. From inspection of the
1616 cm~! mode due to the benzene rings, they have
obtained a very good correlation between the varia-
tions of the Raman intensity ratio In//lyy and the
stretching coefficient (Figure 18).

Raman bosd ol 1616 cm™'

perpendiculor
specimen
position

T T
2 3 4

x

Figure 18. (a) Polarized Raman spectra, VV and HV, of a PES 3:3/C6 film in the perpendicular position under various
stretching conditions. (b) Relation between the depolarization ratio I/l for the 1616 cm~! band and the stretching
coefficient, «. (Reprinted with permission from ref 30. Copyright 1996 American Chemical Society.)
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Figure 19. Polarized Raman spectra of a PETH—Ph5/C6.C11 film, before (A) and after (B) uniaxial stretching (x = 2.12);
the v- and h- symbols refer to the stretching axis oriented either in the parallel (v) or the perpendicular (h) direction in the
laboratory system; they indicate the orientation of the sample. (Reprinted with permission from ref 31. Copyright 1999

American Chemical Society.)

Chart 2. Molecular Structure of Polyethers
(PETH) with S = CgH13, OCgH13, or CioH> and
R = C7Hu4, CoH1g, CioH20, Or C1iH22

Furthermore, from a review comparison of various
results obtained using three techniques, Raman,
FTIR, and X-ray, the high sensitivity of the vibra-
tional methods with respect to the different molecular
segments was confirmed. In contrast, the wide angle
X-ray diffraction technique provides information only
on the more extended organized domains; this leads
generally to larger [P0 values. Finally, it was
demonstrated in this study that the cylindrical sym-
metry could be applied with success to the Raman
tensor of the investigated modes, so that this kind of
bulky polymer could be equivalently treated as a
rodlike system.

3.4.2.4. Molecular Orientations in Blue Lumi-
nescent Rigid—Flexible Polymers.3! Here, we are
concerned with aromatic and aliphatic polyethers
(PETH; Chart 2) containing in the main chain not
only S-disubstituted para-quinquephenyl groups (with
S = CgH13, OCgH13, Or OC12H25) but also alkylene
groups (Wlth R = C;/H14, CoH1s, CioHog, OF C11H22).
On one hand, the substituting groups are responsible
for the filmogenic property and the solubility behav-
ior at a temperature where the polymers are ther-
mally stable. On the other hand, the polymers exhibit
blue light emission and photoluminescence, a pho-
tophysical property which is strongly dependent on
the molecular orientations and offers new perspec-
tives to prepare interesting optical materials.

The polarized Raman spectra of uniaxially stretched
PETH films of pure polyethers and of blends diluted
(~1%) in isopropylene were investigated; the films
were prepared from hot solutions (130 °C), dried
under vacuum, and, finally, put under pressure at
220 °C. The parameter orders [Pyo0and [P0 were

1,0 =T T T T T T
| 1% PETH-PAS/OC12.C10 in /PP a
0,8F B
L o &
o
]
8 osf 4
=
L] R
’!9: 0,4} @ -
;83 W P2, via d-HV measurement
a2k A P4 vigd-HYV measurement
@ P2, via p of isotropic sample
v P4, via p of isotropic sample
D'O L} . 3 M L L} L
2 4 6 8 10
Draw Ratio, &

Figure 20. Variations of the parameters [PqCand P 40000
of the mode at 1605 cm™1, for a polyether diluted (1%) in
polypropylene, as a function of the stretching ratio. (Re-
printed with permission from ref 31. Copyright 1999
American Chemical Society.)

then determined for the ring mode at 1605 cm~?, and
their values presented good correlations with the
stretching ratio, over the wide domain « = 1.0—10.0
(Figures 19 and 20).

Furthermore, quite different orientational behav-
iors were evidenced in comparative photolumines-
cence studies, but only rather weak dichroic ratios
were noted. Nevertheless, the diluted blends in
isopropylene appeared always in Raman and photo-
luminescence as the best oriented sytems, so that it
was argued that the lateral interchain interactions
were probably minimized in the blends. Such results
open new interesting routes for potential applica-
tions, particularly in polarized blue light emission
properties.

3.4.2.5. Molecular Orientations in Industrial
PVC Samples.?23 Industrial PVC samples contain-
ing ~5% additives, such as stabilizers and lubricants
but not plasticizers, were uniaxially stretched and
investigated by specular reflection in FTIR and by
resonance Raman in the backscattering geometry,
using various sample orientations and light-beam
polarization configurations. The resonantly enhanced
Raman bands at 1127 and 1515 cm™! (Figure 21) are
assigned to polyene segments arising from a dehy-
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Figure 21. (left) Raman spectra in the v-VV configuration of a PVC powder (a) and of an industrial sample, before (b)
and after (c) uniaxial stretching. (right) Polarized Raman spectra in the h-HH and h-VV configurations of a PVC sample
of uniaxal symmetry under various draw ratios, «. (Reprinted with permission from ref 32. Copyright 2000 American

Chemical Society.)
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Figure 22. Polarization ratios “h-HH/h-VV” in PVC as a
function of the ratio (1 or «) for the modes »(C=C) at 1515
cm™1, 6(CH,) at 1432 ¢cm™%, and »(C—Cl) at 650 cm™1.
(Reprinted with permission from ref 32. Copyright 2000
American Chemical Society.)
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drochlorination reaction in the PVC sample and/or
from a partial thermal degradation. They represent
good probes to determine the first even-parity order
parameters. Once again, these conjugated “all-trans”
polymer segments of cyclindrical symmetry were
used as the “orientation indicator” of the amorphous
region, and excellent correlations between the inten-
sity ratio of the indicator and the stretching factor
were established. In contrast, it is remarkable that
other internal vibrations of PVC, such as the 6(CH,)
or »(C—CI) modes, were to a large extent less sensi-
tive (Figure 22).

Under these conditions, the authors claimed that
it was possible to take advantage of the properties
of these samples to establish calibrations using the
intensity variations of the ratio “intensity(sensitive
mode)/intensity(unsensitive mode) as a function of

[P200lJ) and to determine in-situ and in real-time the
stretching coefficient values. These concepts were
actually applied by the authors® to PVC and PVF2
industrial polymers and to isotactic PP samples
containing ~0.1 wt % 1,8-diphenyloctatetraene (DPOT)
absorbing dye. Some polarized Raman spectra and
correlation curves concerning a PVC sample are
reported in Figure 23.

3.4.2.6. In-Line Estimate of the Molecular
Orientations in Polypropylene Fibers.®* Under
the same context of in-situ application studies,
Paradkar and co-workers®* have recently followed the
intensity variations of two bands in the polarized
Raman spectra of the isotactic polypropylene fibers,
iso-PP. They thus proposed a method for in-line
measurements in a compact pilot melt-spinning line,
containing a feed roll, a draw roll, and a relax roll
(Figure 24). The measurements of the intensity ratio
for two Raman modes at 841 and 809 cm™ (o(CH>)
and v(C—C) coupled vibrations) in the fibers under
various stretching ratios (in the 1.5—4.0 range) gave
rise to very nice correlations with other birefringence
data (Figure 25); moreover, the effects of sample
throughput and take-up velocity on the polarized
Raman spectra (i.e. on the crystallinity of the poly-
mer) were monitored in real-time.

Definitely, the very sensitive Raman technique is
well adapted (in the above example the error is only
a few 1/1000 on the birefringence) and allows a rapid
fabrication control. A single polarized Raman spec-
trum recorded on a restricted spectral domain ap-
pears sufficient!

One may thus expect that similar and new spec-
troscopic methods for characterization purposes will
be developed during the next few years.
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Figure 23. (left) Different polarized Raman spectra of PVC with a zoom on the 1400—1600 cm~1 region for « = 1.8; (right)
variations of the parameters [Pyol) (Psol]calculated from the dye signal at 1580 cm~! and calibration curve of the
experimental ratio “h-HH(1580)/h-HH(1432)” as a function of P,qoL] (Reproduced with permission from ref 33. Copyright

2002 Society for Applied Spectroscopy.)
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Figure 24. Schematic design of a compact pilot melt-
spinning line. (Reproduced with permission from ref 34.
Copyright 2001 Society for Applied Spectroscopy.)

4. Polarization Measurements in Confocal
“Micro-Raman” Spectrometry

4.1. Coupling of an Optical Microscope—
Experimental Considerations

The coupling of a high grade optical microscope
with a large numerical aperture lens, NA ~ 0.9—0.5,
and with a bright-light efficient spectrometer needs
great care to perform accurately Raman intensity

measurements, even in the presence of a nonabsorb-
ing sample.*35738 As a matter of fact, the optical light
path of the laser beam exciting a sample, illustrated
in Figure 26, includes a semitransparent dichroic
plate or a notch filter (in the more modern instru-
ments), a microscope objective lens to focus the laser,
and a microscope sample stage to control the sample
displacements. Therefore, different experimental con-
traints must be overcome at these levels, and they
mainly concern the properties of the notch filter, the
choice of the objective lens, and, finally, the trans-
mission property and the optical quality of the sample
surface.

4.1.1. Semitransparent Plate or Notch Filter

In previous old instruments the beam-splitter was
a dielectric plate inclined at 45° with respect to the
laser beam. It had a low reflection coefficient (~10—
20%) of the incident light and, consequently, a high
transmission (90—80%) in order to favor the scattered
intensity.3°4° Such a beam-splitter induced generally
undesirable intensity variations and depolarization
effects, so that in modern micro-Raman instruments
a notch filter has definitely replaced this plate. The
notch filter is used both to reflect the incident laser
light toward the microscope objective, with ~90%
efficiency, and to transmit the backscattered Raman
radiation with the same efficiency to the instrument
spectrograph. It is a very neutral optical element
working in a nearly normal incidence (Figure 27), and
its reflection and transmission factors are indepen-
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Figure 25. (left) Some typical on-line VV polarized Raman spectra of polypropylene fibers with different draw ratios
measured at the midpoint between the feed and draw rolls (position 3 in Figure 24): the fibers were extruded at a rate of
~4.0 g/min; the take-up speed was 200 m/min, and the fibers were drawn by appropriately varying the speed of the draw
roll; stretching ratio values were 1.5 (A), 2.5 (B), 3.0 (C), and 3.5 (D), respectively. (right) Plot of the draw ratio as a
function of the Raman intensity ratio and the birefringence in polypropylene fibers. (Reproduced with permission from

ref 34. Copyright 2001 Society for Applied Spectroscopy.)

To filter and
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Beam-splitter
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Figure 26. Beam-light path to focus a laser on the sample
surface using an optical microscope.

dent of the polarization direction of both the incident
and backscattered light.

Then, according to the optical scheme described in
Figure 27, no intensity corrections are needed in the
polarization Raman recordings, but an analyzer plate
and a scrambler located in front of the entrance slit
of the spectrometer are still necessary to analyze the
scattered light and to correct for the response of the
spectrograph grating, respectively.

It is very important to note that any notch filter
must be specially designed for a single exciting laser
radiation and that, for special application and ef-
ficient elastic light rejection, particular filters built
of holographic thin index gratings contained in
~60 um thick layers of bichromate gelatine were
recently built.#* In contrast to the dichroic plates, this
type of holographic filter (designed for the 632.8 nm
line of an He—Ne laser) displays a very high trans-
mission coefficient of 80—90% at ~ +500 cm™? (as
shown in Figure 28) and a reflectivity larger than
90% and 50% for the incident light polarization in

Scrambler

Mirror ¢
Notch filter

Pinhole
350um

A=632.8 nm |
or 752.5 nm

Figure 27. Experimental setups for recording polarized
micro-Raman spectra from a uniaxially oriented sample:
measurements of (a) the Z(XX)Z and Z(XY)Z spectra in the
first configuration, and (b) the Z(YY)Z and Z(YX)Z spectra
in the second configuration.

the perpendicular (00) and parallel (ll) directions,
respectively; this justifies the choice of the perpen-
dicular reflectivity setup in the above confocal setup
of Figure 27.

Finally, when used in conjunction with another
thin-band notch filter, generally located in front of
the entrance slit of the spectrometer, such high
quality filters allow us to record excellent Raman
spectra even in the low wavenumber range, a region
generally quite difficult to investigate.

4.1.2. Objective Lens: How To Make the Best Choice?

First, it is worth recalling that the “numerical
aperture” NA of a lens objective is defined by the sine
of the maximum angle of half-aperture,

NA= n sin(@,,) (87)
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Figure 28. Transmission at near 632.8 nm of a holographic (full lines) and a dichroic (dashed lines) beam-splitter plate
under the incidence angle of 45°. (Reproduced with permission from ref 41. Copyright 1992 Society Applied Spectroscopy.)

Table 5. Optical Properties of Some Commonly Used Objective Lenses (at 4o = 632.8 nm)

half-angle aperture (6n°)/deg 33.4 39 48.6 53.1 64.2 71.8

NA = n sin(6m) 0.55 0.63 0.75 0.80 0.90 0.95

working distance (f)/mm 8.1 6.5 0.38 (5.0) 3.2 0.21 (2.5) 0.37 (1.6)
objective lens type (notation) 50X LWD 50X UTK 50X MPlan 100X LWD 100X MPlan 100X MSPIlan
aperture photo: f/D = (2 tang(6m)) ~* 0.76 0.62 0.44 0.375 0.242 0.164

Dmax Spot (@632.8 nm)/um 1.40 1.22 1.03 0.96 0.86 0.81

“waist” d = (44o/7) (fID)/um 0.61 0.50 0.35 0.30 0.19 0.13

“depth of focus” (T = 0.86%) ~ 4Ao/(NA)?/um 8.4 6.4 45 3.95 3.12 2.80

(T =0.86 @ 1le)

and the increase of NA is related to the increase
either in the lateral resolving power of the lens (y)
or, equivalently, in the minimum diameter (D = 2y)
of the light spot limited by the diffraction phenomena:

0,614,
Y=NA

or, equivalently,

_ 1.22],

D=2y= NA

(88)

In this respect, some characteristic geometric and
optical properties of several typical “dry” objective
lenses are summarized in Table 5.

For instance, using a high numerical aperture lens
of NA = 0.95 and the wavelength 1o = 632.8 nm, the
visual distinction between two points will take place
for a minimum distance of 0.81 um, a distance
imposed by the diffraction limits. Furthermore, if the
shape of the sample implies no contraint on the
frontal distance or “working distance”(WD), it will be
advantageous to use a plane achromatic field objec-
tive of small focal length and of high NA. The choice
of the objective is thus very important and crucial
for the incident intensity distribution, as the scat-
tered intensity collected over the solid angle Q will
be proportional to

Q 2n(l —cosb,) (1—cosby)
47 Vit N 2

(89)

Table 6. Intensity Variations of the Band at 520 cm™?
of a Silicium Plate Using Different Objectives
(Adapted from Ref 42)

objective lens 100X 50X ULWD 50X ULWD 20X

NA 0.95 0.75 0.55 0.40

WD = working 0.37 0.38 8.1 11.0
dist/mm

measured 14700 9900 5000 1900
intensities/a.u.

rel intensities/% 100 67 34 9

theor rel 100 62 34 7

intensities/%

Depending on whether the samples are absorbing or
transparent, it is thus obvious that the performances
of a particular objective will be markedly different.

4.1.3. Strongly Absorbing Samples*?

With strongly absorbing materials the laser beam
is not penetrating inside the samples, and only the
Raman spectrum of the surface is recorded. The
collected Raman signal is therefore maximum using
the highest NA objective lens. Experimentally, this
is nicely verified by the intensity variations of the
band at 520 cm™? of a silicium plate, as reported in
Table 6, where intensity data with four distinct
objectives are compared.

Note that if the microscope is used in conjunction
with a diaphragm of spatial resolution (particularly
in a confocal optical setup), quite similar intensity
variations will be found. Differences between the
observed and theoretical percentage values (%) in
Table 6 are thus essentially due to variations in the
transmission factor of the objectives.
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Figure 29. Optical paths at a plane interface of a quartz
sample (n = 1.55).

Table 7. Raman Intensity Measurements for the v;
Band of Quartz (Adapted from Ref 42)

100X 50X ULWD 50X ULWD 20X
4900 9700 7000 11500

objective lens

intensity without
spatial filter

intensity with spatial 900
filter (400 um)

3100 2500 4300

4.1.4. Weakly Absorbing Samples*

In contrast, with weakly absorbing samples the
laser beam penetrates inside the sample and one
must take account of its refraction index, as the
optical path is modified according to the Fresnel
relation

o 1.
Sm(em )effective = ﬁ Sm(em) (90)

The marginal and paraxial rays do not converge to
the same position, giving rise to longitudinal spheri-
cal aberration. These fundamental and drastic effects
are schematically illustrated in Figure 29, using for
instance a quartz sample (n = 1.55).

Under these conditions, if the ray “B” is the
marginal ray for an ULWD 20X objective (NA = 0.4),
the light will be concentrated into a small volume and
will give rise to an intense Raman spectrum. Con-
versely, if we use a 50X lens (NA = 0.75), the ray
“C” will now be the marginal one, and the laser
irradiance will be spread over a larger volume. Only
a weak fraction of the beam will be efficient for
Raman scattering, because of the limited field depth
of the instrument. In these cases, additional drastic
effects can be expected when using a spatial resolu-
tion diaphragm. As indicated in Table 7, this is
actually observed on the intensity results for the
quartz signal at 464 cm™' due to the v; totally
symmetric mode of A; symmetry.

4.2. Intensity Measurements with Transparent
Samples

Generally, the transparency and surface properties
of a sample are the main factors controling not only

Sourisseau
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Figure 30. Notations for the illumination angles in the
focal plane of a microscope lens: the dimensionless optical
coordinates of the point P are u = (27/40)z sin? 6, and v =
(27l A0)(X? + y?)¥2 sin Op,.

the incident energy densities, which are radially and
axially distributed within the focus region, but also
the scattered energy densities. In theory, the inten-
sity of a Raman signal scattered by a sample volume
V and collected over a solid angle Q is given by the
following general relation,

int~C [, f9|Eimoa,lescmr|2 dQdv  (91)

where C is a constant, Ej,; and Egcater are the moduli
of the electric field vectors, and a,; are the compo-
nents of the polarizability derivative tensor. Such
calculations, which take into account the objective
effects, are very complex, and they have originally
been developed by G. Turrell and co-workers, 3538394344
In this approach, all the following conditions are
asssumed to be satisfied: (i) the wave front surface
coming from the laser must be uniphase and of
Gaussian type; (ii) the focusing system must be
aplanetic; (iii) the sample surface must be perpen-
dicular to the revolution axis of the laser and to the
focus optics; (iv) the sample must be homogeneous
and optically isotropic (or perfectly oriented); (v) the
focal point must be localized at a short distance from
the surface.

4.2.1. General Intensity Expressions

In the usual orientation conventions (see the nota-
tions recalled in Figure 30), any point P located in
the focal plane is initially defined by its polar
coordinates, r, 8, and y. Then, according to the
theoretical approaches first developed by Richards
and Wolf*®> and then by Torok et al.,* it may be
demonstrated that the incident electric field of a laser
initially polarized along the X direction fits the
following expression:

i(l, + I, cos 2y)
Eine = |~ (12 in 29) (92)
—2(l, cos y)

Here, lo, 11, and I, are integrals over the effective
angle of illumination (6,) and are functions of the
longitudinal (u) and transverse (v) dimensionless
optical coordinates at the point P, namely
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u = (27/i,)z sin® 6,
and
v = 2all)(x* +y)?sin 6, (93)
Then, using the definition of

m = +/(n* — sin® 6)) (94)

we obtain the expressions

lo(uv,n) =
Om . 2m cos 6 2cos 0
Jo D) sin H{nz cosf+m CosO+ m}
JO(V.Sm 6) exp(iu cos 6/sin? 6,.) cos¥? 6 d6 (95)
sin 6,
Om . 2 sin 6 cos 0
I,(uv,n) = D(0) sin | ———| x
i )= Jo"DO) n’cos 6 + m
v sin 6 iu cos 6 1/2
J, = ex cos - 0do (96
1(5"‘ 9m) IO(sinz Hm) (%6)
I,(uyv,n) =
—2m cos 0 2 cos 0

Orm .
Jo PO sin 0 ncos @ +m €osO+m

v sin 6 iu cos 6 172
Jz(sin 9m) exp(Sinz P )cos 6do (97)

m

where Jo, J1, and J, are Bessel functions of first kind
and of zero, first, second order, respectively, and the
radial Gaussian distribution of the incident laser
energy D(0) is defined by

N sin® 0
- exp|l— ——— 98
sin 9m) p( sin? Gm) (98)

D)) = (

Unfortunately, the above integrals cannot be ob-
tained under simple analytic expressions and they
are not rapidly converging, so that elaborate numer-
ical calculations (in high precision) must be per-
formed. Nevertheless, according to the general in-
tensity expression in eq 91, the calculations of the
Raman intensities are carried out by a double inte-
gration (of triple integrands!) over the collection cone
of diffusion (dQ) and, later, over the illuminated
volume (dV):

(i) Integration over the scattering cone (d<2) (see
Figure 31). First,

Jo(E)seat” dQ =
(cos 0 cos ¢ sin y + sin ¢ cos x)? A
Jo| (—cos 6 sin @ sin x + cos ¢ cos x)* | dQ = |A
(sin ¢ sin )? B
(99)
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/
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Figure 31. Definitions of the Euler angles in backscat-
tering Raman experiments showing the three rotations ¢,
6, x necessary on passing from the XYZ to the xyz reference
axes.

with

A= nzﬁfm(cosz 0+ 1) sin 6 do =

ﬂz(g —cos 0, — % cos® Hm) (100)

and

B= 2n2f09"‘ sin®0 do = ”2% —cos 6, + % cos® Hm)
(101)

Equation 99 thus transforms into

aXXZA + aXYZA + aXZZB
fg[axvzz] Escat2 dQ = aYXZA + aYYZA + aYZZB
0 A + 0 °A + a,,°B
(102)
(i) Second integration over the volume (dV). In a
second step, we define the heigh (h = z) and the

radius (R = (x2 + y?)12) of the illumination cone and,
then, the total volume V:

2
V:lnthzln > -V2 .u2 =
3 3 \K?sin? 0,,/\k sin?6,,
1 uv?
“7——— (103
3 K3sin* 0, (103)
so that
27 1
dV ==————|vdvdu 104
3 (k3 sin’ Gm) (104)
and
27 +o0 0
JAVEZ~ [Tdy [“Cvdv [duE;,Z =
2C, +C,
C, (105)
4C,
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Figure 32. Variations of the A and B coefficients for various objectives versus the refractive index, n.

where the C; coefficients associated with energy
distributions of the incident intensity are
C,=2xf; [JIuv.n)fvdvdu  (106)

(iii) Finally, the complete Raman intensity expres-
sion becomes

int = C{ (0 A + 0y *A + 0, ,°B)(2C, + C,) +
(oA + oy *A + a,,°B)(C,) +
(0 °A + 0 °A + 0, B)(4C))} (107)

where the coefficients A and B are related to the
collection of the Raman scattering and are dependent
on the “effective” half-aperture angle inside the
sample; their variations are plotted in Figure 32 as
a function of the refractive index of the sample.

Similarly, the variations of the coefficients Co, Cy,
and C, related to the energy distributions of the
incident intensity at the point P(r,3,y) in the focal
plane inside the sample are reported in Figure 33. It
is noteworthy that values of the coefficients Co, Cy,
and C, vary roughly in the ratios 100/10/1; the
intensities are thus mainly dependent on the coef-
ficient Coy, and their variations are governed by the
first terms in eq 107. We may recall that similar
variation curves were already published in the lit-
erature,®3° put significant differences and more
rapid decreases (when the refractive index n in-
creases) are evidenced for the highest NA values,
since we have carried out the integral calculations
with a higher accuracy and a double precision method.

Finally, it is remarkable that the average energy
density at any point of the coordinates (u, v, v) takes
always the form

W, (u,v,p)0~ (1/87)(C, + 2C, + C,) (108)

and this expression normalizes (at a constant energy
density) the responses of all different objective lenses.

To conclude this theoretical section, we must recall
that the intensity and depolarization ratio measure-
ments in Raman microspectrometry are sometimes
very tedious and quite complex, even when dealing
with a weakly absorbing sample. However, in the
following examples, we shall try to demonstrate that
very good relevant results can nevertheless be reached,
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Figure 33. Variations of the intensity coefficients Co, Cy,
and C, as a function of the refractive index, n.

provided that rigorous attention is paid to the precise
experiments and the data treatment.

4.2.2. Application of the Intensity Expression to a Liquid
Sample

In agreement with the previously defined geometric
scattering definitions (Figure 27), application of the
general intensity relation in eq 107 leads to the
following development for the measurement of the
depolarization ratio of a Raman signal in a nonab-
sorbing liquid:

Ity ~ I ixy) ~ {(axsz + O‘XZZB)(ZCO +Cy) +

(aYXZA + aYZZB)(CZ) + (azsz + 0LZZZB)("rCl)}
(109)
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Figure 34. (a) Variations of the normalized energies [W,(0,v,0)(as a function of the “reduced” radial distance with three
objectives. (b) Variations of W,(0,v,3)[in the focal plane for the “reduced” radial distances v = 1.0, 2.0, and 3.0, respectively.
(Reproduced with permission from ref 44. Copyright 1984 John Wiley & Sons Limited.)

Table 8. Depolarization of the v1(A;) and v4(F2) Modes in CCl, (Results adapted from Ref 43)

’V1(A1) 459 Cm71

v4(F2) 314 cm™?

Gm/deg Pcalc(n:]--o) Pcalc(n:1-46) Pexp Pcalc(nzl-o) Pcalc(n:1-46) Pexp
71.8 0.03 0.003 0.012 + 0.005 0.801 0.770 0.770 £ 0.030
64.8 0.02 0.0025 0.010 + 0.005 0.795 0.767 0.770 £ 0.030
58.2 0.015 0.002 0.008 + 0.005 0.788 0.765 0.760 £ 0.030
39.1 0.004 0.001 0.008 + 0.005 0.770 0.758 0.760 + 0.030
20.5 0.000 0.000 0.007 £ 0.005 0.756 0.753 0.750 £ 0.030

ity ~ 1y ~ {(ay°A + ay,°B)(2C, + C,) +
(O A + Ay, B)(C,) + (0 A + 0,,°B)(4C))}
(110)

If we consider the v;(A;) band at 459 cm~* and the
v4(F2) mode at 314 cm™! of the CCl,; molecule of
spherical symmetry (n = 1.46; point group Tg), we
obtain for the corresponding theoretical depolariza-
tion ratios, pcac = inty/int,

4BC, + AC,
Pealc(A1: 06004y =06;) = 2AC, + 4BC, + AC,

(111)

pcalc(FZ'axx:ayy:azzzo) =
6(A + B)C, + 4(3A + 4B)C, + (7A + 6B)C,

2(4A + 3B)C, + 4(3A + 4B)C, + (7A + 6B)C,
(112)

Actually, as indicated in Table 8, we observe very
good agreement between the experimental and cal-
culated ratios.

4.2.3. Radial and Axial Energy Distributions within the
Objective Focal Plane**

As mentioned previously, the point P(r,5,y) located
in the focal plane may equivalently be defined by its

dimensionless optical axial (u) and radial (v) coordi-
nates, that is, by P(u,v,y), and according to eq 98,
the Gaussian distribution of the incident energy has
the analytic form

_ : N _ sin®6
D(0) = W,(sin 9)= (sin em) exp( —sinz '9m)

So, it is important to determine the variations in the

distribution and the mean value of the electric energy

along the radial and axial directions when the

aperture of the objective lens is modified.*

4.2.3.1. Radial Distribution. The curves of the

average energies (W,(0,v,0)Cand (W,(0,v=constant,y)[]
are compared for three objectives in Figure 34. They

display a very similar Gaussian shape, with a half-

width at half-heigh, vy, = 2.0 & 0.2. We thus retrieve

already known values of the radial resolving power,

2v AgV A
_ 2 2172 _ 1/2 — oV1/2 - o
y=26+y) k| sin,, msin6, 0-649A
(113)

and the resolution does not vary significantly, as we
are always working at the limits imposed by the
diffraction. Note that the effective radius of the spot
(y) is equal to 0.492 um (X100 lens) or to 0.575 um
(50X lens), when using the red He—Ne laser line
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Figure 35. Variations of the normalized average incident
electric energies (W,(u,0,0)Cas a function of the “reduced”
vertical distance for three distinct objectives. (Reproduced
with permission from ref 44. Copyright 1984 John Wiley
& Sons Limited.)

Table 9. Values of the “Effective” Axial Depth Using
the 100X and UTK 50X Lenses (4o = 632.8 nm)

objective Oml/deg NA Uz Olum 26/um (dof)
100X 64.2 0.90 45 112 2.24
UTK 50X 39 063 55 2.78 5.57

(632.8 nm).These values are in very good agreement
with those already reported in Table 5.

4.2.3.2. Axial Distribution. In this case, as shown
in Figure 35, the curves of the normalized average
energy axial distributions (W,(u,0,0)Cdisplay signifi-
cant variations and are dependent on the NA of the
objective lens. Their half-width at half-maximum uy,
varies over the 4.5—5.5 range. This result prompts
us to define an effective axial depth (6) or “depth of
focus” (dof, 20), whose values for the two 100X and
UTK 50X lenses are given in Table 9:

2u;, AUy

d=2z= (114)

.2 o L2
K| sin© 8, msin® 6,

The depth of focus varies drastically from one lens
to another (here, by the factor 2.5), as the illuminated
volume is inversely proportional to NA? (or, equiva-
lently, to sin? 6y,). As indicated in Table 9, we thus
obtain an estimate of the depth of focus (20) value at
50% of irradiance.

Objective Focal
Laser Lens Volume
| | /
| d
v |\
<f—>

Example: D= 0.15 cm, f=10 cmj= 500 nm — =42 microns

Sourisseau

In conclusion, it is clear that all these very impor-
tant optical properties must be taken into consider-
ation for a proper recording of polarized Raman
spectra. In particular, in the above diagrams we have
shown that severe conditions must be fulfilled to
probe radially and/or axially (in the depth) any new
nonabsorbing sample by using the micro-Raman
spectroscopic technique.

4.3. Optical Principles and in-Depth Sectioning
with a Confocal Instrument

In the preceding section we have shown that
Raman microspectrometry is a very efficient tech-
nique to investigate small samples and restricted
volumes (a few cubic micrometers or picograms), such
as a small gas inclusion inside a transparent mate-
rial, for instance. Now, considering the advantages
of the confocal microscopic technique, we shall dem-
onstrate that both the radial (lateral) and axial (in
depth) resolutions can even be improved when work-
ing at the spatial micronic limits imposed by the
diffraction.

Actually, because of the peculiar shape of the
“waist” of any laser beam tightly focused in the object
focal plane of the microscope, the main goal for any
sample under study is to collect the Raman light
passing through an ajustable aperture. This pinhole
is located in the corresponding image confocal plane.
As sketched in Figures 36 and 37, the challenge is
thus to adjust a Raman microscope with the smallest
dimension, d = d' minimum. Under these conditions,
it is necessary to insert a first fixed diaphragm on
the entrance beam path (to diminish d') and to put
another ajustable confocal hole on the outgoing beam.
Then, only the photons coming from the focal plane,
where the incident intensity is maximum, are ef-
ficient: both diaphragms or pinholes are said to be
confocal; in other words, they must be optically
conjugated to the point source in the object plane,
and only the light coming from the focal plane is
entirely collected by the detector.

Normally, such an optical setup must allow us to
select different zones or in-depth sections in a weakly
absorbing sample by ajusting the size of the confocal
pinhole placed before the spectrometer. One must be
able to spectroscopically perform a true axial section-
ing at a variable depth of penetration.

Actually, the optimum axial resolution is theoreti-
cally reached if the size of the confocal diaphragm is
equal to that of the image (given by the objective) of

Laser

Figure 36. Diameters (d and d') and useful lengths (L and W) of the “waist” laser in a confocal microscopic setup. Note

that d = 440f/zD and L = 1640f?/zD? = 7d?/A,.
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Figure 37. Confocal configuration and principle of the
optical sectioning along the axial direction. (Reproduced
with permission from ref 48. Copyright 1990 Jobin-Yvon
SAS.)

the laser point source in the sample, provided there
are no aberration or diffuse reflection effects.*” This
confocal configuration is thus quite convenient in
Raman microspectrometry, as it normally allows the
rejection of any stray light (background, fluorescence,
luminescence, ...) coming from outside the probed
focal volume. As an illustrative example, we compare
in Figure 38 two spectra recorded with the classic
and the confocal Raman technique, respectively;
identical conditions were used (laser 2 mW at 1o =
514.5 nm, CCD detector) to irradiate graded poly-
styrene balls (average diameter of 0.5 um) lying on
a glass plate.*® The first spectrum (left) has been
obtained using wide slits (confocal hole opened up to

CLASSICAL RAMAN

-1

/._,..o/'
—
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1200 um diameter), meanwhile for the recording of
the second spectrum (right) the confocal pinhole has
been intentionally closed down to 140 um. This
condition corresponds to an analyzed sample of
diameter equal to ~1.0 um, considering the magni-
fication of the 100X objective and the 1.4 amplifica-
tion factor of the instrument transfer optics.*” It is
noteworthy that both spectra are displayed on the
same scale; they have not been the subject of any
particular treatment, and the drastic decrease of the
background in the second case is surely due to the
restricted depth of focus. Definitely, there is no
intensity loss in the Raman bands due to polystyrene
and the contrast is markedly improved.

It is otherwise possible to demonstrate that the
performances in axial sectioning of a confocal Raman
microspectrometer can be derived, in a first ap-
proximation, from simple rules of optical geom-
etry.“84% |n addition, thanks to the use of different
objectives and pinholes, this technique facilitates the
investigation of multilayered composite thick polymer
films. Nevertheless, it will often be difficult to
eliminate any aberration phenomena and refraction
effects without a loss of the in-depth resolution. So,
all these factors must be considered in a more
rigorous approach before drawing definitive conclu-
sions (qualitative or quantitative) on the nature of
the probed interfaces. In recent studies, some conclu-
sions were sometimes too hurriedly claimed. So, one
must remember that this problem is very difficult to
treat rigorously and remains an open question. It is
still the matter of numerous debates and discussions
in the recent literature.4"50-5%5

4.4, Applications, Raman Images, and Calculation
of the Order Parameters

4.4.1. Uniaxial Orientation in Azopolymer Diffraction
Gratings

It has been recently demonstrated in several
groups and research laboratories that permanent

CONFOCAL RAMAN

Sample :

! Polystyrene bead,
: diameter: 0.5 pm

N (on a glass slide)

B
[*3
gl
cs

Glass

Sample
:0.5 pm

N\,

SN

Depth
of focus

Figure 38. Spectra of polystyrene balls (¢ = 0.5 um) lying on a glass plate: (left) under classic conditions; (right) under
confocal Raman conditions. (Reproduced with permission from ref 48. Copyright 1990 Jobin-Yvon SAS.)
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Marogcope I
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Figure 39. Atomic force microscopy (AFM) image of a
830 nm period grating with a surface relief modulation of
190 nm.

holographic gratings, with a spatial period (A) typi-
cally in the 0.8—3.0 um range (Figure 39), can be
easily inscribed on initially isotropic thin films
(1—2 um) of amorphous polyacrylate (co-)polymers
(pDR1M-co-MMA) containing covalently bonded
“azobenzene units” in side-chain positions.

Such holographic gratings are optically inscribed
by interfering two coherent laser beams with ap-
propriate polarizations, for instance using the circu-
lar polarizations (circR + circL), the parallel linear
ones (p + p, s + s), and/or the orthogonal linear ones
(p + s). The relief amplitudes and dynamics of
formation are strongly dependent on the used
polarizations.*®%6-63 Actually, from the analyses of the
intensities and polarizations of all the transmitted
and diffracted beams at several orders (0, £1, +2),
two main contributions in the formation mechanisms
have been clearly distinguished and characterized:
on one hand, the anisotropy or birefringence (An)
and, on the other hand, the sinusoidal modulation
of the surface relief (Ad).

To get new information on these mechanisms and
on the chromophore orientations, we have recorded
for the first time, with the help of confocal Raman
microspectrometry, different series of polarized Ra-
man spectra in all regions of such surface gratings.
The spectra were largely enhanced because of reso-
nance Raman effects. Therefore, from inspection of
the intensity variations of some characteristic vibra-
tional modes, we have obtained polarized Raman
images of large surfaces (16 x 16 um?2, for instance).
These images reproduced quite confidently the grat-
ing grooves, as we shall see hereafter. Then, from
theoretical treatments of the scattered Raman in-
tensities including the objective lens corrections, we
were able to estimate both order parameters [P,[land
P,4[J to obtain new information about the chromo-
phore orientation distribution functions, F(cos ), and
the dye concentration gradients (at a submicron
level). Results of some selected examples are sum-
marized in the following sections, compared to the
topographic images recorded by AFM (atomic force
microscopy) and to the theoretical predictions of the
“angular hole-burning” photo-orientation model in
order to validate this new Raman approach.

4.4.1.1. Diffraction Gratings Inscribed Using
(circ.Right + circ.Left) Polarizations. The first
example concerns the study of diffraction gratings
inscribed by interfering two coherent laser beams of
circular polarizations, Right (R) and Left (L). This

Sourisseau
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Figure 40. Variations of the polarization direction and of
the electric components along the X and Y axes for the
incident configuration (circ.Right + circ.Left) as a function
of the position ¢ along the grating vector direction. (Re-
printed with permission from ref 18. Copyright 1998
American Chemical Society.)
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Figure 41. Experimental setup in Raman confocal mi-
croscopy for the recording of polarized spectra: (a) record-
ing of Z(YX)Z, Z(YY)Z spectra in the first configuration;
(b) recording of Z(XY)Z, Z(XX)Z spectra in the second
configuration. (Reprinted with permission from ref 18.
Copyright 1998 American Chemical Society.)

process involves a modulated orientation of the
polarization, which remains linear but accomplishes
a 2x rotation along a grating period, A (see chart in
Figure 40).

From an experimental point of view and according
to the Porto notation, two series of two polarized
Raman spectra, Z(YX)Z, Z(YY)Z in the first experi-
ments and Z(XY)Z, Z(XX)Z in the second ones, were
recorded with a data point at every ~0.5 or 0.2 um.
Several lines covering a large area (roughly 20 x 20
um?) were inspected in order to get a reasonable
average over several grating periods. Details about
the experimental confocal microscopic setup are
described in Figure 41. It is noteworthy that we
intentionally fixed the direction of the incident
electric field E;, while the analyzer was adjusted in
either the V or H position, successively (a/setup);
then, the sample stage was rotated by 90° to record
the second series of polarized spectra (b/setup).

Under these conditions, according to the reference
axes defined in Figure 41 and to the general Raman
intensity from eq 91,
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we expect the following polarized Raman responses:

For the incident laser beam polarized along the
Y direction,

I(YX) = [mvxzm + mYZZEB](ZCO +Cy +

[0 TA + [0, °BI(4C,) + [ “TA + [0, TB](C,)

I(YY) = [mwzm + Eb'~Y22DB](2C0 +Cy) +

[, *[A + [y, “IB](4C,) + [[Byy “TA + [y, “B](Cy)
(115)

leading to the first ratio of relative Raman intensities,

I
R,(X or 8) = %

(116)

For the incident laser beam polarized along the
X direction,

I(XY) = [mxvzm + Ei"~><zz|:|B](2Co +C,) +
[0,y “[A + [B,,°B](4C,) + [[ryy°A + Lo, B](C,)

I(XX) = [mxxz@‘ + Ej’LXZZDB](ZCO +Cy) +

[ *TA + [ty “MB](4C,) + [[Byy (A + [y, “B](Cy)
(117)

leading to the second ratio of relative intensities,

IXY

R,(X or ¢) = (118)

IXX

We must recall that not only the terms [d,;20in the
above expressions are estimated from orientationally
averaged quantities but one must also consider an
additional matrix rotation, R(f"), of the polarization
vector,

[, T TIR(B)[T(0.90.%) -~ TH(0.0.9) IR0
(119)

where the values ' = 0°, 45°, and 90° correspond to
points localized at the top, at the half-slope, and in
the bottom positions of the surface relief, respectively.
Similarly, the two ratios R; and R, are dependent
on the positions X (or §) over a grating period (see
definition in Figure 40) and on the orientationally
averaged quantities [@os? #0and [dos* O[] that is, on
the two first even-order Legendre polynomials, [P,[]
and [P,[J819

As an illustration, four polarized Raman spectra,
Z(YY)Z, Z(YX)Z on one hand and Z(XX)Z, Z(XY)Z on
the other hand, recorded over the 1000—1700 cm™?
wavenumber range for a 3.0 um period grating are
reproduced in Figure 42. The intensity variations of
the mode v(NO,) at 1339 cm™?! (with data points at
every 0.2 um covering roughly two periods) give rise
to the profiles shown in Figure 43. Here, it is very
important to point out that the two former responses

Chemical Reviews, 2004, Vol. 104, No. 9 3883

are in phase, while the two latter ones are nearly out
of phase. These results are in good agreement with
the theoretical predictions of a simple hole-burning
model,181956-59 confirming that the preliminary
photophysical orientation mechanisms during the
isomerization cycles are quite dominant. The above
results concerning both Z(XX)Z and Z(XY)Z spectra
are also elegantly illustrated in the integrated in-
tensity Raman images for a 16 x 20 um? area of the
surface relief (Figure 44); these images reproduce
nicely the grating spacing period and confirm the
overall dephasing observed between the two types of
polarized Raman response.

From all these experimental results, it is thus
possible to establish the variations of the two ratios
Ri1, R, and, consequently, to estimate the values of
the order parameters [P,[Jand [P,[lin each region of
the surface relief, in particular at the hole and peak
locations. Results obtained at these positions are
reproduced in Figure 45, where we have also reported
the shapes of the most probable orientation distribu-
tion functions; these functions were calculated from
an estimate of the Lagrange multipliers (1, 14) and
using the formalism of the “information entropy”
theory.?s

It is evidenced that the orientation functions
display intense maxima at +90° for the hole posi-
tions, while they are markedly broader, asymmetric,
and split into two maxima at nearly +30° (with
respect to the perpendicular direction) for the peak
positions. This result is in agreement with the
existence of constraints and pressure gradients re-
sponsible for the formation of the sinusoidal relief.
These constraints probably occur during the mass
transport from the holes toward the bumps. Indeed,
this interpretation is reinforced by a careful inspec-
tion in the four polarized spectra of the variations of
the Raman intensities, which were found to be in
agreement with an increase of ~5% in the chro-
mophore concentration at the bumps. It is worth
noting that these results are consistent with other
models independently proposed, in particular the
model of a translational dynamics of the polymer
chains and that of a viscoelastic flux regime during
the grating formation.54-66

4.4.1.2. Diffraction Gratings Inscribed Using
Linearly Polarized Beams, (45° + 135°) and
(p + p). In a second example, we shall discuss Raman
results for holographic gratings inscribed on thin
films of the copolymer K1-10 from Bayer AG (Le-
verkusen, Germany); its chemical formula is reported
in the chart in Figure 46. This copolymer contains
10% photoactive “azo” units and 90% “mesogen-azo”
units, both in side-chain positions; this facilitates the
formation of an intermediate mesophase and the
appearance of a strong birefringence (An ~ —0.10,
—0.25) because of cooperative orientational ef-
fects.58:59.67-69 \We have inscribed gratings on isotropic
thin films of this sample by using two linearly
polarized interfering laser beams, more precisely
under the (45° + 135°) and the (0°(p) + 0°(p))
configurations. In the former case, there exists only
a modulation of the final polarization, which is
successively linear (vertical or s), elliptic, circular (R
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Figure 42. Four polarized Raman spectra recorded under (a) Z(YY)Z, (b) Z(YX)Z, (c) Z(XX)Z, and (d) Z(XY)Z polarization
conditions for a 3.0 um period grating. (Reprinted with permission from ref 18. Copyright 1998 American Chemical Society.)
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Figure 43. Polarized Raman intensity variations over several grating periods for the mode vs(NO,) at 1339 cm~! under
(a) the Z(YY)Z and Z(YX)Z polarizations and (b) the Z(XX)Z and Z(XY)Z conditions. (Reprinted with permission from ref

18. Copyright 1998 American Chemical Society.)

or L), elliptic, linear (horizontal or p), ...; in the latter
case, the polarization does not vary and remains, of
course, harizontal (p), but there is a strong intensity
modulation maximizing at X equal to 0.0, A (or
equivalently at 0 = 0, 2x), exactly at the bottom
positions of the surface relief (see Figure 46).

In the related micro-Raman studies, our main
purpose was to check the chromophore orientations
in a direction perpendicular to the incident field. In
the first case, the orientational effects were expected
to occur alternately at every half-period (with how-
ever no preferential orientation at Y/, and %/, of a
period where the pump polarization is circular), and
in the second case, the orientations were expected to
give rise to a homogeneous pattern. Nevertheless, as
evidenced in Figure 47, peculiar perturbations in the
surface relief profiles were revealed from AFM topo-

graphic measurements. In addition to the main
modulation with the normal period equal to 3.5 um,
submaxima or subminima were always detected at
the half-period positions. In the second case, the
overstructures were particularly enhanced, giving
rise to another ~20 um height modulation, a pertur-
bation quite significant as compared to the total
amplitude of about 55 um.

Several important results of our micro-Raman
scattering investigations are summarized in Figures
48 and 49, which contain the curves of the polarized
Raman intensity variations over several grating
periods and the corresponding variations of the
intensity ratios Ry, R,. Also included are the shapes
of the orientation distribution functions calculated
from the values of the [P,0and [P,[]parameters
determined in different regions.
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Figure 44. Raman images from the integrated intensities on the Z(XX)Z (left) and Z(XY)Z (right) spectra. (Reprinted
with permission from ref 18. Copyright 1998 American Chemical Society.)

(i)Holes (6=r ; E inc. r )
<P >=-0.220
<P>=+0.187
Bimodal with max. at 90°

E reference :

90
120 60
1.5
_—
4 30
Z
0.5
d=n
0 0
210 330
240 300

270

(ii)Tops (8=0 ; E inc¥—" )

<P>=-0.124

<P>=- 0.119

Asymmetric centered at + 30°
(here below)

N(8)

270

Figure 45. Values of the main order parameters and most probable orientation functions at the hole and top positions of

a surface relief grating. (Adapted from refs 18 and 19.)

(i) For the grating inscribed under the (45° + 135°)
configuration, we note in the bottom regions [P,0=
—0.190 (1, = —1.092) and [P,[0= +0.049 (1,= 0.252),
leading to a Gaussian distribution with a maximum
at 90°. Similarly, in the peak regions, the values
P,0= —0.200 (1, = —0.990) and P,0= +0.149 (1, =
1.428) lead to a bimodal distrubution maximizing at
0°, as expected. Finally, at the positions /4 or 3/, of a
period, we do retrieve [P,[0= [P,0~ 0.0, confirming
that the chromophore orientation remains isotropic.
All these results thus corroborate the good fit be-
tween the developed theoretical and experimental
approaches.

(ii) For the grating inscribed under the (p + p)
configuration, as expected, we find in each region a
chromophore orientation distribution function of

Gaussian type with a maximum at 90°; all the
parameter order values are quite similar, equal to
P,0= —0.143 (A, = —0.984), P,0= —0.025 (A4 =
—0.531) in the more pronounced holes and equal to
P,0= —0.123 (1, = —0.703), [P,0= +0.005 (14 =
—0.074) in the weaker bottoms arising from the
overmodulations. Therefore, in this study we got a
better insight into the grating formation mechanisms,
and we have concluded that the surface relief anoma-
lies originate in constructive interferences between
transmitted and diffracted beams of a proper polari-
zation.%®~®2 Furthermore, it is worth noting that the
Z(YY)Z and Z(YX)Z experimental Raman intensity
variations have always provided clear evidences for
the existence of these overmodulations (Figure 49).
Such results demonstrate again the high sensitivity
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of the Raman microspectrometric technique used in
conjunction with polarization analyses; the corre-
sponding Raman images recorded on large grating
areas also revealed themselves to be quite informa-
tive.5®

Furthermore, it is noteworthy that we have simi-
larly applied with success the micro-Raman spectro-
metric technique for the determination of the molec-
ular orientations in different azopolymer films. Some
parallel studies were developed with the aims to
duplicate gratings through a phase mask and to find
out the best conditions to stabilize the diffraction
efficiency in a new grating inscribed using a single
laser beam. We have also investigated the optical
properties of gratings poled under high DC electric
field condtions, to better understand the polarity
effects in the breaking symmetry mechanisms and
in the frequency doubling generations.” Finally, from
Raman investigations on shorter spacing period
gratings (A ~ 1.0—1.4 um), we have still obtained
nicely resolved Raman images which clearly demon-
strate that it is possible to work at the diffraction

Chart 3. Chemical Formula of the Copolymer
“P269” (Ref 73)

O
—C//

P N Sy—o=n

NN N
Oy
—(Sy—c=n

limits (=A/2). It is thus obvious that, in the near
future, the micro-Raman polarization technique will
also be applied with success to other original inves-
tigations of various nanomaterials; this technique
will surely be useful to develop new applications in
the domain of nanophotonics.

4.4.2. Photoinduced Biaxial Orientations in Strongly
Absorbing Polymer Films

Hereafter, our purpose is to pay attention to the
more complex biaxial symmetry properties of various
polymer systems. Such biaxial orientational phenom-
ena occur often in polymer films, because of the
occurrence of strong cooperative effects upon photo-
induced reactions and/or the existence of either a
stable intermediate liquid-crystalline mesophase (as
demonstrated in the previously mentioned K1-X type
samples®”~%) or a semicrystalline phase (as encoun-
tered in the p(DR19T) homopolymer™). For instance,
the K1-X polymers are known to be strongly absorb-
ing in the visible region and to possess a very large
birefringence, typically in the An = —0.2, —0.4 range.

In this context, we have recently investigated the
chromophore orientation properties in thin films of
a new “P269” copolymer (see Chart 3) using the UV—
visible, Fourier transform infrared (FTIR), and con-
focal Raman microspectrometric techniques. This
copolymer, synthesized in Bayer AG laboratories
(Leverkusen, Germany), contained in side-chain posi-
tions equal amounts (50%) of two kinds of covalently
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Figure 48. Main Raman results and shapes of the orientation distribution functions in a grating inscribed using the
linear polarization (45° + 135°) configuration. (Adapted from ref 58.)

bonded azo units, “classic-diazo” and “azo-mesogen”
ones.”? Most spectroscopic results of this study were
recently published,”® so we shall describe only the
theoretical basis of the proposed new vibrational
approach. For such a biaxial symmetry system, the
method consists essentially in combining FTIR and
Raman data to get the physically meaningful best fit
values of the effective main orientation order param-
eters.

First, we recall some theoretical background about
the definition of the orientational coefficients and the
related experimental measurements. Then, the treat-
ments of the vibrational data are discussed and the
more physically reasonable orientation distribution
functions are developed.

According to Kaito notation'® and the laboratory
axes defined in Figure 50, from FTIR experiments it
is possible to obtain the two orientation coefficients
fo and f,. They are estimated from a comparison of
the spectrum of the starting isotropic sample (Ag) and
those of the sample after irradiation with a linearly
polarized laser beam, A, (Ax) and Ag (Ay).

Indeed, from the definitions,

f, = 2(3(805” A0~ 1) = Fryoql]

_[os 2¢ sin® 001

f
’ &in? o0

(120)

we get straightforwardly the relations
A, ~ [Bos® 0= Ay(2f, + 1)
A, = [B0s® ¢ sin® A= Ay(1 — f,)(1 + fp)
A, ~ 8in® ¢ sin® 00= Ay (1 — f,)(1 — fp) (121)

where Ag = (Ax + Ay + A2)/3.0 is the mean absor-
bance. We thus obtain two important expressions:

A, + A,
A -1 AT T
fy(biax) = 5 = 3A,
. _ Ay — Ay
and fq,(blax) = m (122)

It is obvious that in an isotropic sample both
coefficients are zero, fs = f, = 0.0, whereas in a
homogeneous uniaxial sample we expect fy = 1.0 and
f, = 0.0 if all the chromophore long axes are oriented
along the X direction. Similarly, for a sample of
biaxial symmetry with a perfect orientation along the
Y direction and the Z direction, we expect f, = —0.5,
f, = 1.0 and f, = +0.5, f, = —1.0, respectively.
Experimentally, it is easily checked on some selected
infrared active modes that the orientation factor f,
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Figure 49. Main Raman results and shapes of the orientation distribution functions in a grating inscribed using the
linear (p + p) polarization configuration. (Adapted from ref 58.)

differs from zero and that there exists a biaxial
symmetry with a preferential in-plane (when f, is
positive) or out of film-plane (when f, is negative)
orientation.

Furthermore, according to the scattering geom-
etries already defined in Figure 42 and to the general
intensity equation (eq 107), in a first approximation
the following expressions can be used in confocal
micro-Raman experiments in order to get the two
intensity ratios, R; and R;:

(i) when the incident laser beam is polarized
along the direction Y, one gets R; = I/l using

Iy = (Albly, *CH By, “D(2C, + Cy,) + ...
lyy = (Albw“[H Bloy,,°0(2C, + C,) + ... (123)

(i) when the laser beam is polarized
along the direction X, one obtains R, =
lyy/lyx Via

iy = (Al 0+ Bl “0(2C, + C)) + ...
Iy = (Al 2 Blo,2(2C, + C,) + ... (124)
It must be recalled that only the first terms (the more

significant ones) are here above considered and that
the averages of the squares of the tensor elements

X A z(c)
X | y
|
0 |
|
|
|
(0] ] — » Y
T=2 -

N

Figure 50. Definition of the Euler angles 8 and ¢ with
respect to the laboratory system axes (X, Y, Z).

are calculated from integrals over the various orien-
tations:

[0,,°0~ g [~ d(cos 6) [@y,*F(cos 6,¢)0] (125)

For simplicity, we assume that the molecular polar-
izability tensor is diagonal, and because of the
cylindrical symmetry of the chromophores and of
resonance Raman conditions, we state also that
o3> ag = o . Under these conditions, the two ratios
R; and R, in an anisotropic sample of biaxial sym-
metry depend not only on the two parameters A and
B (functions of the sample refractive index and the
NA objective lens) but also on the five coefficients or
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Table 10. Values of the Intensity Ratios R;, R, and Main Orientation Factors in the vg,(o(C=C)) and v(N=N)
Vibrational Modes of a “P269” Film Sample of Biaxial Symmetry (Adapted from Ref 73)

2f,(1— fp) = F2 0

mode v/cm~t fo= 200 T, (P2,2,00)

R2 (F4,000 (F420(0P4,2,00) (F140((P1,400

w(C=C) (8a) 1599 cm™*
»(N=N) 1372 cm™?
(infrared data) (IR) (IR) (IR)
(Raman data)

—0.304 +0.341 +0.889 (+0.074) 0.476 0.303 +0.085 + 0.027 +0.739 (+0.0041) —56.80 (—0.034)
—0.321 +0.234 +0.642 (+0.053) 0.580 0.367 +0.094 + 0.030 +0.789 (+0.0044) —91.99 (—0.055)

R (R (R) (R)

orientation factors, [F, ,,[J After some tedious calcula-
tions,” we obtain the final equations:

R, = [7(A + B) + 5(A + B)[F, ,0—
12(A + B)[F, [ 2.5(A — B)F,,0— (A — B)[F,,J/
[7(3A + B) + 5(12A + B)[F, o+
12(2A — B)[F, o[H 2.5(B)[F, ,0+ (B)[F, [ (126)

R, = [7(A + B) + 5(A — 2B)[F, ;-
3(4A — B)[F, o[- 2.5(A)F, ,0— (A)F, ,0—
0.125(B)(F, ,/[7(3A + B) — 10(3A + B)[F, o[+
3(3A + B)[F, o[ 15(A)F,,[H (A)F, ,[H
0.125(A — B)F, 0 (127)

Any biaxial systems may then be treated using these
expressions for the intensity ratios. However, it is
obvious that we cannot estimate values of the five
orientation factors from only polarized backscattering
Raman experiments. We are thus forced to combine
FTIR and Raman results in order to determine all
the orientation factors and to establish a complete
distribution function.

Actually, two sets of polarized micro-Raman spec-
tra were recorded in the backscattering geometry on
a “P269” anisotropic film, namely the Z(YX)Z and
Z(YY)Z spectra to determine R; and the Z(XY)Z and
Z(XX)Z spectra to determine R,. Experimentally, to
avoid any photobleaching or photodegradation effects,
we have employed the 752.5 nm red line of a Kr+
laser with a very weak intensity (0.1—0.2 mW) in
conjunction with a wide angle (100X) objective lens.
Typical polarized Raman results for an anisotropic
film sample are reported in Figure 51. The corre-
sponding values obtained for the intensity ratios and
the main orientation factors in two selected vibra-
tional modes are given in Table 10.

In fact, to get estimates of all the orientation
factors, we have applied the following procedure: the
two coefficients [, oCand F, ;L] respectively equal to
fo and to 2f,(1 — fy), are first determined from
infrared results. Then, we adjust the next coefficient
[F400to its corresponding mean value in the domain
of existence of the most probable distributions of
Gaussian type in a related uniaxal system (see
section 3.2.3). Then, from the knowledge of the A and
B optical parameters (calculated from the objective
NA and the mean refractive index of the sample), the
coefficient [F,4 ;[ds calculated directly from the former
equation (eq 126) and, consequently, the last coef-
ficient 0F,4 4[Jis estimated from the latter equation (eq
127).

It must be pointed out that it is mandatory to find
physically meaningful values for all the coefficients.
In this respect, a simple check is provided by the
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Figure 51. Polarized (a) Z(YY)Z, Z(YX)Z and (b) Z(XX)Z,
Z(XY)Z micro-Raman spectra of an anisotopic “P269” film
sample. (Adapted from ref 73.)

following inequalities which must be strictly ful-
filled:13

1

a2l =189

3
1 1
[P 400 = 1680|[F4’4’0Eu = 16 (128)

Finally, from the knowledge of the five orientation
factors and the assumption of a probable azimuthal
angle ¢ = 40° (estimated from eq 120), we have
established the more likely and physically reasonable
orientation distribution functions of some selected
vibrational modes. The related result obtained for the
w(C=C) ring stretching mode at 1599 cm™! is shown
in Figure 52; as expected, the calculated distribution
function is always positive, whatever the polar angle
6 considered.

In conclusion, we have shown that, from a proper
combination of infrared dichroism and polarized
micro-Raman measurements, it is possible to afford
new relevant information about the molecular sym-
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Figure 52. Final distribution function calculated for the
w(C=C) mode at 1599 cm~! using the orientation factors
P2,0,00) (Pa0,00] BP22,00) (Pa2ol) and P44 00equal to —0.304,
+0.085, +0.074, +0.004, and —0.034, respectively. (Adapted
from ref 73.)

metry properties and about the chromophore orienta-
tion distribution function in an anisotropic, strongly
absorbing polymer film. Nevertheless, this spectro-
scopic approach is limited and can be applied only to
systems of either uniaxial symmetry or simple biaxial
symmetry. Moreover, it is worth recalling that great
attention must be paid in carrying out such investi-
gations, not only in the recording of the different
spectra but also in performing the different analyses
and data treatments.
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6. Appendix: Mathematical Expressions for the
Pioo(cos @) and Pimo(cos @) Type Legendre
Polynomials and Orientation Factors

According to eqs 35 and 36, we report here the
usual expressions of some orientational order param-
eters generally encountered in uniaxial and biaxial
symmetry systems.

Sourisseau
(i) For P,°(cos 6) = P ,,(cos 6)
P, (cos ) = Pyy,(cos ) = 1.0

P,°%(cos 6) = P,y,(cos 6) = cos @

P,°(cos ) = P,u,(cos 6) = %(3 cos® 6 — 1)
P;2(cos ) = P,y,(cos 6) = %(5 cos® 0 — 3 cos 6)

P,(cos 0) = P,u,(cos 6) =
%(35 cos® 6 — 30 cos® 6 + 3)...

(i) For P, (cos ) = P,,(cos 6) for |m| < |
(averaged over the y angle)

P, (cos 0) = Py,,(cos 0) = sin @

P,2(cos ) = P,,,(cos ) = 3 sin” § = g(l — cos 26)

P5'(cos ) = P,,,(cos 6) = 2(5 cos® 6 — 1) sin 6 =
g(sin 6 + 5 sin 36)

P.>(cos 6) = P,s0(cos ) = 15 sin® 6 =
14—5(3 sin 6 — sin 36)

P,2(cos ) = P,,,(cos 6) = %(7 cos? 6 — 1) sin® 6

P,*(cos ) = P,,,(cos ) = 105 sin” 6...
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