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ABSTRACT: Polymeric films of rigid—flexible luminescent polyethers containing substituted quinquephe-
nyl units in the main chain and films of their diluted blends in polypropylene have been uniaxially drawn
at temperatures above their glass transition. Polarized micro-Raman measurements have been conducted
to evaluate the molecular orientation of the drawn polymers and probe the effect of side chain length
and type. The second, P, and fourth, P4, moments of the segmental orientation distribution function
determined from the analysis of Raman spectra indicate that the longer the side-chain length is, the
higher the molecular orientation attained. At short side chain lengths, the presence of an oxygen link
between the alkyl side chain and the aromatic segment resulted in a restricted polymer orientation.
Polarized photoluminescence measurements have shown that neat photonic polyethers display low dichroic
ratios despite the high orientability shown in Raman measurements. Diluted blends of photonic polyethers
in polypropylene have shown commensurate high orientation moments in Raman and enhanced dichroic
ratio in photoluminescence. The implication on the perspective of the studied polyethers to give materials

with polarized blue light emission is evident.

Introduction

Molecular orientation in polymers is of great technical
and theoretical importance for controlling processing
and tailoring the physical properties of the final prod-
uct.22 In the past few decades, a lot of progress has been
made in the development of methodologies for studying
and accurately evaluating this important property.1—11
Orientation in polymers can be accomplished by film
stretching,12-14 deposition on oriented substrates,15-19
or the liquid crystallinity approach.20-22

Polarized Raman spectroscopy has been proved a
valuable tool for molecular orientation evaluation, since
it provides independent information on both the second
(P2(cos O)0 = [3l@os? A0 — 1]/2, with 6 being the
orientation angle) and the fourth (P4(cos 0)= [35[dos*
00— 30[dos? O+ 3]/8) moments of the expansion of the
orientation distribution function.?3-26

This paper concentrates on the molecular orientation
of conjugated polymers, an exciting class of materials
with a wide range of optical and electrical properties.?”
From scientific as well as practical point of view, it is
important to establish the molecular architecture?®
needed to ensure specific chain configuration and de-
velop techniques!?202° to provide control over the struc-
ture, orientation, and molecular organization of these
materials, since they are candidates for polarized light
emission. In fact, the introduction of uniaxial molecular
orientation into films of conjugated luminescent poly-
mers was naturally found to yield structures that emit
polarized light. The use of highly linear polarized layers
in the design of LC-based photoluminescent display
devices has been recently reported.3° Orientation evalu-
ation provides a basis for establishing molecular mech-
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anisms of deformation and may still contribute to a
better understanding of the interrelationship between
technological properties and polymer structure.

In conjugated polymers, the strategy, based on the
synthesis of copolymers bearing defined conjugated
segments linked by a flexible spacer, has been proven
useful to control the conjugation length, to improve
processability, and to result in materials with good
mechanical properties. Conjugated segments such as
phenylene—vinylene,3! oligothiophene,3? oligophenyl-
ene, 3334 and bis(styryl)anthracene®® have been intro-
duced in rigid—flexible polymers. Some of these poly-
mers show improved mechanical properties343% and can
be oriented by uniaxial stretching at temperatures
above their glass transition. The improvements on
mechanical and luminescent properties resulting from
chain extension, chain alignment, and structural order
are general phenomena, and in principle, photonic
excitation of uniaxially stretched films of this class of
polymers should result in linear polarized light emis-
sion.

Aromatic—aliphatic polyethers containing alkyl- or
alkyloxy-substituted quinquephenyl units have been
recently synthesized3* and found to combine solubility
and film-forming properties with liquid crystalline
behavior at temperatures where the polymers are
thermally stable. Moreover, these polyethers exhibit
blue-light emission,3* a photophysical property that,
when combined with orientation at the molecular level,
seems to be a promising concept for new optical materi-
als. This is precisely the scope of this paper, to inves-
tigate the molecular orientation of such aromatic—
aliphatic uniaxially drawn polyether films, bearing alkyl
or alkyloxy side chains of different sizes, at different
draw ratios. To achieve that, we have utilized laser
Raman microscopy. The analysis of Raman scattering
has been already extensively applied in polymers to get
information on their molecular orientation26:36-38 and
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Chart 1. Molecular Structure of PETH—-Ph5/S.R
Model Polyethers?

(00300}

8 S = CeHu3, OCgH13, or OC12H>s; R_: C7H14, CoHys, CioHao,
or CiiHz,. (n = number of repeat units.)

to the study of polyconjugated aromatic materials with
electrical and nonlinear optical properties.®® Likewise,
vibrational spectroscopy has been recently used in the
investigation of the effects of the side chain length on
the orientability of uniaxially drawn hairy-rod model
polyesters.®® These results have demonstrated the abil-
ity of polarized Raman microscopy to evaluate the
molecular orientation of the polyester films and, more-
over, to resolve the size of the side chain that enhances
the processing performance of these materials. This
represents a motivation also for the present work, to
probe by Raman microscopy the effect of the substitu-
ents as well as of the flexible spacer length on the
orientability of these rigid—flexible polyether films. In
this paper, polarized photoluminescence measurements
using either diffused or polarized excitation light have
been also conducted on a representative polyether film
drawn as neat polymer as well as diluted blend in
isotactic polypropylene. This photophysical investigation
tried to correlate the anticipated polarized light emis-
sion with the molecular orientation evaluated by micro-
Raman spectroscopy.

Experimental Section

Materials. Model polyethers [PETH] with the chain back-
bone consisting of an aromatic (Ar) rigid rod and an aliphatic
(CnH2n, R) flexible spacer [PETH—Ar.R] were utilized. The
synthesis of the aromatic aliphatic polyethers containing
substituted (S) quinquephenyl (Ph5) segments [PETH—Ph5/
S.R] has been published elsewhere;3* substituents of hexyl
[PETH—Ph5/C6.R], hexyloxy [PETH—Ph5/OC6.R], and dode-
cyloxy [PETH—Ph5/OC12.R] side chains have been used. The
aliphatic flexible spacer length varied between 7 and 11
methylene units. The generalized polymer structure is sche-
matically shown in Chart 1.

In all cases, self-supported films were obtained by melt
pressing in a temperature range of 200—250 °C, depending
on the polymer structure. Uniaxially oriented films were
obtained by drawing the films in a thermostated chamber at
temperatures 20—30 °C above their glass transition temper-
atures. The standard drawing speed was ca. 2 cm/min, and
the dimensions of the specimen were 2 cm in length, 0.3 cm
in width, and 0.01 cm in thickness. In most cases, draw ratios
between 1.5 and 5.0 have been achieved for the homopolymers.

Blends were prepared by casting a solution of the photonic
polymer (2.5 or 5 mg) and the polypropylene (isotactic, Ega-
Chemie) in xylene (50 mL) dissolved by heating at 130 °C. The
resulting films were dried under vacuum at 60 °C for 24 h
and melt pressed at 220 °C. Draw ratios of 2.0 to 10.0 have
been obtained by drawing the films at 100 °C. Speed drawing
and sample dimensions were the same as those for the neat
polyethers.

Laser Raman Microscopy. The T-64000 micro-Raman
system from Jobin Yvon (ISA-Horiba group) was used. Raman
spectra were excited by a linearly polarized monochromatic
radiation at 514.5 nm produced by a Spectra Physics air-cooled
Ar* laser (model 163-A42). A proper interference filter rejected
plasma lines. Excitation beam was directed toward the mi-
croscope and with the use of a beam splitter and a microscope
objective (50x/0.55 Olympus) it was focused onto the sample.
Raman-scattered radiation was collected in backscattering

Blue Luminescent Rigid—Flexible Polymers 8849

To Monochromator

Xl X1

A%
\XI Y Analyzer
*, Beam Incident
s, Splitter Laser Beam
. .'( x'3
v .
/_-H Draw Axis

Figure 1. Coordinate axes for backscattering Raman geom-
etry (see text for details).

geometry by the same microscope objective and passing
through the beam splitter and a notch filter was focused on
the slit of a single monochromator. The dispersion and the
detection were done by a 1800-grooves/mm grating and by a
2D CCD detector (operating at 140 K), respectively. The
resolution capability was kept at approximately 7 cm™1.

The incident beam polarization was selected by an optical
rotator (90°). The scattered radiation was analyzed by a
dichroic sheet polarizer, and a half-wave plate was used after
it whenever needed in order to ensure the same (maximum)
polarization response from the grating. All spectra were
corrected by taking into account the beam splitter’s response
to polarization of incident and scattered radiation. The total
response of the system was checked using CCl, as a reference
sample.

The backscattering geometry used to deduce the orienta-
tional moments of the uniaxially stretched aromatic aliphatic
polyethers containing substituted quinquephenyl segments is
depicted in Figure 1. Two sets of coordinate axes are fixed,
one referred to the sample, Oxix2X3 (or Oxi'X2'X3’, when the
sample is tilted by an angle w), and the second one to the
experimental setup and the laboratory, OX;X;X3. The notation
of a Raman polarization measurement comprises a combina-
tion of three letters, e.g., h-VV. The first small letter in italics,
such as h, v, d or s, denotes the orientation of the draw axis,
Ox3 (W = 0°) or Ox3 (w = 0°), relative to the laboratory fixed
coordinates, OX1X2Xs: h, when aligned along the OX; axis (u
= 0°and w = 0°), v, when aligned along the OX; axis (u = 90°
and w = 0°), d, when aligned at the bisector of the X30X; angle
(u = 45°and w = 0°), and s, when aligned along the OX; axis
(w = 90°). The remaining two capital letters, such as HH, HV,
VV, or VH, denote in each case the polarization direction of
the excitation and scattered light respectively: H, when the
polarization is parallel to the OX; axis and V, when the
polarization is parallel to the OX; axis.

Photoluminescence. Polarized photoluminescence mea-
surements were obtained (a) on a SPEX Fluorolog(Model F212,
Spex USA) double monochromator, using polarized light (4,
= 350 nm) for excitation and a Glan Thomson polarizer on
the detector (PMT R928, Hamamatsu Japan), and (b) on a
single spectrograph (T-64000 with a low dispersion grating of
600 grooves/mm) equipped with a 2D CCD detector using the
diffused light of an UV lamp for excitation and a Glan-
Thomson polarizer on the collection side of the back-emitted
light in front of the entrance slit of the spectrograph. When
an UV lamp is used, in the corresponding polarization nota-
tion, U denotes the excitation by diffused light.

Results and Discussion

A. Raman Measurements. In Figure 2 typical
polarized micro-Raman spectra from the PETH—Ph5/
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Figure 2. Polarized Raman spectra of PETH—Ph5/C6.C11 polyether films before (A) and after (B) uniaxial drawing (with draw
ratio A = 2.12), in two different polarization geometries, VV and HH, with respect to the position of the specimen, v or h, relative
to the laboratory-fixed coordinates. The polarization ratio reflects the molecular orientation of the polyether. The spectra are

shifted along the intensity axis for clarity.

C6.C11 samples are shown, before and after uniaxial
drawing, in two different polarization geometries. It is
clear that before drawing there is no preferred orienta-
tion, since the sample is essentially isotropic at molec-
ular level; thus, there is no difference between VV and
HH scattering intensities regardless of the position/
orientation of the sample. In contrast, when the sample
is uniaxially stretched, e.g., at a draw ratio of 1 = 2.12,
there are differences between relative scattering inten-
sities in the VV and HH polarization, depending on the
orientation of the draw axis of the sample with respect
to the laboratory-fixed coordinates. This difference
reflects the molecular orientation of the polyether, which
is induced by the drawing process. For this polyether
with stiff quinquephenyl unit, it is more apparent at
the Raman band of the para-disubstituted phenyl ring
vibration, situated at 1605 cm~1. The band intensity of
this C,;—C, skeletal phenyl ring symmetric stretch is
highly enhanced in the parallel to the draw axis, and
hence to the direction that the polymer backbone tends
to orient, polarization geometry, h-HH, giving an in-
creased polarization ratio, ln—pyy /lh—vv > 1.

In Figure 3, grouped h-HH, h-HV, and h-VV denoted
polarized Raman spectra are shown of three polyether
films uniaxially stretched at the same draw ratio, 1 =
3. These films bearing stiff quinquephenyl units with
side chain substitution of different lengths and types
contain spacer of the same length of 11 methylene
groups. The spectra with polarization geometry parallel
to the drawing direction, h-HH, have been normalized
via the Raman peak intensity at 1605 cm™1. In the
corresponding Raman spectra of combined, h-HV, and
crossed, h-VV, polarization geometries, we can clearly
observe that when the flexible side chain type and
length are changed, the intensity of the 1605 cm™?!
vibrational band decreases from hexyloxy to hexyl and
dodecyloxy, implying a pro rata molecular orientation
increase. This is a first qualitative assessment of the
effects of side chain type and length on the orientability
of the polyether films. We may also notice that the
Raman band at 1290 cm~! assigned to the ether bond
in the main chain and that at 1310 cm~! due to the ether
linkage in the side chain are also sensitive to the
orientation. There is an increase in the polarization ratio
going from hexyloxy to hexyl and dodecyloxy for the

A=3
PETH-Ph5/0C12.C11
h-HH
nHV
hVV
z
&
2
& PETH-Ph5/C6.C11
2
% h-HH
~ [2:\Y
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Figure 3. Grouped h-HH, h-HV, and h-VV polarized Raman
spectra of polyether PETH—P5/0C12.C11, PETH—Ph5/C6.C11,
and PETH—Ph5/0C6.C11 films uniaxially drawn at the same
draw ratio, A = 3. It is the first assessment of the effect of
side chain length and type on the orientability of polyether
films bearing spacer of the same length. The spectra are shifted
along the vertical axis to avoid overlapping.

Raman band at 1290 cm~! and from hexyloxy to dode-
cyloxy for the 1310 cm~?! band. The latter observation,
concerning the ether linkage orientation of the side
chain, provides a clear indication that the longer the
side chain length the more it is stretched out parallel
to the main chain axis promoting the molecular orienta-
tion of the corresponding polyether film.

The above finding is further confirmed in Figure 4,
where the I,—pn /In-vv polarization ratios for the 1605
cm~! Raman band of the three uniaxially stretched
polyether films (PETH—-Ph5/0C6.C11, PETH—-Ph5/
C6.C11, PETH—Ph5/0C12.C11) are shown as a function
of the draw ratio for the whole draw ratio range. These
observations suggest a higher molecular orientation for
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Figure 4. Polarization ratio, h-HH/h-VV, of polyether PETH—
P5/0C12.C11, PETH—-Ph5/C6.C11, PETH—Ph5/0C12.C10 and
PETH-Ph5/0C6.C11 films for the 1605 cm™! phenyl ring
band, as a function of the draw ratio, for uniaxial stretching.
Lines are drawn to guide the eye.
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Figure 5. Polarization ratio, h-HH/h-VV, of polyether PETH—

P5/0C6.C11, PETH—Ph5/0C6.C9 and PETH—Ph5/0C6.C7

films for the 1605 cm™* phenyl ring band, as a function of the

draw ratio, for uniaxial stretching. Lines are drawn to guide

the eye.

a polyether film with longer side chains and/or absence
of oxygen links between the alkyl side chain and the
aromatic segment. Since the crystallinity of the samples
can influence their orientational behavior, it should be
noted that the sample with hexyloxy substituents, which
seems to be less orientable, has lower crystallinity than
that with dodecyloxy substituents.34

In Figure 4, additional results for the PETH—Ph5/
0OC12.C10 sample with a spacer of 10 methylene units
are shown as well; this polyether film exhibits a lower
Ih—nn /lh—vv polarization ratio than the corresponding
one with a spacer of 11 methylene units, pointing to a
smaller orientation attained. This could be due to the
different chain configuration resulting from the different
parity in the number of methylene units.

In the same context, pertaining to the influence of the
spacer length on the orientability of polyether films, the
lh-nn /lh—yv polarization ratio for the PETH—Ph5/
OC6.Cn type film is depicted in Figure 5 bearing an odd
number of methylene groups as spacers. It is noteworthy
that all films of polymers bearing spacers with odd CH,
number (n =7, 9, 11), exhibit a rather similar orienta-
tion. The crystallinity of these samples vary from a AH
= 10 J/g in the sample with 11 methylene units to less
than 3 J/g in the samples with nine and seven methyl-
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ene units without any influence on their orientational
behavior. A more systematic study on the influence of
the spacer length and/or parity of methylene groups on
the orientability of these rigid—flexible polyether films
will be the task of further work.

B. Analysis of Raman Spectra. To deduce P, and
P, for uniaxially stretched aromatic aliphatic polyethers
containing substituted quinquephenyl segments, the
backscattering geometry depicted in Figure 1 was used.
We have adopted the analysis of Pigeon et al.,3¢ based
on the theory of Bower,*° for the determination of the
distribution of molecular orientation in oriented poly-
mers from their Raman spectra. The total Raman
scattering intensity is given by

1, =1, (3 18’ ®

li and Ij' are the polarization direction of the incident
and scattered light with respect to the set of axes fixed
in the sample.

The experimental values are of the form I, ajjapg,
and in the case of uniaxial statistical symmetry with
no preferred orientation one can write the following:

zaijapq = 4772'\102'\/||oo'°‘|ooijq 2)

Migo is expressed in terms of Legendre polynomials:
Migo = (M4?){ (24 + 1)/2}2[P(cos O)((1 = 0, 2, 4). Ajgo'IPd
is a sum containing ai, a;, and as. There are only five
independent nonzero sums Y a;;> apq that are of the form
Yaiia; and Ya?, in agreement with the analysis of
Mead.*! These are as follows:

Zazzz =xR, + yR, + 3zR, =
I, (W=0°u=0° (3a)

zasgz =xR, — 2yR, + 8zR, =
I (W =0° u=10° (3b)

Za322 =xR, — YRy — 4zR, =
Ih-vv (W =0° u=0° (3c)

zazzass =XRg —yR; —4zR; =
v W=0°%u=0° I, yy(w=0°u=0°
2 2
24y (W= 0° u = 45°) (3d)

zalzz =xR, + 2yRy + zR; = I_,,, (W =190°)  (3e)

Each nonzero sum is correlated to a specific polarization
geometry (or combination of geometries) as has been
already designated in the Experimental Section.

We note Ij; as the experimentally observed intensity
of the scattered light, when the incident light is polar-
ized parallel to the i axis and the scattered light is
polarized parallel to the j axis, fixed to the laboratory.
R; are second-order polynomials of a = ay/az = ay/az (on
the basis of literature evidence, in particular for the C;—
C,4 aromatic vibrational band at 1605 cm~1, we assume
that we have symmetric and cylindrical Raman tensor,
i.e., the elements a; and a; of the diagonalized Raman
tensor are equal),242%:38 x = b (an experimental constant
including the az element of the diagonalized Raman
tensor), y = [P»(cos 0)lb, and z = [P(cos 6)Ub.

In the above equations, parts a—e of eq 3, there are
four unknowns, «a, X, y, and z. We have to use four of
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Figure 6. Second, P, and fourth, P,, moments of the
orientation distribution function of polyether PETH—Ph5/
0OC12.C10 diluted in polypropylene for the 1605 cm~* phenyl
ring Raman band as a function of the draw ratio. To evaluate
the molecular orientation, we have considered either the
polarization measurement related to eq 3d (solid symbols) or
the depolarization ratio (open symbols) of an isotropic film (see
text for details). Lines are drawn to guide the eye.
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the equations in order to solve the system. Equation 3e
cannot be used because the polyether films are practi-
cally two-dimensional. Thus, there is no way of getting
a Raman signal from that geometry; as a result, there
are four remaining equations with four unknowns that
form a linear algebraic system that is easy to solve
analytically.

In the case of the homopolyether drawn films exam-
ined until now, the polarization measurement related
to eq 3d is affected by birefringence effects of our
samples. To get rid of that, we have calculated o by
measuring experimentally the isotropic depolarization
ratio p = Iuv/lyy of an isotropic (unstretched) film of the
polyether diluted in PP. From the definition of the
isotropic depolarization ratio, p = (1 + o® — 2a)/(3 +
8a2 + 4a), we can directly calculate a (in the hypothesis
of the cylindrical Raman tensor) by measuring experi-
mentally p. Calculating a we then need three equations,
parts a—c of eq 3, which form a linear algebraic system,
to determine the rest of the unknowns. This system has
easily been solved analytically.

In drawn films of diluted blends of polyethers in
isotactic polypropylene (i-PP), which are examined in
the following sections, we deduced the second and fourth
terms, [P»(cos O)and [P4(cos O)L] respectively, of the
expansion of the orientation distribution function con-
sidering (a) the depolarization ratio of an isotropic film
and (b) the polarization measurement related to eq 3d.
In Figure 6, the second, P, and fourth, P4, moments
deduced from polarized Raman measurements of PETH—
Ph5/0C12.C10 polyether diluted in polypropylene are
shown as a function of the draw ratio. Here, we have
considered either the polarization measurement related
to eq 3d (solid symbols) or the depolarization ratio (open
symbols) of an isotropic film. In both cases, the results
obtained are almost identical accounting for negligible
birefringence effect for these polymeric films.

C. Molecular Orientation and the Effect of Chain
Substituents and Flexible Spacer Length. The
results presented in section A have shown that there is
certainly an influence of the side chain type on the
orientability of PETH—Ph5/(O)Cx.Cn rigid—flexible poly-
ethers. The compiled orientation data obtained for four
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Figure 7. Second moment, P, of the orientation distribution
function of polyether films PETH—P5/0C12.C11, PETH—Ph5/
C6.C11, PETH-Ph5/0C12.C10, and PETH—-Ph5/0C6.C11
from Raman measurements as a function of the draw ratio.
The second moment, P,, of the polyester films PES—Ph3/
C12.Ph and PES—Ph3/C6.Ph from previous Raman measure-
ments® are also included for comparison. Inset: Fourth
moments, P4, of the orientation distribution function of cor-
responding polyether films from Raman measurements as a
function of the draw ratio. Lines are drawn to guide the eye.

types of polyether films bearing different side chains or/
and different aliphatic spacer length are presented in
Figure 7. In the same figure, the orientation data of the
PES—Ph3/Cn.Ph type (n = 6, 12) model polyesters are
also shown. These polyesters can be directly compared
with present polyethers since they exhibit the same kind
of substituents at the oligophenylene moieties and
instead of the flexible spacer a rigid terephthaloyl unit
is present. Very recently, the analysis of polarized micro-
Raman measurements on these PES—Ph3/Cn.Ph type
hairy-rod polyesters have clearly shown3® that the
polyester with longer (dodecyl, n = 12) side chains
exhibit higher molecular orientation compared to the
one with shorter (hexyl, n = 6) side chains.

On the basis of the results depicted in Figure 7, it is
clear that PETH—Ph5/(0)Cx.C11 type polyethers with
dodecyloxy (OC12) side chain are more orientable than
the corresponding ones with hexyl (C6) and particularly
those with hexyloxy (OC6) substitution, although all
three polyether films bear the same spacer length. As
already mentioned,3* the crystallinity of the sample with
hexyl side chains is very low while the polyether with
dodecyloxy side chains has the higher crystallinity
supporting the view that there is no effect on the
orientation caused by the crystallinity of the polymers.
The differences in the orientation parameters P, of more
than 0.4 in the PETH—Ph5/0C12.C11 and PETH—Ph5/
0C6.C11 polyether films (in the plateau region) are
clearly an effect of the side chain length. However, the
corresponding difference in P, between hexyl and hexy-
loxy substituted polyethers is as high as 0.3 showing
that the length of the side chain is not the only factor
which contributes to the orientational behavior. The
difference in P, between dodexyloxy and hexyl is only
0.1 and almost the same as previously found in PES—
Ph3/Cn.Ph hairy-rod polyesters when the side chain
length was increased from hexyl (n = 6) to dodecyl (n =
12). The corresponding P4 values that are shown in the
inset of Figure 7 versus draw ratio, exhibit similar to
P, trends, which follow the qualitative tendencies sug-
gested by Figure 4. It is noted that the negative values
P4 can be explained as in ref 42; i.e., they correspond to
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a distribution of C;—C4 vibrations in which all chain
axes lie on a cone of angle a such that Py(cos a) = Pa. It
should be also noted that the values of P, fall within
the acceptable range, for a given P, value, according to
the analysis of Bower“? for uniaxially oriented polymers.

At first sight, there are two reasons for the differences
in the orientability, the side chain length and the
presence of the oxygen atom in the side chain that
enables interchain interactions. Lateral interactions
have been considered as important in aromatic polyes-
ters containing substituted oligophenylene units in the
main chain.*® In that case, the presence of the oxygen
atom as an ether linkage in the side chains resulted in
the formation of various solid-state structures. This was
not the case for the alkyl-substituted analogues,**4°
which were amorphous in almost all cases.

Additional data of the PETH—Ph5/0C12.C10 poly-
ether film with a spacer of 10 methylene units are
shown in Figure 7 as well. The film of this polymer
exhibits a decreased P, (and P4) value, (order of 0.2 in
the P, plateau region) that is much less than the
corresponding polymer with a spacer of 11 methylene
units. The reason for such a behavior might be found
in a combined influence of the length of the flexible
spacer and the microstructural configuration resulting
from spacers with different parity in the number of
methylene units. An odd—even effect3*35 in the glass
transition temperature at these materials has been
previously observed, while anomalous dependence of the
glass transition on the spacer length has also observed
in other related systems.*6

Lets now compare the orientability of the polyethers
with the previously reported3® results on the orienta-
tional behavior of wholly aromatic polyesters of PES—
Ph3/Cn.Ph type (depicted also in Figure 7). It is clearly
shown that films with the same hexyl-type side groups,
PETH—Ph5/C6.C11 and PES—Ph3/C6.Ph, exhibit com-
parable P, values (~0.6) regardless to the presence of
either aliphatic or aromatic spacers. Another interesting
point concerns the orientational behavior of the poly-
ethers with hexyloxy side chains where lower P, values
(~0.3) are obtained for the studied aromatic—aliphatic
polyethers, contrary to the expectation that the presence
of the flexible spacer would enhance the orientability
of these polymers. This result denotes once more the
importance of the lateral interactions on the orienta-
tional ability and the overall behavior of this type of
polyether film.

The overall form of P, curves versus draw ratio plots
in Figure 7 suggests that the orientation behavior of
these aromatic—aliphatic polyethers can be represented
by the affine deformation model of Kratky,*” which gives
a more rapid initial orientation. This model compares
qualitatively well enough with the obtained P, data, and
represent to a good approximation the orientation of
rigid rods in a viscous matrix, suggesting that elonga-
tion rather than shear may be the dominant mechanism
of orientation during the drawing deformation of most
of these polyethers. The same model quantitatively
compares better with the P, data obtained from poly-
ether films with longer side chains and/or absence of
oxygen links between the alkyl side chain and the
aromatic segment and at a lesser degree with the P,
data obtained from polyether films bearing hexyloxy
side chains. The most probable explanation of this
discrepancy is based on the fact that although the affine
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deformation model is based on noninteracting rigid rods,
to a certain degree this is questioned in present poly-
ether systems and, in particular, in those with short side
chain length bearing oxygen links. However, as already
pointed out in refs 26, a P, detailed evaluation is not
truly meaningful, since it is based on principles of
continuum mechanics and does not provide hints on the
molecular origins of the orientation mechanism.

D. Luminescence Measurements. To further in-
vestigate the anisotropic photophysical behavior of these
materials, polarized photoluminescence measurements
have been conducted. Both unpolarized light and polar-
ized light have been used for excitation. The dichroic
ratios were defined and calculated as the ratio between
the spectra measured with polarization of the emitted
light parallel and perpendicular to the drawing direc-
tion. The integrals rather than the peak maxima of the
blends have been used since they are directly related
to the energy of the relevant electronic transitions.*®

The polyether PETH—Ph5/0C12.C10 has been chosen
for photoluminescent measurements since it is repre-
sentative for the studied polymers with regard to the
orientability deduced from the Raman measurements.
As a first approach, excitation with unpolarized light
has been used since this situation is more relevant from
the technological point of view. The results are shown
in Figure 8A for a drawing ratio of A = 3. Surprisingly
very low dichroic ratios of only about 1.3 is obtained
which has to be compared to a value of 3.5 obtained by
Raman spectroscopy in the corresponding v-VV/v-VH
polarization combination (see also Figure 8A). To elu-
cidate this observation, having in mind that very high
dichroic ratios have been obtained from diluted solutions
of similar polymers in polyolefins,3° blends of the above-
mentioned polymer in polypropylene have been pre-
pared and studied. i-PP has already been used as a host
polymer in oriented polymer/dye polarizer films with
enhanced drawability and improved performance with
respect to polarized efficiency.*® Low concentrations
have been used, since the orientation of the photonic
polymer is not influenced by the composition in the low
concentration regime.*® Results of the photolumines-
cence behavior of the blend containing 1% of PETH—
Ph5/0C12.C10 in iPP are shown in Figure 8B at draw
ratio 4. In this case, a dichroic ratio of 3.6 was obtained,
while the corresponding Raman polarization ratio, v-VV/
v-VH, was 7.6. We have to mention here that the Raman
spectra (via the 1605 cm~1 scattering Raman band) as
well as the photoluminescence measurements (via the
absolute maxima of the emitted light) with parallel to
the draw axis polarization geometry shown in Figure 8
have been normalized for a direct comparison aspect.

A possible explanation for the behavior observed in
Figure 8, where in the case of pure polymer there is
negligible polarized light emission although the mac-
romolecular chains are oriented as shown by the Raman
experiments, can be energy transfer. This can occur in
dense systems, which contributes to lateral, in respect
to the polymer orientation, light emission. Charge
transport has been accepted as the reason polymers
containing conjugated and flexible spacers show elec-
troluminescence. Since charge carriers cannot travel
over extended distances along the main chain, charge
transport, which relies exclusively to interchain carrier
transfers by hopping, has been considered.??

Nevertheless, fluorescence depolarization is a general
phenomenon in systems with oriented chromophores.
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Figure 8. Polarized photoluminescent (up) and Raman (down) measurements of a drawn PETH—Ph5/0C12.C10 polyether as a
homopolymer (A), 4 = 3, and as a diluted blend in polypropylene (B), A = 4. The diffused light of an UV lamp excited the
photoluminescent measurements. The spectra are shifted vertically for clarity.

The reason is the migration of the excited state over all
available sites modified by the orientation distribution
and the lifetime of the photoexcited state (the exciton).
In Raman, there are short lifetimes of picosecond order,
whereas, in luminescence, there are longer lifetimes of
100 ps to 0.1 us order. Thus, the excitation will visit
many sites and, thereby, becomes randomized. This
“energy transfer” needs a situation in which the chro-
mophores are close enough to allow for excitation
transfer.

In solution, the distance between most polymer chains
is large enough and interchain interactions are thus
minimized; this is also the case for diluted polymer
blends.>% As a consequence, the degree of polarization
should increase.

Moreover, the dispersion of the active polymer in the
inert matrix can be resulted either in a homogeneous
mixture or in a phase-separated blend. The rigid—
flexible nature of the photonic polymer might be ac-
counted for its dispersion in terms of a phase separation
in spherically shaped micelles dispersed in the matrix
of the inert polymer and occupying a small fraction of
the total volume.5! To probe this model we may look into
the P, dependence on the draw ratio, shown in Figure
6. When the draw ratio is increased, P, values reach a
plateau. This indicates that the elongation of the
dispersed particles of the active polymer is restricted
by the maximum deformation that micelles undergo;
subsequent drawing does not result in a further molec-
ular alignment. This sufficient reason to prejudge a

phase-separation dispersion of the active polymer is
guestioned by the relatively high molecular orientation
of 0.7—0.9 in P, values attained by this polymer even
at draw ratio of A = 4 (see Figure 6). This precludes any
unequivocal conclusion concerning the nature of the
dispersion of the active polymer in the inert i-PP matrix,
although the interpretation accounted for a phase
separation in terms of a limited length scale defined by
the size of the rigid blocks seems to be the most probable
one.

The values of [P4(cos #)Oshown also in Figure 6 are
within acceptable limits.*2

On the basis of the observed differences in the
luminescent behavior of the pure photonic polymer and
its diluted blend, they were both excited with polarized
light, at various draw ratios. In the case of the pure
polymer, there is no significant difference in the emis-
sion spectra regarding the polarization direction of the
exciting and the emitted light even for samples drawn
to A = 5, regardless of the higher degree of orientation
detected in the corresponding Raman spectra. A maxi-
mum dichroic ratio of 1.54 was obtained (see Figure 10).
The same measurements have been performed in blends
(1% of PETH—Ph5/0C12—C10 in PP) for various draw
ratios. In Figure 9, both polarized photoluminescence
(A) and polarized Raman (B) measurements of drawn
films of the PETH—Ph5/0C12.C10 polyether diluted
blend in polypropylene are shown. The results presented
in Figure 9A show a significant improvement in the
degree of polarization in the case of diluted blends, but
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Figure 10. (A) Polarization ratio, v-VV/v-VH, of polyether
films PETH—Ph5/0C12.C10 as homopolymer (open symbols)
and as diluted blend in polypropylene (solid symbols) for the
1605 cm™~! phenyl ring Raman band, as a function of the draw
ratio, for uniaxial drawing. (B) Dichroic ratio (measured in
emission), calculated from the integrals of the respective
photoluminescent spectra, as a function of the draw ratio, for
PETH—-Ph5/0C12.C10 films as homopolyethers (open symbols)
and as diluted blends in polypropylene (solid symbols). Crossed
symbols indicate photoluminescence measurements with po-
larized excitation light (1, = 350 nm) along the draw axis.
Lines are drawn to guide the eye.

the obtained dichroic ratios are significantly lower than
the corresponding polarization values obtained by the
Raman spectroscopy (Figure 9B). By increasing the
draw ratio above 5, dichroic ratio above 4 was obtained.
Comparing the polarized light emission obtained from
the pure photonic polymer and its dilute blend in PP,
which is also shown in Figure 10B, it is clear that the

dilution of the active material results also in a much
higher polarization of the emitted light.

From the above discussion it is evident that there is
a difference on both polarization and dichroic ratio
obtained by Raman and luminescent measurements
respectively when the behavior of the neat photonic
material is compared with that of its diluted blend in
polypropylene.

In a recent publication,3° dealing with the photolu-
minescence behavior of poly(2,5-dialkoxy-p-phenylene—
ethynylene) in ultrahigh molecular weight polyethylene,
the best results, in regard to the polarized light emis-
sion, were obtained for samples containing 1—2% of the
photonic material; when the concentration was in-
creased, again good drawability was obtained but with
lower dichroic ratio compared to the more dilute blends.
Moreover, in a subsequent work? of the same photolu-
minescent system,3° the dichroic ratios obtained were
less than five for the draw ratio range from 10 to 20,
followed by a significant increase in dichroic ratios as
the draw ratios were increased up to 80.

In our case, for the PETH—Ph5/0C12.C10 polyether
diluted blend in i-PP, dichroic ratios of 3—5 were
obtained for draw ratios of 4—10. This reveals the
perspective and possibility of the studied polymers to
give materials with polarized blue light emission pro-
vided that an inert host—polymer with low entangle-
ments density and very high drawability will be used.

Conclusions

We have shown that the micro-Raman technique can
be effectively used for the determination of the chain
configuration in oriented flexible—rigid polymers, bear-
ing substituted quinquephenyl units in the main chain.
The influence of various structural parameters such as
the side chain type and length on the orientability has
been examined. It has been shown that (a) the poly-
ethers with longer side chains are more orientable and
(b) the presence of the oxygen in the side chain results
in interchain interactions and hence reduced orient-
ability even compared to wholly aromatic analogues.
Despite the high polarization ratio obtained by the
Raman technique, for these photonic polymers very low
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dichroic ratios were obtained in photoluminescent mea-
surements. Their i-PP diluted blends have also been
studied and materials with higher dichroic ratio have
been obtained. The discrepancies observed in polarized
light emission from oriented polymer films of pure
photonic polyethers and their i-PP diluted blends have
been mainly attributed to lateral interchain interac-
tions, which may occur in dense systems.
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