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ABSTRACT: Blends of poly(vinyl acetate) (PVAc) and
poly(cyclohexyl methacrylate) (PCHMA) labeled by copoly-
merization with 4-methacryloylamine-4'-nitrostilbene (Sb),
with (1-pyrenylmethyl)methacrylate (Py) or with 3-(methac-
ryloylamine)propyl-N-carbazole (Cbz), were prepared by
casting dilute solutions in tetrahydrofurane (THF) or chlo-
roform onto silanized glass plates. The resulting films were
studied by epifluorescence microscopy, microfluorescence
spectroscopy, DSC and optical microscopy. Epifluorescence
micrography probes the chemical composition of the differ-
ent regions in phase separated blends, with black areas
corresponding to PV Ac rich regions and colored areas cor-
responding to labeled PCHMA rich regions. The technique
also visualizes primary and secondary morphologies, which
depend on the composition of the polymer blend and on the
casting solvent. Mixtures containing 80 wt % PCHMA show,
in general, a bicontinuous primary morphology suggesting a

spinodal demixing mechanism. Solvent effects are particu-
larly relevant for 50% and 20% PCHMA samples showing
morphologies composed of PCHMA rich domains, in a ma-
trix of solvent-dependent compositions. Samples cast from
chloroform are more homogeneous and the matrix is always
highly fluorescent. In contrast, the domains of samples cast
from THF are heterogeneous in size and shape and the
matrix is non-fluorescent, being thus formed by nearly pure
PVAc. Small voids are formed in the polymer-air interface.
They are submicrometric for THF cast films and disappear
with annealing at 122°C. For chloroform cast samples they
are much less frequent and appear well ordered, forming a
mostly hexatic two dimensional network. © 2003 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 89: 1284-1290, 2003
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INTRODUCTION

Polymer blends' may have properties intermediate to
those of monocomponent systems, or they may have
new and improved properties. This is one of the rea-
sons they have been a subject of research for a long
time. Originally, the focus of most studies was finding
polymer pairs able to form compatible blends by
themselves or with a suitable compatibilizer. More
recently, the emphasis has shifted to incompatible
blends, in search of the mechanism of phase separa-
tion, of improving mechanical behavior for specific
morphologies, or of compatibilizers able to give good
adhesion between phases and to stabilize the mul-
tiphasic morphology (see “Steiner and Klein, 1994;
*Kudva et. al, 1998; and references therein).

Blends of acrylic polymers with poly(vinyl acetate)
(PVAc) have potential applications as coatings when
they are compatible, but it is well known that both
solvent*® and method of preparation’™ play an im-
portant role in the morphology of such polymer
blends. In this work, poly(cyclohexyl methacrylate)
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(PCHMA) was chosen as an acrylic polymer, and sol-
vent effects on the morphology of PCHMA-PVAc
blends of different compositions, prepared by casting,
were studied.

Very little is known about the compatibility of
PCHMA with vinyl polymers. It forms transparent
and apparently homogeneous blends with poly(4-
methylstyrene) and with polystyrene,'’™'? judging
from thermal and rheological properties. Such blends
show lower critical solution temperatures (LCST) at
245 and 220°C respectively, with irreversible phase
separation.'®™ Blends of PCHMA with PVAc show
phase separation in films cast at room temperature.®
Other acrylic polymers, such as poly(methyl methac-
rylate) (PMMA) are also incompatible with PVAc,*'3'*
and their developed morphology depends on the
method of preparation.

The criteria for judging polymer compatibility de-
pend on the property considered. Mixing at the mo-
lecular level represents the perfect compatibility, but it
is not common. More often, mixing occurs on a coarser
scale, and at least two phases with different composi-
tions may be observed. Epifluorescence microscopy
(EFM) with imaging detection and microfluorescence
spectroscopy (MES) are convenient techniques in
studying polymer compatibility. Both have been suc-
cessfully employed to characterize mixtures of PVAc
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TABLE 1
Characteristics of Polymer Samples

Molar extinction Chromophore Glass transition
Molecular weight® Polydispersity® coefficient® (&) mole fraction temperature
(M,, X1077) (r) M.,/ M,)) M em™) (Fc) (% mol) (Ty) (°C)
PVAc 90 — — 0 40
PCHMA(Py) 150 10.8 45.6 X 10° (344 nm) 0.20 82
PCHMA(Sb) 104 8.8 14.6 X 10 (366 nm) 0.49 72
PCHMA(Cbz) 102 8.6 5.10 X 10° (345 nm) 0.20 74

@ Average molecular weight and polydispersity were determined by SEC.
® The molar extinction coefficient of the chromophore (¢) is given for the maximum absorption wavelength.

and poly(vinyl alcohol) with dissolved fluorescent
probes.””® Some other more sophisticated micro-
scopic fluorescence techniques'® ! have also been em-
ployed to analyze the morphology of heterogeneous
films. Imaging techniques have been extensively de-
veloped and applied to study polymer systems in the
last five years.

EXPERIMENTAL

4-Methacryloylamine-4'-nitrostilbene (Sb) and 3-(meth-
acryloylamine)propyl-N-carbazole (Cbz) were synthe-
sized as previously reported.®*>* (1-Pyrenylmethyl)
methacrylate (Py) (Scheme I) was supplied by Poly-
sciences (Eppelheim, Germany) and used as received.
Poly(cyclohexyl methacrylate) (PCHMA) labeled
with Sb, Py or Cbz was obtained by radical copoly-
merization of cyclohexyl methacrylate and the cor-
responding methacrylate bearing the desired chro-
mophore.® Poly(vinyl acetate) (PVAc) with molecular
weight 9 X 10*, was purchased from Polysciences and
used without any further purification.

Table I summarizes the characteristics of the sam-
ples employed in this work. The chromophore mole
fraction in the copolymer (Fc) was determined by
UV /VIS spectrophotometry (Perkin Elmer Lambda 4).
Extinction coefficients were determined by calibration
with THF solutions of the labeling comonomer and are
included in Table I. Polymer molecular weights were
determined by SEC (Shimadzu LC-9A) in THF at 30°C,
with standards of poly(methyl methacrylate) pur-
chased from Polysciences. The polydispersity index of
PCHMA samples was very high in every case (Table I)
and the chromatograms of PCHMA(Sb) and PCH-
MA(Cbz) were superimposable.

Solutions of PVAc and labeled PCHMA in THF or
Cl;CH, with 2 wt % total polymer concentration and
different weight fractions of each polymer, were cast
on glass plates at room temperature. Except when
indicated, the glass plate was previously silanized
with methyltrichlorosilane. Two casting procedures
were employed: one in open air (quick evaporation)
and the other in a solvent saturated atmosphere inside
a closed vessel (slow evaporation). Quick evaporation

was usually employed, except where indicated. The
resulting films were circular, with diameters of about
1 cm 10 wm thick. The border of the film, a crown of
about 2 mm, was excluded from observation.

After complete observation of the samples, they
were annealed in a vacuum oven at 122°C, for 4 hours,
and measurements were repeated. The reproducibility
of non-annealed samples was verified on three speci-
mens of 50 / 50 PCHMA(Sb) / PV Ac blends, cast from
CL,CH and from THEF, on silanized and non-treated
glass supports.

Several microscopes were employed: i) A Nikon
Labophot provided with photographic camera and
CCD videocamera plus videoprinter (all them from
SONY) was employed for transmission optical micros-
copy (TOM) and epifluorescence microscopy (EFM)
imaging observations. Objectives of 10X, 40X and 100X
with NA of 0.25, 0.65 and 1.25 respectively, were
employed. In EFM measurements, a 100W Hg arc
lamp, filtered to transmit in the range of 330-380 nm,
was employed for excitation. The emission was sepa-
rated from the excitation beam by a dichroic mirror for
Aoy Of less than 400 nm and a barrier filter for A, of
less than 420 nm. ii) Microfluorescence-spectroscopy
(MFS) measurements were performed with an in-
verted microscope Axiovert 100 TV (Carl Zeiss Jena)
coupled by optical fiber to a monochromator from
Acton. Details are given in reference 11. iii). A Nikon
Epiphot microscope, coupled with CCD Sony Iris vid-
eocamera joined with Image-Pro Plus software from
Media Cybernetics, was used to digitalize and analyze
the images.

Measurements of the glass transition temperatures
were performed* in a Perkin Elmer DSC-7 with sam-
ples prepared by casting PCHMA(Py) / PVAc blends
from THF and Cl;CH solutions. Samples were dried
under vacuum at 50°C for 4 days and preheated in the
calorimeter at 150°C for 10 minutes. No endotherm of
solvent evaporation was observed in first run thermo-
grams. First and second run glass transitions were
coincident in *3°C, except for one sample, as dis-
cussed in the text. Second and third run thermograms
were identical.
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RESULTS AND DISCUSSION
Glass transition behavior of blends

The glass transition temperature (T,) of PCHMA(Py) /
PVAc blends was measured for different compositions
and two casting solvents (THF and Cl;CH) to assess its
compatibility.

Figure 1 plots second run T, values as a function of
the composition of blends cast in THF and Cl;CH at
room temperature. Two T, values were observed in
both first and second run DSC thermograms, except
for two samples: i) The 80 / 20 PCHMA(Py) / PVAc
blend cast from Cl;CH shows only one T, value of
61°C in the first run, but in the second run it shows
two T, values (Fig. 1). ii) The 10% PCHMA(Py) blend
shows only one T, in both the first and the second run.
Except for the first exception, the coincidence of first
and second run T, values was in *=3°C.

Figure 1 shows that the system is incompatible for
PCHMA compositions larger than 10%. It also
shows that: i) for THF cast blends, the T, of PVAc
blends is essentially unmodified from that of the
pure state, whereas for Cl;CH cast blends the T, is
slightly smaller; and ii) the T, of PCHMA(Py) for
both THF and Cl;CH cast solutions presents a sys-
tematic positive deviation with respect to the
Tgvalue in the pure state. For THF cast samples, a
matrix of almost pure PVAc must be expected in
phase separated blends.

T, values outside the range defined by the pure
components can be explained as follows. Larger T,
values than those of any of the pure homopolymers
were previously observed for certain miscible

100

60 80
% PChMA

Figure 1 Second run glass transition temperatures of PCHMA(Py) / PVAc blends cast from Cl,CH (O, O) and THF (@, W).

blends,>*® and it was ascrubed to polymer-polymer
strong attractive interactions. Such interactions are not
expected in the polymer pair studied here, but they
could have been developed in the presence of a sol-
vent, during casting. For example, it has been found
that PMMA and PVAc show no specific interactions
(according to the value of their interaction parame-
ter””), but in solution attractive (in Cl,CH) or repulsive
(in THF) interactions develop.**® Extrapolating this
qualitative behavior to the PCHMA-PVAc blends, it
may be assumed that in ternary systems the polymer-
polymer interaction is stronger than in the binary
system in complete equilibrium. During casting, chain
movements are progressively impeded and polymer
conformations characteristic of concentrated solutions
in THF or Cl;CH are frozen, inducing solvent depen-
dent morphologies on cast films. Such non-equilib-
rium conformations of PCHMA would correspond to
a larger rigidity (larger T,) than pure PCHMA(Py),
and only upon annealing for a sufficient time period
could the solvent-independent equilibrium morphol-
ogy be achieved. After the first heating and cooling by
DSC, the sample is not yet at equilibrium, and thus
second run T, values still reflect the influence of the
casting solvent on the morphology of the polymer
blend.

Concentrations of 80% and 50% PCHMA / PVAc
blends cast from THF are opalescent and under the
optical microscope with crossed polarizers, they show
Malta crosses indicative of stress birefringence, which
suggests a compressed-state for PCHMA rich do-
mains. This is in accordance with the larger T, mea-
sured for PCHMA in the blends and is supported by
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Figure 2 Fluorescence intensity (Iz) of Py recorded at 394 nm as a function of the length of a straight line crossing the
specimen for PCHMA(Py) / PVAc blends cast from THF (left column) and Cl,CH, (right column).

previous results.” When a highly flexible polymer
allows a rigid polymer to form segregated mi-
crophases, it packs more compactly than in the ho-
mopolymer single phase and an increase in the T, of
the rigid polymer is observed.

Explaining the behavior of blends with T, values
lower than those of pure PVAc would require taking
into account recently reported® results which suggest

that interfaces in phase separated PMMA-PS blends
are enriched in chain ends. Since they have larger
mobility than intermediate segments of the chain, a
lower T, value than that of pure homopolymers
should be expected for blends with large contribution
of interfaces. A morphological study would reveal
whether or not DSC results are in accordance with the
microstructure of blends.
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MFS and EFM results

DSC results are in accordance with microfluorescence
spectroscopy (MFS) and epifluorescence microscopy
(EFM) observations for samples with 20%, 50% and
80% PCHMA(Py), cast from THF and CI;CH. MFS
results are as follows. Figure 2 shows the fluorescence
intensity of Py recorded at 394 nm as a function of the
length shifted by the specimen under the microscope,
in a straight line. The baseline is measured on the glass
plate. For THF cast samples, several maxima corre-
sponding to the section of fluorescent domains can be
observed. Between maxima, the fluorescent intensity
decreases to about zero; the regions between domains
are formed by almost pure non-fluorescent PVAc. For
CI;CH cast samples, the intensity between maxima
does not go to zero because the regions between flu-
orescent domains are also fluorescent. The sample
with 80% PCHMA(Py) shows no maxima, as would a
homogeneous blend, which accords with the single Tg
observed in the first DSC thermogram.
Epifluorescence micrographs also agree with glass
transition temperatures and with MFS results. The 80
/ 20 PCHMA / PVAc sample from Cl;CH is appar-
ently homogeneous to the detection limit of the mi-
croscope, but, upon annealing in a vacuum oven at
122°C for 4 hours, phase separation is activated. This
is suggested by the single T, value in the first run and

g
the two T, values in the second run. Figure 3(a) shows

the epifhforescence micrograph after annealing. Mi-
crographs of THF cast samples show, for the three
studied blend compositions, a totally dark (pure
PVAc) base with dispersed blue regions (PCHMA (Py)
[e.g. Fig. 3(b), 20% PCHMA(Py) sample], whereas for
Cl;CH cast samples the matrix is slightly fluorescent
[e.g. Fig. 3(c), 50% PCHMA(Py) sample] and therefore
must be composed of a PCHMA(Py) / PVAc blend,
enriched in the second component.

In all samples, primary and secondary morpholo-
gies were observed and the following are the most
relevant results concerning changes of morphology
with blend composition: i) 80% samples are bicontinu-
ous, ii) 50% samples are approximate bimodal distri-
butions of domains in a matrix of solvent dependent
composition and iii) 20% samples also have solvent
dependent morphologies, with small domains or-
dered in two dimensions.

Bicontinuous morphologies of 80/20 PCHMA/PVAc
mixtures

Figure 4(a) shows a bicontinuous primary morphol-
ogy representative of the behavior presented for 80 /
20 PCHMA(Sb, CBz) / PVAc cast from Cl;CH or THF.
The obscured regions correspond to regions rich in
non-emitting PVAc, whereas the brighter regions cor-
respond to PCHMA rich compositions. Increasing

SERRANO ET AL.

Figure 3 EFM images of samples: (a) 80 / 20 PCHMA(Py)
/ PVAc cast from CI;CH after annealing; (b) 20 / 80 PCH-
MA(Py) / PVAc cast from THF before annealing; (c) 50 / 50
PCHMA(Py) / PVAc cast from CI;CH, before annealing.

magnification [Fig. 4(b)] reveals a secondary phase-in-
phase morphology. Dark PVAc rich small domains are
distributed within the bright PCHMA rich regions.
This type of secondary morphology was previously
observed®?* for systems reaching high viscosities
during phase separation. This could also be the case
for 80 / 20 PCHMA / PVAc samples; during solvent
evaporation, highly concentrated solutions are gener-
ated whose viscosity may be large enough to inhibit
the diffusion of small domains necessary for coales-
cence to occur.

Spinodal demixing of samples with compositions
close to the critical point is the phase separation mech-
anism associated with bicontinuous primary morphol-
ogies,*'*? although earlier stages of phase separation
should be observed to verify this mechanistic interpre-
tation. The sample containing 80 / 20 PCHMA(Sb) /
PVAc cast from THF, shows a primary droplet-in-
matrix morphology with an underlying secondary in-
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Figure 4 EFM image of sample with ratio 80 / 20 PCHMA(Sb) / PVAc cast from Cl;CH. The scale bar corresponds to (a)

200 um and (b) 50 um.

terconnected-domains morphology. Upon annealing,
an increase in the interconnectivity of PVAc rich do-
mains in the secondary morphology is observed.
There is no significant effect of annealing on the pri-
mary bicontinuous morphology in Cl;,CH or THF-cast
blends. Nevertheless, the annealing effect on the sec-
ondary morphology suggests that it was developed by
viscosity inhibited diffusion, which is allowed by de-
creasing viscosity upon heating.

Ordered small domains of 20/80 PCHMA/PV Ac
mixtures

The largest solvent effect is found in 20 / 80 PCHMA
/ PVAc samples. Whereas samples cast from Cl,CH
seem to be homogeneous unless observed with the
largest magnification, samples cast from THF exhibit a
well-defined domain-matrix morphology.

In apparently homogeneous samples, small
PCHMA spherical domains with diameters about 5
pum are observed, and with lateral illumination it is
demonstrated that they are voids in the polymer-air
interface. Figure 5 shows the optical micrograph of a

Figure 5 Optical micrograph of sample with ratio 20 / 80
PCHMA(Py) / PVAc cast from CI;CH, with a two dimen-
sional hexatic order.

blend of 20 / 80 PCHMA(Py) / PVAc, cast from
Cl;CH. These small domains are aligned following
curved parallel lines. Among the different tools for
characterizing the order in the current samples,** the
Voronoi tessellation of the voids and the static struc-
ture factor [S(k)] associated with the voids have been
used. Both methods are commonly employed in the
study of liquid and solid phases and are expected to
yield valuable information here.

In order to resolve the foregoing issue and to iden-
tify the presence of ordered topologies, the static
structure factor of the ‘hole” centers has been deter-
mined. For the present purposes a convenient defini-
tion of S(k) can be written as:

2

1 N
S(k) = e [2 exp(ik - R)

j=1

N+2 X cosk-(R;—R)

j>1

1
=N 1)

The latter formula comes from the theory of the
elastic scattering of light by a sample,® having disre-
garded the usual statistical average over an ensemble.
The vector k is the wave vector of the momentum
transfer, and R; is the position vector of the scatterer j.
The usefulness of S(k) in the study of ordered or
disordered phases lies in the fact that different S(k)
values correspond to different phases, and therefore
different states of order or disorder: i) For perfect
crystalline lattices there exists a set of maximizing k
vectors that make S(k) = 1; ii) For liquids, the maxi-
mum S(k) value is 0.2; iii) For amorphous systems, 0.1
= S(k) = 0.3; and iv) For partially crystalline phases,
0.3 < S(k) < 1. The numerical results obtained here
(S(k) < 0.1) indicate that the distributions of voids are
highly disordered and of a liquid-like character. Ac-
cording to their maximum S(k) values, the THF-cast
blend (S(k) < 0.037) is less ordered than the Cl,CH
cast blend (S(k) < 0.097).
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CONCLUSIONS

Fluorescence microscopy techniques allow chemical
imaging in phase separated blends of labeled PCHMA
with PVAc prepared by casting at room temperature.
Primary and secondary morphologies can thus be ob-
served. Samples of ratio 80 / 20 PCHMA / PVAc
show bicontinuous primary morphologies, whereas
samples of 50 / 50 and 20 / 80 composition are formed
by droplets-in-matrix. This suggests LCST behavior
with a minimum located below room temperature and
significantly below T,, in such a way that cooling
produces compatible blends, but under these condi-
tions, polymer mobility is not great enough to produce
changes in morphology.

Primary morphology does not change significantly
upon annealing except in one sample, the 80 / 20
PCHMA(Py) / PVAc cast from chloroform, which
changes from a single-phase aspect to the expected
bicontinuous primary morphology. Annealing gives
rise to coalescence of the smallest domains of the
secondary morphology, as shown by films of any com-
position, particularly in a PVAc rich matrix. Viscosity
of PVAc regions seems to be lower than that of
PCHMA rich regions, since larger changes were pro-
duced by annealing in these regions.

Solvent effects on the secondary morphology and
on the composition of domains may be related to the
rate of solvent evaporation during casting. The two
solvents here considered have similar physical prop-
erties, except for specific vaporization enthalpy, which
for THF is twice that of CI;CH.>* Consequently, the
time needed for evaporation of the same mass of both
solvents under isothermal conditions must be about
twice as long for THF than for CI;CH. Chloroform
evaporates more quickly and freezes earlier stages of
phase separation than THF, whereas blends cast from
THF achieve a stage nearest equilibrium. It therefore
seems that 20 / 80 PCHMA / PVAc samples demix
initially, forming submicrometric domains in an or-
dered array. Samples of ratio 80 / 20 PCHMA / PVAc
form bicontinous morphologies or form a single
phase, depending on the molecular weight of
PCHMA. For any blend, segregated domains are sim-
ilar to the matrix in composition. At longer times, such
domains become more abundant, more disordered,
and have compositions closer to pure homopolymers.

This work was supported by DCI (Spain) and EU (Brite-
Euram) under grants BQU2000-0251 and BE-97-4672, respec-
tively.
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