Hacromolecules

pubs.acs.org/Macromolecules

Effect of Restricted Phase Segregation and Resultant Nanostructural
Heterogeneity on Glass Transition of Nonuniform Acrylic Random

Copolymers

Farhad Faghihi," Naser Mohammadi,*" and Paul Hazendonk"

"Loghman Fundamental Research Group, Department of Polymer Engineering and Color Technology, Amirkabir University of

Technology, P.O. Box 15875-4413, Tehran, Iran

*Department of Chemistry and Biochemistry, University of Lethbridge, 4401 University Dr., Lethbridge, AB T1K 3M4, Canada

ABSTRACT: The glass transition behavior of emulsion polymerized butyl

acrylate (BA)—methyl methacrylate (MMA) copolymers was related to their (
microstructural features. Broad transition regions composed of two distinct \
peaks were observed in both DMA and DSC measurements of copolymers with ~ :
various comonomer compositions indicating dynamic and microstructural

heterogeneity. This was further investigated using 2D WISE experiment. \)C
Nanophase segregation within the copolymers was inferred from detailed

analysis of their local dynamic behavior. The length scale of segregation was
calculated to be 7.4 nm by '*C NMR spin diffusion experiment. A modeling procedure was also developed to extract the distribution
of comonomers compositions within the samples from heat flow first-derivative data. Bimodal comonomer composition
distributions were extracted in accordance with their glass transition behavior.

B INTRODUCTION

In multicomponent polymeric systems the local segmental
relaxation responsible for the glass transition is greatly affected by
the detailed state of phase morphology. The glass transition
characteristics of these systems which are important in applications
such as mechanical wave damping' can thus be controlled by mani-
pulating the fine structure of morphological heterogeneities. The
scale of morphological heterogeneity can vary from local concentra-
tion fluctuations in miscible blends,”* and nanophase separation in
correlated random copolymers® to micro- or macrophase separation
in block copolymers® and immiscible blends, depending on the
chains microstructure and the thermodynamic affinity of compo-
nents. The local nature of heterogeneity in miscible blends has led to
the observation of a single broad glass transition in many studies.””-
Historically, such behavior has widely served as a criterion for
miscibility. Recently, using more sensitive techniques like NMR®
and temperature-modulated DSC” " that are capable of resolving
small-scale structural heterogeneities, two close-spaced yet distinct
transitions have been detected in some miscible blends. This behavior
was interpreted in the context of Lodge—McLeish self-concentration
model which assumes higher concentration of each segment on the
scale of Kuhn length due to chain connectivity.” According to this
model, in miscible blends each monomer experiences local concen-
tration richer in its own species in a volume V ~ I3, where I, the
Kuhn length, is a measure of length scale over which correlation
between monomers persists along the chain.

In copolymers, the comonomers sequence distribution along
the chain plays the dominant role in its phase segregation and
segmental relaxation behavior. Random distribution of comonomers
results in homogeneous systems with a single glass transition while
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ordered arrangement of comonomers into separate immiscible
blocks is accompanied by appearance of distinct transitions pertain-
ing to each component. A wide range of compositional heterogeneity
at various length scales can be realized between these two extremes,
through manipulation of the comonomers arrangement along the
chains.*"*~'® Mok et al.'® investigated the phase behavior and the
consequent glass transition characteristics of gradient copolymers, in
which composition changed from predominantly one monomer
species to a second monomer species along the copolymer back-
bone. Their results indicated some degree of micro- or nanophase
segregation in different gradient copolymers, which among other
factors was determined by chain architecture and comonomers
interactions. Such phase structure was reflected as a very broad T,
consisted of overlapping transitions of domains with different
compositions. More recently, they reported the correlation between
the strength of nanophase segregation and the breadth of T, in a
series of weakly, moderately, and strongly segregated gradient
copolymers.'® Both their experimental results and theoretical pre-
dictions demonstrated a direct correlation between the extent of
segregation, as determined by the yN parameter, and the copolymers
glass transition width.

In random copolymers, statistical addition of monomers along
the chains primarily promotes homogeneous microstructure. None-
theless, difference in reactivity of comonomers and lack of thermo-
dynamic affinity between the components can induce microstruc-
tural heterogeneity in limited length scales. Nanoscopic aggregation
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Table 1. Recipes of Emulsion Polymerization

samples

PBA BM73 BM64 BMSS PMMA
BA (g) 14 9.8 8.4 7
MMA (g) 4.2 S.6 7 14
water (g) 112 112 112 112 112
Triton X-100 (g) 042 042 042 042 0.42
SLS (g) 0.021 0.021 0.021 0.021 0.021
KOH (g) 0.021 0.021 0.021 0.021 0.021

was reported for the bulk films of amphiphilic random cogolymer
containing both hydrophilic and hydrophobic comonomers.” Photo-
chemical hole-burning measurements, which are sensitive to struc-
tural relaxation behavior on the nanoscale, exhibited nanoscopic
aggregation in random copolymers of methyl methacrylate with n-
butyl methacrylate or benzyl methacrylate despite the hydrophobic
nature of both monomers.* The existence of 20—30 nm MMA-rich
domains within the random copolymers was also verified by TEM.
Using 1D and 2D NMR measurements, White et al3 studied the
dynamics and morphological heterogeneity as a function of como-
nomer composition in polyisobutylene/p-methylstyrene (PIB/
PMS) correlated random copolymers. Their results indicated that
while at low PMS concentration both components have similar
dynamics, at higher concentration heterogeneity prevails due to the
formation of PMS clusters with 3 nm domain size. Such nanophase
separation was also revealed in polyanhydride random copolymers
using NMR spin diffusion and SAXS experiments.'”

In this paper a combination of solid-state NMR, DSC, and
DMA measurements is used to investigate the microstructure
and the glass transition behavior of butyl acrylate—methyl metha-
crylate random copolymers of various compositions. Broad transi-
tion regions observed in copolymer samples indicate some degree of
correlation among the comonomers along the chains. Detailed
analysis of dynamic heterogeneity is exploited as a promising
approach to gain insight into the morphological features of the
samples on the subchain scale. Furthermore, a modeling procedure is
developed to obtain an estimate of the compositional distribution
within the copolymers from the DSC results.

B EXPERIMENTAL SECTION

Materials and Copolymer Synthesis. Methyl methacrylate and
butyl acrylate monomers, sodium lauryl sulfate (ionic surfactant) and
Triton X-100 (nonionic surfactant), potassium persulfate (initiator), and
tertiary dodecyl mercaptan (TDM, chain transfer agent) were supplied by
Merck Co. and used without further purification. Poly(methyl methacrylate)
(PMMA), poly(butyl acrylate) (PBA), and methyl methacrylate/butyl
acrylate copolymers with various compositions were synthesized through
emulsion polymerization using predesigned recipes (Table 1). All the
reagents were mixed thoroughly before adding the mixture to the reactor.
The emulsion polymerization was performed within 100 cm® glass bottles
inside a tumbling reactor at 60 °C for 24 h. The monomers conversion was
found to be close to 100% using gravimetric techniques. Molecular weights of
the copolymer samples were determined to be around M,, 2 82 000 g/mol
by gel permeation chromatography. Test samples were prepared by latex film
formation inside Petri dish at room temperature for 1 week.

DMA and DSC Measurements. Dynamic mechanical analysis
(DMA) was studied over a temperature range from —90 to 110 °C with
heating rate of 5 °C/min at fixed frequency of 1 Hz using a Tritec 2000
DMA instrument. The measurements were carried out in tension

deformation mode on rectangular samples, around 0.6 mm in thickness,
with strain amplitude less than 0.1%. This value was found to be within
the linear viscoelastic region of all samples from the dynamic strain
sweep experiments.

Differential scanning calorimetery was performed by TA Instruments
with liquid CO, cooling unit under a nitrogen atmosphere. All the DSC
thermograms were recorded in heating cycles from —75 to 130 °C at
heating rate of 10 °C/min on the samples without prior thermal
treatment. In one case, annealing was performed at 120 °C for 20 min
under a nitrogen atmosphere to completely remove the thermal history.
The sample was then cooled to —75 °C at a rate of 10 °C/min and
subsequently heated to 120 at 10 °C/min. The heat flow data were
recorded on the last heating run. At least two identically prepared
samples from each copolymer were tested.

Solid-State NMR. Solution-state '*C spectra were recorded on a
300 MHz Bruker spectrometer in deuterated toluene. Measurements
were made at 75.5 MHz and calibrated with respect to the solvent
signals. 3000 scans were accumulated with 15 s delay time between
consecutive scans.

Solid-state NMR experiments were carried out on a 500 MHz wide-
bore Varian Inova spectrometer using either a 2 or 4 mm Varian T-3
HEXY magic angle spinning probe. Spectra were recorded at temperatures
ranging from —20 up to 45 °C at 8 kHz magic angle spinning. The 90° pulse
lengths were in the range of 2.5—3.5 us. Proton transverse relaxation times
(T,) were obtained by Hahn-echo measurement fitted to monoexponential
decay. The 2D wide-line separation (WISE) spectra'® were acquired with
128 increments and of 5000 complex data points.

The dipolar filter pulse sequence'®?® was used in both T; and spin
diffusion measurement. For T} measurement, a filter with 100 us interpulse
delay was repeated 25 times to completely suppress the spin magnetization.
The recovery of the longitudinal for each signal was recorded as a function of
mixing time. For proton spin diffusion measurements, the interpulse delay
was set to 10 us, and the filter was repeated five times to suppress the signals
from rigid domains. After applying the filter, the remaining magnetization
was alternatively stored on the +z and —z directions to enable T, correction.
A sufficient number of transients was collected in order to achieve a suitable
signal-to-noise ratio.

For the 2D-WISE, T}, and spin diffusion measurements, the spectra
were collected on *C after cross-polarization from 'H. The optimum
cross-polarization condition was found using a set of arrayed experi-
ments. On the basis of these experiments, the contact time was set to 1.2
ms, the proton locking field was kept constant at 60 kHz, and the carbon
locking field was ramped from 73 to 77 kHz.

B RESULTS

Dynamic mechanical data of neat PMMA and BA-MMA
copolymers with various compositions are shown in Figure 1. The
PMMA homopolymer showed two distinct relaxations at well-
separated temperatures. The relaxation at higher temperature is the
main chain cooperative Q. transition, and the lower temperature one
is the f3 relaxation which mainly involves rotational motion of the
side chain. In comparison to the homopolymer, rather broad glass
transitions are observed in copolymer samples consisting of two
major overlapping peaks. The peak temperatures shifted toward
higher values, and the transition region broadened with increasing
the MMA content from 30 to 50 wt %. The temperature and width
of transitions as determined from loss modulus curves are reported
in Table 2.

DSC thermograms of the synthesized homopolymers and
copolymers measured at heating rate of 10 K/min, and the
corresponding heat flow first derivative curves are presented in
Figure 2a,b. Analysis of derivative curves has been proven as an
appropriate method of extracting quantitative data such as the
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Figure 1. Dynamic mechanical behavior of PMMA and its copolymer with various compositions at 1 Hz.

Table 2. Glass Transition Characteristics of Samples

DMA DSC
I Ta'  T,width i Ty Ty width
PMMA 118 30 112 19
BM7030 —17.9 1 70 —31 —12 53
BM6040 —10.6 16.5 79 —24 4 64
BMS050 —6.7 23 91 —16 14 75
PBA —S1 15

“ Lower temperature transition. b Higher temperature transition.

glass transition peak temperature and width from DSC curves.”'?

This method could be specifically useful to study the transition
behavior in samples with broad T, where the heat flow changes
rather weakly with temperature at glass transition. The approach
for determination of T, breadth is illustrated in Figure 2b. Similar
to DMA data, copolymer samples exhibited much broader
transition with double sigmoidal heat flow curves in this region.
More interestingly, two distinct peaks were resolved in heat flow
derivative curves for all copolymer compositions, indicating two
major glass transitions in these samples. This fine structure of the
main transition is in complete agreement with dynamic-mechan-
ical measurements.

Figure 3 shows a typical solution-state NMR *C spectrum of
the 60/40 butyl acrylate—methyl methacrylate copolymer recorded
at room temperature. The solvent peaks were omitted from the
spectrum for the sake of clarity. The side-chain carbons, specifically
those belong to the BA units, have narrow peaks comparing to the
main-chain carbons due to motional averaging.

An example of 2D WISE spectrum of the BM6040 sample at
room temperature is presented in Figure 4. There is a noticeable
difference in the line width of the components. This indicates
larger average dipolar couplings experienced by MMA repeat
units compared to BA units.

Since both the polymerization process and the film formation
were performed in water media, copolymer particles in latex or
during film formation may adopt some sort of temporary micro-
structure which results in the observed behavior. To investigate this
possibility, heat flow curves of the BMS050 sample were recorded
after annealing at 120 °C for a sufficiently long time (Figure S). If
the dynamic heterogeneity of the copolymer originates from a
temporary inhomogeneous morphology, the chains should rando-
mize upon annealing at sufficiently high temperatures. However, the
transition region of the annealed sample is similar to the untreated
sample within the experimental error. Therefore, heterogeneity
of the copolymers is actually caused by chemical structure of the
chains.

B DISCUSSION

The presence of two overlapping but distinct transitions in
both DMA and DSC curves reveals interesting information about
the morphological features of the synthesized copolymers. It has
been shown that DSC measurements are sensitive to the local
environment down to the length scale of a cooperatively
rearranging region (CRR) and can resolve two distinct transi-
tions even in miscible blends.”*' However, conventional DMA
measurements are not sensitive to such small length scales, and
only a single peak appears in the dynamic mechanical spectrum of
miscible blends. A single dynamic mechanical glass transition was
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Figure 4. 2D WISE spectrum of BM6040 sample at room temperature
and 8 kHz spinning speed.

also reported in the literature for homogeneous BA/MMA
random copolymers with BA content greater than 50 wt %.*'
Therefore, two distinct transitions in calorimetric and dynamic
mechanical measurements indicate some degree of phase separa-
tion at length scales larger than the local concentration fluctua-
tion or self-concentration effect which is on the order of the Kuhn
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Figure 5. Comparison of the heat flow and first-derivative curves of
BMS050 sample before and after annealing.

Table 3. Line Width at Half-Maximum of the Side-Chain
Signals Extracted from the BM6040 WISE Spectrum at Room
Temperature

signal (ppm) 14 19 32 52 65
line width (kHz) 2.65 2.87 335 5.63 3.75

length and usually does not exceed 2 nm. On the other hand, the
transitions of the copolymers under investigation are close and
overlapping contrary to the two rather unchanged transitions in
block copolymers with immiscible block. Thus, the amplitude of
segregation is definitely smaller than that of block copolymers. In
fact, the observed glass transition behavior resembled the sys-
tems with restricted ghase separation such as IPNs*"** and
gradient copolymers.'

Considering the dependences of proton line width on the local
chain mobility, the disparity between the line width of the BA and
MMA signals in the 2D WISE spectrum of the BM6040 sample
could be related to dynamic and structural inhomogeneity. The
line width of different side chain signals as extracted from WISE
spectrum in Figure 4 are presented in Table 3. The OCHj signal
of the MMA side chain has significantly broader line comparing
to the CH, and CHj signals of the BA side chain. The OCHj line
is even broader than the OCH, signal of the BA unit despite that

dx.doi.org/10.1021/ma2000652 |Macromolecules 2011, 44, 2154-2160
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Figure 6. Selected 'H line shapes from WISE spectra of BM6040 copolymer at 8 kHz spinning speed (a) BA signal at 30 ppm comparing to MMA signal
at 52 ppm at room temperature (b) comparison between 30 ppm signals at room temperature (LWHM = 3.35 kHz) and the same signal at —20 °C

(LWHM ~ 7.2 kHz).

the OCH, carbon seems to be locally more restricted. This could
be related to the lower motional averaging of the dipolar interac-
tions of the MMA units. To verify the significance of the difference in
line width with respect to local mobility, it is instructive to compare
the line shapes at room temperature and —20 °C. A sample com-
parison between the slices from WISE spectra of the BM6040 sample
is shown in Figure 6. The difference between the line widths of the
MMA signal at 65 ppm and the BA signal at 30 ppm is comparable to
that observed for the 30 ppm line with increasing temperature from
—20 °C (T < Ty as determined from DMA data, Table 2) to 25 °C
(T > Tg). This reveals the fact that on average the MMA units
experience more rigid local environment with significantly slower
rate of local dynamics comparing to the BA units. Therefore, in
complete accordance with DMA and DSC data, 2D WISE measure-
ments also confirm the existence of separate domains with different
mobility in copolymer samples.

The restricted phase separation within the copolymer films
can be assigned to the nonuniform distribution of comonomers
sequences along the chain backbone. Chemical heterogeneity of
the copolymer chains might be a consequence of difference in the
components hydrophobicity or reactivity ratios in emulsion
copolymerization reaction.” Irrespective of what exactly cause
this heterogeneity, formation of chain sequences with large
difference in BA and MMA repeat units content can increase
the amplitude of local compositional heterogeneity and even-
tually cause segregation of these segments into BA-rich and
MMA-rich domains. The close overlap of transitions in both
DMA and DSC curves is an indication of restricted segregation
due to the chain connectivity. It also implies that there is
probably no sharp boundary between domains, and the compo-
sition changes rather gradually with some degree of randomness
inherent to the copolymerization process.

The amplitude of segregation depends, among several factors,
on thermodynamic affinity of comonomers and their composi-
tion. Absence of attractive interactions between MMA and BA
units induces segregation if sequences of each comonomer grow
sufficiently long. The sequence lengths are determined by the
comonomer compositions. If the copolymer is far from sym-
metric composition, the probability of sufficiently long sequences
from the minor component is rather negligible, and the behavior
is dominated by the major component. However, the probability
increases as the symmetric comonomer composition is ap-
proached. This hypothesis can be verified by comparing DSC
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Figure 7. Spin diffusion curve of the BMS050 copolymer plotted as the
normalized intensity of BA *C signal at 14 ppm versus the square root of
the mixing time. The dashed line shows the initial rate approximation.

curves of copolymers with various compositions. The BM2080
heat flow curve is closely similar to that of methyl methacrylate
homopolymer, except that the T has shifted to lower tempera-
tures. But the breadth of glass transition increases with increasing
MMA content from 30 to S0 wt %, suggesting stronger segrega-
tion (Table 2).

Length scale of the segregation domains could be determined
from spin diffusion measurements. Figure 7 shows the spin
diffusion curves of BMS050 sample at room temperature plotted
as the normalized intensity of BA signal versus the square root of
the mixing time, A/tm. At small mixing times the curve is linear to
a good approximation. Therefore, the size of mobile domains

dimobile) Was obtained using the initial rate approximation

method:*
2¢e 50
75 Degrtm

where the value 4/ 9 is shown in Figure 7, Dg is the effective
spin diffusion coeflicient, and ¢ is a “dimensionality” parameter
determined by the geometry. This parameter was set to 3
assuming discrete phase morphology. Moreover, half of the
cross-polarization period was added to the mixing times because
spin diffusion occurs during this period. The D.gis related to the
effective spin diftusion coeflicients of rigid and mobile domains

dmobile =
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\)C

Figure 9. Schematic representation of compositional nonuniformity
along the copolymer chain and the consequent nanophase-segregated
structure.

by following equation:

vV DrigidDmobile
(\/ Drigid + vV Dmobile)/2
The spin diffusion coefficient is proportional to the dipolar

coupling strength. Therefore, its value can be determined from
the transverse relaxation rate:**>*

D =

D(T,™") = (8.2 x 107°°T, " 4-0.007) nm? /ms
for 0< T, ! < 1000 Hz

D(T, ') = (4.4 x 107*T, "' +0.26) nm* /ms
for 1000 < T, ! < 3500 Hz

The above equations give Dygq = 0.81 nm’/ms and D, e =
0.12 nm®/ms, which are within the range of values reported in the
literature. Using these parameters, the domain size was calculated
around 7.4 nm. The major source of uncertainty in determination
of the domain size was the calculation of diffusion coefhicients
from semiexperimental equations. A more exact result could be
obtained using diffusion coefficients obtained experimentally
from microscopy techniques. However, the calculated length
scale of separation is consistent with the transition behavior of
samples in DMA and DSC curves.

According to the morphological picture obtained for the
copolymers, it is possible to extract quantitative information
about the comonomer composition distribution within the
samples through simulation of the heat flow first-derivative
curves. The nanophase-separated structure of the copolymer
films can be modeled as an ensemble of homogeneous subunits;
each one has its own characteristic composition and segmental

relaxation behavior corresponding to its local environment. The
glass transition of the whole sample is then the superposition of
all the subunits transitions. This basic picture was employed to
obtain the population distribution of composition within the
copolymers by fitting a model to heat flow first-derivative data.
Several assumptions were made for modeling:

1. The total breadth of transition was divided into m equal
temperature intervals. The Fox equation was used to
describe the correlation between the glass transition tem-
perature and the composition of each subunit: 1/T, = ¢,/
Tg,l + ¢2/Tg,2'

2. The heat flow derivative of a single subunit was represented
by a slightly modified tanh derivative function:">'> y = 1 —
(tanh((T — Tg) /w))?, where T, is the glass transition peak
temperature of the subunit and w determines peak width. This
parameter was set to 15 based on the pure components data.

3. The intensity of the relaxation function was presumed to be
proportional to the fraction of subunits that locates within
each interval and appeared as a weighting factor of the
relaxation function.

Employing the above assumptions, summation of weighted
relaxation functions was fitted to the experimental heat flow curve,
and the weighting factors were obtained as the normalized popula-
tion of subunits. As is evident in Figure 8a, very close fit to the
experimental data was obtained, which gave a bimodal comonomer
population distribution within the samples (Figure 8b). Although the
result of modeling is not accurate due to simplifying assumptions, it
provides estimation of compositional profile within the correlated
random copolymer samples that is certainly useful in their future
applications.

B CONCLUSIONS

The glass transition behavior of butyl acrylate—methyl metha-
crylate random copolymers was investigated by DMA, DSC, and
solid-state NMR experiments. Contrary to the homogeneous
random copolymers, BA—-MMA copolymers exhibited broad
transition regions with two distinct but overlapping peaks in both
calorimetric and dynamic-mechanical measurements. 2D WISE
spectra also revealed significant difference between the line width
of the MMA and BA signals. This behavior was attributed to the
nonuniform distribution of comonomer sequences along the
copolymer chains which eventually lead to the segregation of
MMA-rich from BA-rich segments into nanophase domains.
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Therefore, the studied copolymers are not truly random. The
extent of nonuniformity and the consequent segregation in-
creased in copolymers as the symmetric comonomers com-
position was approached. The length scale of segregation was
determined 7.4 nm from spin diffusion measurements. The
proposed copolymer chain microstructure and the resultant
nanoscale morphological heterogeneity are shown in Figure 9.
A model was developed to extract quantitative information about
microstructural heterogeneity from the heat flow first-derivative
curves. Bimodal comonomer composition distributions were
obtained for the copolymer samples in accordance with their
glass transition behavior.
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