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ABSTRACT: The production of uniformly dispersed rigid-rod liquid crystalline polymer (LCP) molecules in a
flexible amorphous polymer, with an experimentally accessible miscibility window, has become possible by
modifying the architecture of the flexible polymer, so as to induce favorable inter-species hydrogen bonding.
The conformation of LCP chains that are uniformly dispersed in a flexible coil matrix are examined by studying

a system consisting of a liquid crystalline polyurethane (LCPU) and a copolymer containing 12% vinylphenol
and deuterated styrene, utilizing small-angle neutron scattering. Intramolecular hydrogen bond interaction within
the vinylphenol segments of the copolymer leads to the formation of a dynamically cross-linked structure,
characterized by the large amount of scattering seen at low angle. Addition of the LCPU in the blend results in
formation of hydrogen bonding interactions between the LCP and the copolymer; demonstrated by an initial
reduction in the correlated size of the dynamic network at the lowest LCP dosage, whereas the network size is
recovered in blends containing higher amounts of the LCPU. Using FTIR to quantify the amount of intramolecular
hydrogen bonding between the polymers, the results demonstrate the conversion from intra-species to inter-
species hydrogen bonding; further corroborating the observation that the LCPU molecules integrate themselves
into the hydrogen bonded physical network. Investigation of the high-angle portion of the scattering curves reveals
that the LCPU molecules exhibit presence of anisotropic structures staggered along its length, resulting in rods
that are shorter and thicker than a fully extended LCPU chain. With increasing concentration of the LCPU,
interference between individual LCP molecules leads to orientation and structures with greater lengths of the
anisotropic portions, leading up to formation of anisotropic aggregates that contain multiple LCPU molecules.

Introduction species hydrogen bonding. Specifically, liquid crystalline poly-

Liquid crystals and liquid crystalline polyme?{LCP) form ur_ethanes_(LCPU) are found to have a sigrjificant mi;czi(?ility
an important class of high performance materials, with applica- Window with a copolymer of styrene and vinylphetfo
tions that utilize their unique anisotropic optical, electrical, and, (VPh) with optimum hydrogen bonding between the carbonyl
especially in the case of the latter, mechanical propetties. ~ 9roups of the urethane linkages and the hydroxyl groups present
Broad commercial utilization of these materials has been limited I the styrenic matrix. Moreover, this optimization occurs when
by their high costé.Consequently, blends of rigid liquid crystals the hydroxyl groups are separated along the copolymer chain,
with random coil amorphous polymers have been prepared. SIMPly by varying the composition of the copolymer. Improve-
Generally, this gives rise to inhomogeneous mixtures of liquid Ment of the rotational freedom of the functional groups
crystals and flexible coil polymers (polymer dispersed liquid Participating in hydrogen bonding and reduction in the prob-
crystals), which are of interest due their applications in ability of intra-species hydrogen bonding with increased spacing
electrooptical device&:2° On the other hand uniformly dispersed Petween the hydroxyl groups impacts the extent Og hydrogen
rigid-rod LCP molecules in a flexible amorphous polymer Ponding and correspondingly, the miscibility windé#z°It has
matrix, known as molecular composifési3 can synergistically been found that th(_a proadest m|SC|b|!|ty window can be regllzed
combine desirable properties of the flexible coil matrix and rigid O @ System containing 1&20% VPh in the copolymer, which
rod segments of the LCP, to produce superior materials with IS &/S0 the system that shows optimum amount of inter-species
extraordinary structural properties, thermal stability, process- hydrogen bonding as shown by Fourier transform infrared
ability, and toughnes16 spectroscopy (FT-IR). _

Unfortunately, molecular composites have remained hitherto  Availability of a truly miscible molecular composite presents
elusive, due to a scarcity of miscible systems containing a LCP @ unique opportunity of studying the conformation of polymer
and an amorphous polymer. A successful route toward prepara—Cha'nS containing rigid rods that are uniformly dispersed in a
tion of a molecularly dispersed LCP-flexible polymer blend flexible coil matrix. This information is of great importance, as
involves introduction of strong specific interactions between the it Will provide a direct correlation of the molecular structure of
two species, including hydrogen bonding or strong dipole the LCP and the coillike polymer to the macroscopic properties
dipole interaction—24 and ionic interactiond2° As the result of the blend. A unique feature of LCP materials is their readiness
of recent work by Vishwanathan and Dadnidithe production ~ t0 form a spontaneously or((j)(g{ed phase via anisotropic interac-
of such a blend, with an experimentally accessible miscibility tions within its rigid rodsi?3* This tendency governs the
window, has become possible by modifying the architecture of Miscibility of such systems. Coleman and Paiftehave

the flexible polymer, so as to induce optimal favorable inter- theoretif:ally _estimated_that single-pha_sg r_od/coil _mixtures can
be obtained if there exists strong specific interactions between

. the rods and the coil. They have also correlated the tendency
* Corresponding author. f th | i in th " ifi
T Department of Chemistry, University of Tennessee. of the two polymers to mix in the presence of specific
* Chemical Sciences Division, Oak Ridge National Laboratory. interactions to the chemical similarity of the rods to the coil.
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0 o SANS Measurements. The small-angle neutron scattering
H H
{o—(CHz)s—O0—(CH2)6—°—B—N~©EN—H} (SANS) measurements were carried out in two series. The first
cH measurements were performed on compositions of 5% and 20%,
s X : ;

) o ) using the instrument NG3, at the National Center for Neutron
Figure 1. Molecular structure of liquid crystalline polyurethane Research of the National Institute of Standard and Technology

(LCPU). (NIST), at Gaithersburg, MD. The fixed-wavelength 30 m long

o . pinhole instrument was operated at a wavelength,6 A, 180°C
The determination of the state of conformation of molecularly over a scattering vector range of 0.0034Q < 0.11 A2

dispersed LCP in a coiled polymer can provide crucial informa- A second set of the experiments were carried over the composi-
tion that can be utilized to account for the range of anisotropy tion range of 0.5 to 3%, at the Institute of Solid State Research
present of polymers in polymer blends beyond rigid rod (IFF) of at the Forschungszentrum inlidgh, Germany, using the
polymers. instrument KWS1. This instrument is a 40 m pinhole instrument

To gain fundamental insight into the configuration of the OPerating on the wavelength af= 7 A, aqd scattering data was
LCPU molecules in an amorphous matrix, we have utilized ©Ptained over th® range 0.00230.16 At and at 170°C.

: The scattering data was corrected for empty cell scattering,
- 39
erilnsqngtlﬁ Tiﬁtron s;:atterltng (Sf‘NS?' The aldvarlltage Ofb detector sensitivity, and background scattering, and subsequently
IS that the conformation of polymer MOIeCUles can Be nqmjjized to absolute scattering intensity using a poly(methyl
determined at any concentration, as scattering contrast can b‘?nethacrylate) standard. The scattering patterns were radially

tuned by selective deuteration of one of the compon®itsh averaged to obtain the absolute scattered cross secHi@)/dQ
system consisting of the LCPU and a deuterated styrenic vs scattering vecto®, whereQ = (4x/4) sin (9/2). Contributions
copolymer containing 12% VPh was examined by SANS. The due to incoherent scattering and thermal fluctuations were deter-
structure of the LCPU is shown in Figure 1. mined by plotting® [Q*d=(Q)/dQ] vs Q. At large scattering vector
The low angle-portion of the curve indicates the presence of Q, this plot is linear and its slope gives the magnitude of the sum
a hydrogen bonded dynamic network, whose dimensions are®f incoherent and thermal scattering contributions. The magnitude
determined by a DebyeBueche type analy<ié as well as of this slope was always less than 5¢nand was subtracted from

Kratky and Zimm models, modified to account for the presence th?:;i_a:ts. Measurements. Infrared spectra were obtained on a
1 . . . . . = .

of such a network: The rigidity of the LCP chain in the  pio oy FTS 60A Fourier transform infrared (FT-IR) spectrometer

amorphous matrix was determined by Kratky analysis with 4 og °C, purged with dried air using a minimum of 256 scans

fitting of the high-angle portion of the curve to the Kratky  over a range of 4008400 cnt? wavenumber, at a resolution of 2

Porod wormlike chain modé? cm L. The frequency scale was internally calibrated with a-He
] _ Ne reference to an accuracy of 0.2 dmand externally with
Experimental Section polystyrene. Samples for the FT-IR study were prepared by solvent

Materials. 4,4 Bisphenol and 2,4-toulene diisocyanate were ¢asting of PgScoVPh/ LCPU blends from 2% (w/v) DMF
obtained from TCI America Inc.; styrerdy-was obtained from  Solutions on polyethylene IR cards (purchased from International
Polymer Source Inc.; 4-acetoxystyrene, tetrahydrofuran, and hy- Crystal Laboratories). After most of the solvent was evapo!rate_d
drazine hydrate were purchased from Aldrich Chemical Co.; and off at room temperature, the IR cards were subseq_uently dried in
methanol, dioxane, and,N-dimethylformamide (DMF) were a vacuum oven at 78C for over 1 day to remove residual solvent
purchased from Fisher-Acros. and moisture.

Polymer Synthesis and CharacterizationThe liquid crystalline . .
polyurethane (LCPU) was prepared by condensation of 4,4-biphenol R€sults and Discussion
and 2,4-toulene diisocyanale!®2043poly(styreneds-co-4-vinyl- Copolymer. Figure 2 shows the absolute scattering intensities
phenol) (PgS-co-VPh) random copolymers were synthesized intwo  optained from the pure B8-co-VPh random copolymer and
batches, by atom transfer radical polymerization, using phenoxy- jts plends containing 5% and 20% LCPU at 180 Scattering

benzene-4,4disulfonyl chloride as the initiator and a copper . nes of neat conolvmer shows a remarkable upturn in
chloride/2,2-bipyridine complex as the cataly%t#® followed by scattering at IowQ. 'IPheysIope of the scattering curve irﬁ) log

hydrolysis of the acetoxy groups using hydrazine hydrate and . . - T
dioxane according to the procedure of Green and KRatri. log representation, in the lov limit (<0.026 A™Y), is

The molecular weights of the polymers were determined using @PProximately—3.6. It is evident that the vinylphenol (VPh)
a Polymer Laboratories PL-GPC 20 gel permeation chromatographmonomer segments, (which were not deuterated), in the random
(GPC) equipped with two PLGel m Mixed C columns and a  copolymer form a large-scale structure, facilitated by the
refractive index detector. DMF was used as elution solvent for the presence of hydrogen bonding among them. This interaction in
LCPU and tetrahydrofuran for E8-co-VPh copolymer. Polystyrene  the VPh segments leads to formation of a dynamically cross-
with a narrow molecular WEight distribution was used as calibration linked structure, characterized by the |arge amount of Scattering
standard for all polymers. Whereas the molecular weights of the geen at lowQ. The Debye-Bueche model is normally used to
two batches of Rgb-co-VPh copolymer werdf,, = 70200, PDI= describe scattering from a random two-phase system but it can

1.65 andM,, = 55700, PDI= 1.42, the molecular weight of the .
LCPU wasM, = 31700, PDI= 1.64. The copolymer composition glso be applied to random copolymers where one comonomer
is segregated from the oth#r.

was determined by oxygen content in the copolymers. The elemental

analysis was performed by Atlantic Microlab Inc. ThesBdo- The Debye-Bueche model is based on the correlation
VPh copolymer contained 12% VPh segments. function y*°

Sample Preparation. Blends of LCPU and R#&-co-VPh
copolymer were prepared in solution of DMF and subsequently _ _r 1
precipitated in excess of cold methanol. The precipitate was y(r) = ex g @)

separated by centrifuge and dried in a vacuum oven at’C5id

excess of 24 h. Dried polymer blends were compression molded atyhere¢ is the correlation length. The Fourier transform of the
150°C, to form sample preforms in the shape of cylindrical disks. ebye-Bueche model appears as

These disks were then pressed between two quartz disks separateg

by a spacer of 1 mm thickness, to ensure uniform path thickness = = 1

of 1. mm. Blends were prepared having compositions;-6%, and —(Q) =—=(0)—— (2

20% weight fraction of LCPU in the blend. dQ de2 a+ Q2§2)2 CDV
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Figure 2. Small-angle neutron scattering (SANS) intensity foe$d
co-VPh copolymer and its blends containing 5% and 20%
180°C, in double logarithmic scale and absolute units: (a) before and
(b) after subtracting the incoherent portion of the scattering.

for which it is customary to plot [B(Q)/dQ] Y2 vs Q2 (Figure

3a). Figure 3b shows that the scattering curve for negb+d
co-VPh copolymer fits reasonably well to the DebyBueche
model in the lowQ range €0.026 A™1). In the copolymer there

is strong hydrogen bonding interaction between the VPh units
leading to formation of a long-range dynamic network. This
results in the presence of fluctuation in the local concentration
of VPh at the hydrogen bonding sites. The correlation leggth
of 35.5 nm obtained from this fit, represents the length scale
over which neighboring vinylphenol aggregates that form nodes
of the network are correlated across the dynamic network.

At higherQ (>0.026 A1), the slope of the scattering curve
in log—log representation is approximatety2, indicating a
Gaussian distribution of the VPh segments over smaller length
scales. The Debye form factor describes the scattering of a
Gaussian distribution of scattering centers, for which the
scattering function 1§

} 3

wherew = Q%?/6, b is the mean square size of the scattering
center, m is its molecular weighg,is volume fractionN is the
number of scattering centers in a scattering structbgejs
Avogadro’s numberg is the density, and\p is the scattering
length density contrast. In the hig limit eq 3 simplifies to

2[ exp(~wN) + wN — 1]

N

da= _¢om
a0 Q= NAO (AP)Z{

O o) M A 22— 10 @ 2 M
a6 Q™ AT =155 55 @

This relationship is visualized by plotting the second moment
of the intensity, Q?d=(Q)/dQ] vs Q, also known as the Kratky
plot. In Figure 4, the scattering data for the neagSPcb-VPh
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LCPU at Figure 3. (a) Inverse root of SANS intensity for the neatsBeto-
VPh copolymer as a function @?, to obtain the linear fit) to the

Debye-Bueche model, and (b) comparison of the scattering intensity

to the intensity predicted by the DebyBueche model-) in double

logarithmic scale.
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Figure 4. Kratky plot or the second moment of SANS intensity for
neat PgS-co-VPh copolymer as a function d, showing a linear
plateau (- -) at highQ corresponding to the linear chain segments of
the network.

copolymer in the Kratky representation appears as a plateau in
the highQ range (represented by the dotted line).

The asymptote gives the value,= 8.98 nm, which is the
statistical segment length of the Gaussian distribution of
vinylphenol units. It is clearly seen that the Kratky plot
approaches its asymptote from above, which is a signature of
network polymers. Benoit and co-worké&rshave modified
eq 3 to account for branched or cross-linked polymers:

a= _ ¢m 2 1 f
wO=5e{ls L= ©

where s is the number of branches or inter-node segments
containingn repeat units | = ns), andf is the functionality

(f branches start from each cross-link). CDV
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Figure 5. Inverse of SANS intensity for neat Fico-VPh copolymer
as a function of)?, showing a linear fit{) at highQ to the modified

Zimm plot according to eq 8. Note the negative intercept, which is an
indicator of presence of networking in the copolymer.

Figure 6. Schematic diagram showing a physically cross-linked
] ) ) copolymer. The circles in the diagram denote VPh monomer units.
The fraction of associated hydroxyl groupsn a hydrogen

bonded networ# and

Bypn Ko\ | K; 1 -1 NAO 1 -1
=1 VPN 1-2|p2( 1 n= -2 ,
P Bypn Pueni Kg/ = Kg ((1 - qubvphf)) $M (Ap)? X 2% intercept

(10)

(6)

wheregvpn is the fraction of monomer units having hydroxyl
groups (i.e., vinylphenol content, 0.12 in our cag&hns is the
fraction of monomer units that are not associated through any
hydrogen bondingK,; andKg are the self-association equilib-
rium constants for formation of the hydrogen bonds between
phenol units, involving two or more VPh units, respectively.
Using the equilibrium constants at 170, this relationship yield
value ofp = 0.18, which means that at any given time 82% of
vinylphenol units are free from hydrogen bonding. Further, the
fraction of vinylphenol aggregates consistingxofinylphenol
units can be further obtained by the probabiliy (1 — p),
indicating that dimers containing a single hydrogen bond

between two vinylphenol units is the most common type of e jinear fit in Figure 5 yields the number of statistical
cross-l_lnk p_resent in the networl_<. In other words _almost all segments per branch or interlink as= 9.19 and the length of
cross-links involve only two chain segments, leading to the o5 statistical segment hs= 8.04 nm, which is comparable
functionality off = 4. Hence the number s of branches becomes \;ith b = 8.98 nm obtained from eq 4. In other words, on
large, f/s can be neglected with respectfte- 2, and €q 5 4yerage one in nine VPh statistical segment is involved in a
simplifies to physical link. The end-to-end distance between two linkages

. ) ) can be obtained by multiplying egs 9 and t6; n%h = 24.38

m i i i inle te — nlf 1/2 —
==(Q) = ¢ (Ap)z L4 = @) nm and radius of gyration of an interlink ig = n*?b/6
dQ N,O w nw

The PdS-co-VPh copolymer is a statistical copolymer, where
VPh monomer units are randomly interspersed in a chain
composed of deuterated styrene monomer units. Through
hydrogen bonding, the VPh units form physical “cross-links”,
thereby bringing together the copolymer chains to form a large
network with each interlink composed of a random sequence
of VPh and styrenet monomer units. This simple model is
shown in a schematic diagram in Figure 6. The scattering
produced by the copolymer arises from sequences of protonated
VPh monomer units, which are separated by runs of deuterated
styrene monomer units. As a result, the scattering results from
a random walk, where a statistical segment contains multiple
VPh monomer units and the step length of the random walk is
the statistical segment length of the vinylphenol ubits

9.96 nm. Because of the presence of the network, it is not
possible to deduce the molecular weight or radius of gyration
or of a single copolymer chain from the SANS data, but it is
reasonable to assume that the dimensions of a single copolymer
N 1 [w 1] chain would be intermediate between the radius of gyration of

S5 = one interlinkrg = 9.96 nm and correlation lengéhof 35.5 nm
obtained from the DebyeBueche model.
Blends. Figure 7 shows the scattering intensities obtained

ém (A_p)2 EV (8) from pure PgS-co-VPh copolymer and its blends plotted in the

Kratky representation. What is interesting to observe in these
curves is the additional scattering that occurs in the blends. The
scattering data from the g8tco-VPh copolymer/ LCPU blends
show a clear deviation from the plateau at h@hThis excess
scattering that is not present in the data for the pure copolymer
evidently contains the information regarding the conformation
of the LCP molecules. The bell-shaped peak seen in Kratky
b2 = 12¢_m(Ap)2 x gradient (9) plot is an indication of the presence of rodlike structbfe?

N0 in the polymer blends.

prompting the plotting of the data in the Zimm representation
{[d=(Q)/dQ]~* vs Q%. Figure 5 shows the Zimm plot of
the scattering data has a linear fit with a negative intercept that
gives

Ccbv
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Figure 7. SANS intensity for blends of R8-co-VPh copolymer
containing 5% and 20% LCPU showing excess scattering occurring at
Q > 0.016 A2, when compared with scattering from pure copolymer
(also shown). The solid curve corresponds to the fit of the scattering
data for 5% blend to the KratkyPorod wormlike chain (KPWC) model
(eq 11) presented in Kratky representation.
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Figure 8. Logarithm of the first moment of SANS intensity for 5 and

20% LCPU-Pd;So-VPh copolymer blends as a function @f, to

obtain linear fits {-) to the Kratky-Porod wormlike chain model. Data

for the pure copolymer is also shown which does not exhibit a strong
linear behavior.

The scattering arising from anisotropic structures is better
represented by a model based on a form factor for a cylinder of
cross-sectional radius of gyratid®and lengthL, given as

ds . 7p(Ap)’M 1 p( - QZRQ,XZ)
Q= No Lo (11)
or
d> 7p(Ap)* M — QR
2 _ X
Q0@ = TN 19 exp(T) (12)

whereM is the molecular weight of the cylinder. This relation
(eq 11) is known as the KratkyPorod wormlike chain (KPWC)
model. KPWC model describes scattering arising from a cylinder
and is applied to systems containing anisotropic struc-
tures33:34384%Figure 7 shows the fit obtained from eq 12 to the
scattering data from the blend containing 5% LCPU. It is seen
that eq 12 fits well to the scattering data in the higlimit. As

a result, this scattering data can be displayed in a linear form
by plotting IN[Qd=(Q)/dQ] vs Q? (Figure 8). The cross-sectional
radii of gyration Ryx obtained from this fit are 1.72 and
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Figure 9. SANS intensity for PgS-co-VPh copolymer and its blends
containing 0.5-3% LCPU at 170°C, in double logarithmic scale and
absolute units: (a) before and (b) after subtracting the incoherent portion
of the scattering. Data in part b are offset for clarity.

the copolymer matrixR,x serves as an indication of the cross-
sectional size of the anisotropic structures. The intercept to the
straight line fit in Figure 8 provides the ratM/L, which is a
measure of the molecular weight per unit length along the
anisotropic structure, with values of 436 and 572 g Thaim™!

for 5% and 20% LCPU blends, respectively.

Blends Containing Low LCPU Content. Although the
correlation of the scattering data to the KPWC model indicates
that the excess higf scattering occurring in the blends is from
LCPU molecules, there remains the possibility that the LCPU
molecules themselves enter the hydrogen-bonded dynamic
network formed within the R&-co-VPh copolymer matrix.
Therefore, a correlation between different LCPU molecules
cannot be ruled out. In other words, the high concentration of
the LCPU within the blend may result in interference between
different LCPU molecules. With these considerations, a second
series of SANS experiments were carried out exclusively on
blend concentrations varying from 0.5 to 3 wt % fraction of
LCPU as well as the neat copolymer. Figure 9 shows the
absolute scattering intensities obtained from purgSRd-VPh
copolymer and its blends containing 0.5%, 1.0%, 1.5%, 2.0%,
and 3.0% LCPU at 170C. Scattering curves of the neat
copolymer and the blends show the same upturn in scattering
at low Q observed in Figure 2.

As before, the scattering data in the I@nimit was fitted to
the Debye-Bueche model, i.e., eq 2. The correlation length
obtained from this fitting procedure is presented in Table 1.

1.69 nm for 5% and 20% LCPU blends respectively, whereas The addition of small amounts of LCPU in the scattering media
Rgx obtained from fitting 5% LCPU blend data to eq 12 (Figure results in a measurable change in the character of the scattering.
7) is 1.60 nm. Assuming that the scattering observed from the At the lowest LCPU dosage, a substantial reduction in the
blends in the highQ region (0.026 A1), over which eq 11 scattering is observed within the lo@-range (curve due to
and (12) are fitted, arises from LCPU molecules dispersed in 0.5%); indicating that the LCPU molecules act to disrupt HBV
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Table 1. Debye-Bueche Model Fitting Parameters for a 0.30 = I 1 1 1 L
Low Q SANS g
LCPU wt 3 (d=/dQ)(0)

fraction (%) (nm) (cm™)
0 27.3+£6 x 1078 159.8+9.3x 10°8
0.5 226+1.1 144+ 1.9
1.0 47.8+2.4 567.4+ 182
15 49.1+ 5.5 679.14+ 213
2.0 50.0+ 6.9 796.6+ 308
3.0 74.7+ 16.5 2748.9+ 1724

hydrogen bonded ensemble. From this observation, it can be
inferred that there is a presence of a large scale structure in the
P&S-co-VPh/ LCPU blend, due to intra-species interactions
within the VPh segments of the copolymer; an arrangement that
is measurably disrupted by addition of the small amounts of
LCPU, with a reduced DebyeBueche correlation length of
22.5 nm. Further addition of LCPU to the blend results in an
increase in the correlated size of the dynamic network, as well
as zero scattering intensitg2(0). One way to account for
these increases is by allowing the LCPU molecules to integrate
within the dynamic network. This possibility is supported by
the fact that the carboxylic groups present on the LCPU
molecules should readily form hydrogen bonds with the
hydroxyl groups on the VPh segme#ts.

FTIR of Blends. To develop a quantitative interpretation of
the nature of the hydrogen-bonding present within the LEPU
copolymer blends, Fourier transform infrared spectroscopy
(FT-IR) was performed on the pure copolymer and its LCPU
blends!’1820 The FT-IR spectra of the B8-co-VPh/LCPU
blends fail to show any perceptible carbonyl peaks due to the oo
low concentration of LCPU in the blends. This is due to the 0.00 =
very low concentrations of the LCPU, in addition to the fact T TR ! i ;

that the measurement in the range of 1800 to 1650'ds 360%3\,3”3?1?'%3,. (Cm3¥f)’0

obscured by low signal-to-no.ise ratio. Consequently, the analysis Figure 10. FT-IR absorbance specira for&0-VPh conolvmer and

of the hydroxyl ¢-OH) stretching bands that_occqr between 3700 itsgblends containing 0-53% LCPFEJ, togethﬁith Gausspde}éonvolution
and 3100 cm! were Complete§§ These vibration bands are fit (—) and contributing peaks (- -), corresponding to “freeDH group
broad and suffer from overlap; therefore in order to analyze and inter-species hydrogen bond associated and intra-species hydrogen
them, a Gaussian deconvolution curve fitting procedure was Pond associatee-OH groups, in order of decreasing wavenumbers.
adopted. Accordingly, PeakFit application was used in the 3700
and 3000 cm! region of the spectra. In the curve fitting
procedure, the principle of parsimony with regards to the number

Absorbance

0.06

IS ’Fu[_e Copolymer

Table 2. Curve-Fitting Results for FT-IR Spectra of
PdsS-co-VPh/ LCPU Blends

of peaks was employed. In other words, attempts were made to droe" irggg‘osgzgﬁs irggjgggzs
best fit the spectra, while allowing the minimum number of _OH group —OH groups —OH groups
peaks. LCPU

The FT-IR spectra due to the pure copolymer and its blends ‘Z\?V?E)Zr)“ (gfﬁ'f) (fr;‘f?) (Erf]"i"f) (:r:ﬁ?) (f;?'f) (fr:?f)
are shown in Figure 10. The peak observed near 3010 @n
due to aromatic €H stretch bonds and is not relevant to our 85 33’22% Z':’ig% 3433 01 034 3%?8 7;21
analysis. The remaining portion of the spectrum is c_iecon\_/o_luted. 10 3550 4020 3441 2599 3318 5927
In the case of the neat copolymer, the spectrum is sufficiently 2.0 3552 4.305 3483 3.860 3318 4.380
deconvoluted with no more than two peaks. These peaks occur 3.0 3552 2.219 3452 5.193 3318 5.132

near 3552 and 3318 crth(see Table 2). The first peak is due

to —OH stretching from “free” hydroxyl groups. This peak hydrogen bond&’ Table 2 shows the peaks (and their area) due
retains the characteristic sharpness observed in “fre@H to “free” , “intra-species” , and “inter-species*OH groups.
stretch of phenol3! As the concentration of phenol groups in  The absolute values of these spectra are dependent on the path
this experiment is considerably high, an additional peak due to length; as a result the spectra were normalized, such that the
the “associated™—OH stretch is observed. These vibrations total area under all the-OH stretch peaks is the same. (Note
occur due to—OH groups that are under the influence of the concentration of-OH groups in the pure R8-co-VPh
hydrogen bonding among the vinylphenol segmé&ht&.5’ The copolymer and all its blends is effectively the same; as the
blends of LCPU and the B8-co-VPh copolymer register an ~ copolymer composition is kept the same and the LCPU content
additional peak in their FT-IR spectra that occurs in the region is very small.)

of 3452 cntl. This peak is due to the hydroxyl groups Table 3 shows the ratio of the area under each of these
participating in inter-species hydrogen bonding with carbonyl vibration bands to the cumulative area under all-tt@H peaks.
groups of the LCPU2 This additional interaction appears at Although, this ratio cannot be taken directly as a quantitative
higher wavenumber than otheOH interactions, indicating that  measure of the concentrations of each type-@H groups

the inter-species hydrogen bonds are weaker than intra-specie®ecause the coefficient of absorption for differer@®H stretchesCDV
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Figure 11. Kratky plot for neat Pg5-co-VPh copolymer and its blends  Figure 12. Logarithm of the first moment of SANS intensity for 8:5
containing 0.5 to 3% LCPU as a function @ SANS intensity for 3% LCPU-Pd&S-co-VPh copolymer blends as a function @, to

blends show excess scattering occurringQat- 0.016 A%, when obtain the linear fit ) to the Kratky-Porod wormlike chain model.
compared with scattering from pure copolymer. The fit for only the 3% blend is shown. Data are offset for clarity.

] ] ) Data for the pure copolymer is also shown, which does not demonstrate
Table 3. Approximate Fractional Areas under Various —OH Peaks linear behavior.

fractional area

Table 4. Kratky —Porod Wormlike Chain Model Fitting Parameters

inter-species intra-species

LCPU “free” associated associated LCPU wt Rgx (MIL) L
content (Wt%) —OHgroup  —OHgroups  —OH groups fraction (%) (nm) (g/(mol nm)) (nm)
0.5 1.95+ 0.01 289+ 18.4 1141+ 7.2
8_5 %‘_i@? %_0824 06%31 1.0 1.714 0.007 325+ 14.6 101.5+ 4.6
10 0.320 0.207 0472 15 1.674 0.005 272£ 8.7 1215+ 3.9
2.0 0.343 0.308 0.349 2.0 1.72+ 0.003 233+ 5.6 141.9+£ 3.4
30 0177 0414 0.409 3.0 1.69+ 0.003 200+ 4.0 164.9+ 3.3

vary 58 Nonetheless, only the ratio of the areas under the peakSShOWS a bell-shaped peak in the case of the scattering from the
is presented here and can be considered a qualitative estimatglends' .

of ratios of the actuat-OH concentrations. We can see from T he broad peak observed n the Kratky plots due to the blends
Table 3 that with the addition of the LCPU to the copolymer arises due to excess scattering from the LCPU molecules and
there is a progressive increase in the “inter-species” interaction,?'3p|a¥r? KE}NCdbehelwl[?raF[gur; 1,[2 showz the scatte;mtg data
and an overall reduction of the “intra-species” interactions, rlom dEe /d?én S p2° eTh ml' a kyPtoro fr?rr:resent? on
occurring at the expense of “free” hydroxyl groups. Furthermore, {In[QAX(Q)/d<] vs Q. The linear nature of the scattering

it is clear that at the lowest LCPU dose, i.e., 0.5% LCPU CUYIV€ in the mid-higQ region ¢0.016 A™) provides further
content, the “free” hydroxyl group popula',[ion increases. ac- €vidence of the presence of anisotropic structures in the blends.

companied by a corresponding loss in “intra-species” interac- The linear fit provides a gradient that gives the cross-sectional

. ; o : radius of gyration of the rodByy, which varies in its values
Ec():nPsUThls trend seems to reverse with increasing amounts 0ffrom 1.95t0 1.67 nm (Table 4). The intercept provides the ratio

The IR thus indicates that in the 0.5% LCPU blend there is MIL (the molepulqr weight per unit length along th? anisotropip
a disruption in the intra-species hydrogen bonding, which structure), which is a quantity that can be better interpreted in

correlates well with the reduction in the scattering and the COBE[ﬁintir:O :2: fr;(:(iltehce:tl?r:evgggﬂ;gsn%?Th:anflc?gurlr?;écules
Debye-Bueche correlation length from 27.3 to 22.5 nm. 9 ’

Addition of more LCPU from 1 to 3 wt %, results in an increase Wh'Ch. are thoughF to l.)e giving r|S<.a to Fhe excess scattering in
in the Debye-Bueche correlation length from 47.8 to 74.7 nm, '_[he mid-highQ region, 1S very small; a Zimm plot was prepared
a 2—3-fold increase when compared to the correlation length in_order tg) deter_mme the mo'ef’“'ar weight of the LCP
in the neat copolymer. This observation is corroborated by an molecules? The Zimm approximation appears as

increase in the inter-species interaction, i.e., hydrogen bonding

2
between VPh and LCPU molecules (Table 3); this serves as a 1 _ 1 [1 + (QRJ) + 2Ak,C (13)
confirmation of the integration of the LCPU molecules within = k,cM| 3 2
the vinylphenol network. It should be noted that the FTIR dQ(Q)

measurements are made at room temperature, whereas the SANS

measurements were made at 180 and therefore, it is not ~ where k; = (Ap)%(Nad?d), ko = 1/kic, A, the second virial

possible to directly correlate the hydrogen bond distributions coefficient, andc = d¢, the concentration of the scattering

measured by FTIR with the scattering observations. molecules in the media. The Zimm plot is created by plotting
Mid-High Q SANS. To analyze the scattering data in the {k,c/[Q%d=(Q)/dQ]} vs [c + aQ?F, where o is an arbitrary

mid-high Q region, the data is plotted in the Kratky representa- scaling constant. The Zimm plot shows a family of parallel lines,

tion in Figure 11. Similar to Figure 4, the tail of the curve forms extrapolation tcc = 0 yields theRy, and extrapolation t@ =

a plateau in the case of the scattering from neat polymer andO yields theA, and M. CDV
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2.0 :

1.0% LCPU
1.5%
2.0%
3.0%

v This structural information can be interpreted to provide
V/ ‘ insight into the conformation of the LCPU chain in the system.
Q=0.0604 A" The structure of the LCPU molecules contains blocks of alkyl
linkages -(CH,)s—], which link up the rigid portions of the
LCPU molecules (see Figure 1). These flexible spacer blocks
are themselves connected to the rigid mesogens by ether
linkages. As a result, the flexible alkyl spacers provide a degree
of flexibility within the LCPU chain, which may allow the chain
to take conformations that stagger its mesogens along the length
. of the anisotropic bundles, by exhibiting some long-range

orientational order, and hence the anisotropy is observed. This
Q=0.0380 A" chain structure will result in effectively shortening the LCPU
repeat unit and increasing M/L when compared to a fully
extended LCPU chain; consequently, the length of such a chain
is shorter than the contour length that it would occupy if it were
PR fully distended from end to end. If we assume that a given

Q=0.0 anisotropic structure contains repeat units from a single chain,
the product of the molecular weight obtained from the Zimm
plot and theM/L provided by the KPWC model results in the
0.00 0.01 0.02 0.03 0.04 0.05 contour length of a LCPU chai (right most column in Table

(98)+aQ? (g/cm?) 4), which represents the length of all anisotropic units along

Figure 13. Zimm plot for LCPU/ PgS-co-VPh blends containing  the chain put along a straight line.
0.5-3% LCPU at 17C°C. In the case of dilute LCPU blends, where the probability of
) ) o . overlap between the LCPU is low, it is reasonable to assume

Although, the Zimm plot is customarily fitted to lo@ region that each anisotropic scattering unit is made up of only one
of the scattering curve; the 0@ scattering £0.016 A?) in chain. Therefore, for low LCPU content blends, increasing
the case of Pgb-co-VPh and its blends is dominated by  qncentration of the LCPU, thRyxand theM/L decreases. Thus,
scattering arising from the hydrogen bonded VPh network. This j; ahnears that increasing the LCPU concentration makes the
portion of the scattering curve corresponds to the data to the pisotropic structures become thinner and leaner. This effectively
left of the cusp in the Kratky plot, represented by the arrow in regyjts in increasing the contour length of the chain, but does
Figure 11. Data to the left of this arrow features a strong negative ot necessarily affect the length of any given anisotropic bundle.
slope and represents the upturn in scattering. On the other handyhjs can be understood as the result of the interference between
our interest is limited to the molecular information concerning jitferent LCPU molecules, which causes the rods to orient under
individual anisotropic LCPU molecules, which is obtained from ;s ence of each other and thereby producing structures with
scattering data to the right of the arrow, which in the case of larger anisotropic sections.
scattering from the blends manifests KPWC type behavior. As . .
a resuIF, for the purpose of thg Zimm plot shown in Figure 13, ( 4;-(? eal\lﬂg‘ g?;e;verg c';; tg;?lepei?ggg\%s} )n %?eaggjﬁ%?ahﬁfu
Zgalgteigngogzitge?en(ljy |E|;2$v$g rezgilnarrl](g'|2356<0chrzsg'_(l)igked greater than those observed at lower concentrations increases.

) ’ In fact, this value is greater than tiwL = 178 g mot! nm!

5 i . >
network$? and anisotropic polymef$show similar departure of a single fully extended LCPU repeat unit. This leads to the

fro_lr_r;]éherggfee;]rtboefhti\gﬂirnlg tEeOIO\?gl(rjigéognés 13.3 nm. The inference that at higher LCPU loading, multiple LCPU mol-
gradiengt of the lineQ = 0 yields tKeAz — 5975 X‘ 10-3 .mol ecules aggregate together forming anisotropic structures that are
. S . . heavier than rigid rods formed of individual molecules observed
2 -
cm/g?. Intercepts of these two lines coincide within experi in blends having lower LCPU concentrations. It should be noted

mental error (32218 and 33789") and their mean gives the that for these blend compositions the single chain assumption
molecular weight of 32985. The molecular weight of the LCPU e positi 9 PlC
made earlier is no longer valid, and for such aggregates it is

pmo?)?sstl;/rricrjl eb?s/t gri; aeg;rcvzastlg%%gr.omatography GPC (using Aot possible to define a contour length.
The molecular weight of a repeat unit of the LCPU is 560.
Assuming the entire repeat unit is stretched out end to end, the
length of this repeat unit would be approximately 3.15 nm. A Our ability to prepare miscible blends of liquid crystalline
LCPU chain having molecular weight of 32985 would cor- polymers (LCP) and flexible polymer, has presented us with
respondingly extend over a length of approximately 185 nm. an opportunity to investigate the conformation of the LCP
Also, the molecular weight per unit length of the repeat unit is molecule in an amorphous coiled polymeric matrix, in which it
178 g molt nm~1, which is slightly smaller than the observed is uniformly dispersed. The high upturn in the small-angle
value ofM/L provided by the KPWC model (266825 g mof? neutron scattering at lo® indicates the presence of a dynamic
nmY). If the anisotropic structures observed by SANS were network in the Pg5-co-VPh copolymer. The lov scattering
composed of a single stretched out LCPU chain, the value of as well as FT-IR studies show clear evidence of hydrogen-
M/L should be in the vicinity of 178 g mol nm~L. The contrary bonding interactions between LCPU and the copolymer. The
observation suggests a bundling up of the rigid portions of the addition of LCPU to the P$eo-VPh succeeds in breaking down
chain. This hypothesis is further supported by the observed the network while simultaneously interacting with the network,
thickness of the rods, which measured as the cross-sectionaforming new large-scale structures. The LCP molecules within
radius of gyration of the rodByx shows an average value of the blend assume anisotropic conformations as indicated by
1.6 nm, which is far larger than the radius of a single extended successful fit to the KratkyPorod wormlike chain model. The
chain. LCPU chains are composed of anisotropic bundles, with its r&%c\/

a4ap oo

n

1/intercept =M ,, = 32,985
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mesogens staggered within their length, resulting in wormlike (24) Painter, P. C.; Tang, W. L.; Graf, J. F.; Thomson, B.; Coleman, M.

; M. Macromoleculesl 991, 24, 3929-3936.
EI(ELIJDCLtJu:;ehZitnhat are shorter and thicker than a fully extended (25) Weiss, R. A.: Ghebremeskel, Y - CharbonneatPalymer200Q 41,

3471-3477.
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