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Copolymers of poly(ethyl cyanoacrylate-co-methyl methacrylate) (PECA-co-PMMA) with various
compositions were synthesized by free radical bulk polymerization in an effort to control degradation
and stability as well as glass transition temperature to overcome intrinsic poor processability of the
poly(ethyl cyanoacrylate) (PECA) homopolymer. The copolymers were found to have an alternating
random tendency, which was responsible for the efficient inhibition of the unzipping degradation from
the polymer chain. Consequently, the stability of the copolymers at elevated temperature and in solution
was significantly improved compared to the PECA homopolymer. The glass transition temperatures of
the copolymers were lowered by the incorporation of the methyl methacrylate (MMA), thereby further
widening the operating temperature range of the polymer. On the other hand, the copolymer films
exhibited hydrolytic degradation in phosphate buffered saline (PBS) solution at 37 °C, which is promising
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for their use as novel biomaterials.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that a-alkyl cyanoacrylate monomers are highly
susceptible to anionic polymerization, even in the presence of
a trace amount of weak bases such as water, alcohol, amines and
phosphines [1-5]. Therefore, easy, fast, room temperature, and
catalyst-free polymerization characteristic, as well as biodegrad-
ability of the monomers, have allowed successful application as
nanoparticle drug delivery materials, super glue, or surgical glues
[6-11]. Some other applications of these polymer homologues
include the detection of latent fingerprints in crime investigations
[12], plastic surgery [13], electron beam resists [14], and holo-
graphic recording [15].

Despite the above-mentioned merits, there are some limitations
of the anionic polymerization of a-alkyl cyanoacrylate monomers
over which radical polymerization method offers some attractive
advantages. For example, radical polymerization of cyanoacrylate
monomers can proceed without any anomalous behavior under
suitable conditions and it is easier to control the reaction, compared
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to anionic polymerization. In addition, there can be more como-
nomer choices for the copolymerization due to the relatively small
difference in reactivity even among structurally different mono-
mers, which is difficult with the anionic polymerization pathway
owing to the extremely low activation energy and fast rate of ionic
polymerization of the cyanoacrylate monomers [16]. Furthermore,
the cyanoacrylate monomers are the only monomers that form
biodegradable polymers, among the monomers that are radically
polymerizable, which is very promising for the creation of nano-
particle drug delivery systems or other functional colloidal particles
through emulsion polymerization [17,18].

There exist considerable demands for functional polymers for
various industrial applications. Copolymerization is one of the most
successful and powerful methods for effecting systematic changes
in polymer properties and endowing functional properties. The
incorporation of two different monomers, having diverse physical
and chemical properties, in the same polymer chain in varying
proportions can lead to the formation of new materials. Therefore,
copolymers having desired physical/chemical properties or even
unexpected properties that cannot be observed in the individual
homopolymers could be obtained by specially designed and
controlled copolymerization. In the case of poly(alkyl cyanoacry-
late)s (PACAs), there is a special need to prepare more stable
polymers, particularly in developing adhesives and polymer
composites because these polymers are intrinsically unstable at
elevated temperatures, in contact with moisture, or even in dilute
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solutions [19-22]. For example, the thermal degradation temper-
ature of the poly(ethyl cyanoacrylate) (PECA) homopolymer is only
slightly above its glass transition temperature (around 150 °C) [23],
which significantly limits the application of this homopolymer due
to its limited operating (or service) temperature and processing
window. Therefore, the copolymerization of these alkyl cyanoac-
rylate (ACA) homologues with more stable comonomers would be
one way to control the properties and obtain desired polymers.
However, owing to the ease of rapid anionic polymerization of the
monomer, no detailed study on its free radical copolymerization
has been undertaken except for a few reports [17,24-26], even
though free radical polymerization can be a viable method for
synthesizing PACA copolymers.

To this end, we have developed radical copolymers with
controllable degradability by using methyl methacrylate (MMA) as
a comonomer for the polymerization of ECA. MMA was chosen
based on its radical effectiveness, better thermal stability, structural
similarity, and reported compatibility [27]. Poly(methyl metha-
crylate) (PMMA) is a hard, rigid, and transparent plastic with good
weathering resistance, and is relatively easy to process, and
therefore finds various industrial applications in opto-electronics.
The degradation of the PACA homologues is known to follow an
unzipping depolymerization from the chain end [19-22]. Therefore,
the unzipping degradation may be suppressed by the presence of
MMA units located in the polymer chain, due to the higher stability
of PMMA [28]. In addition, the combination of the features of
PMMA and PECA would make this functional copolymer an
important class of material for advanced application if the prop-
erties could be controlled in a desirable manner. Herein, we report
our methodology for tailoring the properties of the copolymers
through radical copolymerization. The degradation properties as
well as glass transition temperatures could be tuned by controlling
the copolymer composition, which is important for the application
of these materials in the various above-mentioned fields.

2. Experimental section
2.1. Materials

Ethyl cyanoacrylate monomer (E-Z bond, 1-1605, contains 0-
0.5% hydroquinone as an inhibitor) was purchased from K&R
International. Acetone (HPLC grade, >99.9%), methanol (HPLC
grade, >99.9%), hydrochloric acid (37%, ACS reagent grade), and
methane sulfonic acid (>99.5%) were purchased from Sigma-
Aldrich and used without purification. Acetone-dg (99.8% D atom,
Acros Organics), 2,2’-azobis(2-methylpropionitrile) (AIBN, Sigma-
Aldrich), ammonium acetate (molecular biology grade, Sigma-
Aldrich), acetyl acetone (Fluka), acetic acid (from EM Science), and
phosphate buffered saline (PBS, Sigma-Aldrich) were also used
without further purification. Methyl methacrylate (MMA, Sigma-
Aldrich) was purified by passing it through a column of activated
basic alumina to remove the inhibitor.

2.2. Polymer synthesis

The poly(ethyl cyanoacrylate-co-methyl methacrylate) copoly-
mers of various compositions (from 5 to 90 wt% of MMA in the
feed) were obtained by bulk radical copolymerization of MMA
and ECA monomers using AIBN as a radical initiator at a concen-
tration of 0.3 wt% against total monomer mass at 60 °C in a sealed
glass vial after purging the reaction vessel with nitrogen. The
reaction vessel was pre-treated with acidified methanol (5 wt% of
HCl in methanol) and dried to prevent possible anionic homo-
polymerization of the ECA monomer. In addition, a small drop of
methane sulfonic acid was added to suppress inadvertent anionic

polymerization. The reaction was carried out for 18 h to ensure
high conversion of monomer to polymer. Homopolymers of
PMMA and PECA were also synthesized with the same synthetic
recipe. The polymerization of PECA in the absence of AIBN in this
system was not occurred after 48 h of reaction in preliminary
experiments, which means the anionic polymerization was
successfully suppressed and only radical polymerization produced
polymers. The homopolymers and copolymers were denoted as M
followed by number, in which the number indicates the weight %
of MMA used in the synthetic feed. For example, M30 means ca.
30 wt.% of MMA was used in the feed. The polymerized samples
were then dissolved in acetone to obtain molecular weight
distribution data by Gel Permeation Chromatography (GPC).
Portions of the polymers were then isolated by precipitation with
large volumes of acidified methanol, filtered with a Buckner
funnel, washed twice with methanol and water, and dried under
vacuum before conducting other analyses.

2.3. Characterization

2.3.1. Molecular weight

Molecular weights of the polymers were measured with a GPC
(Shimadzu, Japan) equipped with auto injector (SIL-10AD VP),
column oven (TO-10AS VP), liquid chromatograph pump (LC-10AT
VP), and GPC column (Showdex, GF-510 HQ) at 25 °C using acetone
as an eluent at a flow rate of 0.3 mL/min. Two detectors, refractive
index (Optilab DSP Interferometric Refractometer, Wyatt Tech-
nology) and light scattering (DAWN EOS, Wyatt Technology) were
used to detect and record GPC output. Poly(methyl methacrylate)
(PMMA) standards were used for molecular weight calibration.
Specific refractive index increment (dn/dc) values were measured
to be 0.1335 and 0.126, respectively for PECA and PMMA in acetone
at 690 nm by refractive index detector. These values were used to
determine absolute molecular weights and molecular weight
distributions of the copolymers by adopting additive rules of
refractive index increment using the following expression [29,30]:

dn/dc = (dn/dcm)wm + (dn/dce)(1 — wi) (1)

where dn/dcy, and dn/dce are the refractive indices’ increment for
MMA and ECA, respectively. wy, is the weight fraction of MMA
monomer in the copolymer.

2.3.2. NMR spectroscopy

TH NMR spectra of the homopolymers and copolymers were
obtained on a Bruker Avance 500 MHz using a 5 mm BBI probe. All
polymer samples for NMR experiments were dissolved in acetone-
de to prepare an approximately 5 wt% (w/v) solution. The compo-
sitions of the copolymers were determined from the areas of the
characteristic NMR peak of each component, from which the
monomer reactivity ratio was calculated.

2.3.3. Thermal analysis

The glass transition temperatures of the homopolymers and the
copolymers were measured with a modulated DCS (DSC 2920, TA
Instrument). 30-40 mg of powder sample was placed in a high
volume pan and sealed. The samples were heated to 170 °C and
cooled down to 5 °C. This heating and cooling cycle was repeated
twice at a scan rate of 10 °C/min for all samples. In order to obtain
similar thermal histories for each sample, glass transition temper-
atures (Tgs) were determined from the second scan and the
midpoint of the transitions was taken as Tg. Thermal degradation
and the resulting weight loss of the samples were obtained by
thermogravimetric analysis (TGA). The TGA experiments were
carried out under a nitrogen purge from 20 °C to 800 °C at a scan
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rate of 20 °C/min with a Thermogravimetric Analyzer (TGA 2050,
TA Instruments).

2.3.4. Hydrolytic degradation

To carry out hydrolysis experiments, the films of homopolymers
and copolymers were prepared by solvent casting on a Petri dish at
room temperature after dissolving the polymers in acetone at
approximately 5 wt%. After 24 h of slow evaporation of the acetone,
freestanding transparent films with ca. 100 pum of thickness were
obtained. Specimens with dimensions of 25 mm x 25 mm x 0.1 mm
were then cut from the films. The solvent in the films were further
evaporated and placed into vials with 20 mL of a phosphate buffer
solution (pH = 7.4) and the hydrolytic degradation was allowed to
proceed in an incubator at 37 °Cwith 100 rpm of shaking for 14 days.
The released formaldehyde content from the hydrolytic degradation
of the polymers was studied by measuring the absorption maximum
of the UV-Vis spectra (UV-VIS 1601, Shimadzu) after reaction of the
PBS solution containing degraded product with an equal volume of
Nash reagent for 2 h. Nash reagent was prepared by dissolving 30 g
of ammonium acetate, 0.4 mL of acetyl acetone, and 0.6 mL of acetic
acid in de-ionized water to make a total of 1000 mLsolution [31]. The
color of the mixed solution turned yellow due to the formation of the
diacetyldihydrolutidine (DDL). The absorbance at 413 nm was used
to calculate the quantity of released formaldehyde using the
Lambert-Beer law. The calibration curve was previously obtained by
using various concentrations of neat formaldehyde in de-ionized
water, covering the concentration range from 0.006 ug/mL to
1.67 pg/mL. A linear plot between the concentration of formalde-
hyde and the absorption maximum was obtained.

3. Results
3.1. Synthesis of PMMA, PECA, and PMMA-co-PECA copolymers

The synthesis of homopolymers and copolymers with various
molar compositions was achieved via bulk free radical polymeri-
zation by dissolving 30 mg of AIBN into 10 mL of monomer, or
a mixture of comonomers, at 60 °C for 18 h. The average molecular
weights and molecular weight distributions of the resulting
homopolymers and copolymers are summarized in Table 1. GPC
chromatographs show a typical unimodal peak, which indicates
the successful preparation of the copolymer. The weight average
molecular weights of the copolymers are varied, in the range of
200,000-620,000 (g/mol) depending on the compositions. The
polydispersity indices are also varied but show narrower

Table 1
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Fig. 1. 'H NMR spectra of PMMA, PECA, and PECA-co-PMMA with various
compositions.

molecular weight distribution when relatively small amounts (up
to 30 wt%) of MMA were used. In the radical homopolymerization
of MMA or ECA, the growing chains usually undergo chain
termination by disproportionation in addition to combination, and
the molecular weight may also be limited by the chain transfer to
the monomer because of a large transfer constant. Therefore, the
polydispersity indices of around 1.5 are acceptable values.
Preliminary experiments revealed that the molecular weight
distribution was dependent on the AIBN/monomer molar ratios:
a higher amount of AIBN decreased molecular weight and
increased molecular weight distribution. As a result, 0.3 wt% of
initiator to total monomer amount was used for all synthetic
protocols reported here.

Fig.1 displays 'H NMR spectra of homopolymers and copolymers
with various compositions. The NMR spectrum of pure PECA is
listed at the bottom. Chemical shifts at 6 4.17 and 6 1.38 ppm are due
to the protons of ethyl side groups CH3 (b) and CH; (c), respectively
[19,32]. On the other hand, broad peaks located at § 2.6-3.0 are from
backbone CH; (a). NMR spectrum of the pure PMMA is displayed at
the top, which shows characteristic chemical shifts for various
proton groups, OCHs (f), backbone CH; (d), and a-CHs (e) [33]. The

Copolymerization data of MMA (M) and ECA (M) as a function of monomer-copolymer composition; weight average molecular weights (M,ys), polydispersity index (PDI, M,/
M), mean sequence lengths (u1, u2) and probability (P;) for different homo- and heterodiad linkages.

Sample name [M;] in feed (mol%) [M;] in copolymer® (mol%) My My /My° Homodiad® Heterodiad® Mean sequence
length?

Pn P2 P12 Py M1 M2
MO 0 0 679,000 1.54 - - - - - -
MO05 0.062 0.068 308,000 1.69 0.03 0.92 0.97 0.08 1.03 12.60
M10 0.122 0.128 388,000 155 0.06 0.85 0.94 0.15 1.06 6.80
M20 0.238 0.246 503,000 1.45 0.12 0.72 0.88 0.28 113 3.60
M30 0.349 0.342 629,000 133 0.18 0.62 0.82 0.38 1.21 2.63
M40 0.455 0.405 416,000 3.27 0.20 0.59 0.80 0.41 1.24 243
M50 0.556 0.485 458,000 1.81 0.28 0.47 0.72 0.53 139 1.90
M70 0.745 0.599 180,000 2.62 0.38 0.36 0.62 0.62 1.61 157
M90 0.918 0.844 320,000 1.90 0.69 0.14 0.31 0.86 3.21 116
M100 1 1 516,000 1.95 - - - - - -

Obtained from 'H NMR measurement.
Obtained from GPC analysis.

a
b
¢ Py is the probability for the ij diad linkages in the copolymer calculated using equation (8).
d

Calculated from equations (6) and (7).
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comonomer sequence is one of the main factors that influences
copolymer properties and can be obtained by tracing the compo-
sition of the polymer. Since the NMR signals of f and b are well
separated, the ratios of the monomers in the copolymer could be
obtained by calculating integrals of the characteristic peaks in the
TH NMR. From the relative areas of proton resonances of the signals,
the area of the signals of CHs assigned to MMA (A¢) and that of the
signals of methylenic protons (CH) (Ap) assigned to ECA, the
copolymer compositions were calculated using the following
equation,

MMA(mol%) = 2Af/(3Ab +2Af) 2)

The feed monomer compositions and the calculated monomer
compositions in the copolymers, using this equation at each feed
ratio, are also listed in Table 1. The relationship between feed
compositions and polymer compositions is also displayed in Fig. 2.
The copolymer is richer in MMA when a relatively smaller amount
of MMA was used and is richer in ECA component beyond the
crossover point. This composition curve shows that the cross-
propagation is favored over homo-propagation. This suggests the
tendency towards alternation in this copolymer system. The
observed azeotropic composition is around 35 mol% of MMA.

3.2. Thermal transition of the copolymers

The thermal properties of the copolymers are influenced by
their chemical structures, compositions, and the monomer
sequence distributions. To observe the thermal properties of the
polymers, homopolymers and copolymers were subjected to
differential scanning calorimetry (DSC) and the results of these
experiments are shown in Fig. 3(a). The glass transitions of the
polymers are well defined and clearly observable. The glass tran-
sition temperature (Tg) of PMMA appears at around 106 °C and that
of PECA is located at 145 °C. The observed T of PECA is coincident
with the previous researcher’s results, which report the glass
transition in the range of 410-440 K [34,35], and that of PMMA is
also in the range of atactic PMMA [36]. With increasing MMA
content, the T of the copolymer has a tendency to decrease, as is
usually observed in the case of general copolymers. These experi-
mental values of T, were compared with the values predicted by
using the well-known Fox equation [37,38], in which the variation
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Fig. 2. Mole fractions of MMA in the copolymers versus mole fractions of MMA in the
feed. Dotted line is an ideal copolymerization composition plot when the reactivity
ratios of both monomers are one (r; =ry=1).
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Fig. 3. Representative differential scanning calorimetry (DSC) thermograms of pure
PMMA, PECA, and PECA-co-PMMA with various compositions (a), and the glass tran-
sition temperatures of PMMA, PECA, and PECA-co-PMMA as a function of composition
(b) (solid line is the fitted curve using Fox equation).

of the Ty of the random copolymers, consisting of monomer units
MMA and ECA, can be determined with respect to the weight
fraction of the monomer units and T of the corresponding homo-
polymers, as is described below.

1/Tg = W1 /Tg1 + (1 —wy)/Tg (3)

where Tgq and Ty are the Tgs of pure PMMA and PECA, respectively.
wj is the weight fraction of MMA in the copolymer. There are some
variations between experimental results and predicted values, as is
shown in Fig. 3(b). The experimental values are lower than the
predicted ones, especially in samples containing similar amounts of
each component, though they exhibit a general pattern of decre-
ment of T, with increasing amount of MMA. The Fox equation is
known to have limitations because it does not account for factors
such as molecular weight, tacticity, chain mobility, steric and
energetic interaction between each component, and monomer
sequence distribution, but based only on thermodynamic and free-
volume theories of the glass transition. In addition, this equation is
usually only good for random copolymers. The rapid decrease of the
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T with the introduction of the MMA component may be explained
in terms of an alternating nature of the copolymers. The transition
temperature intervals of the copolymers with low MMA content
(M05-M20) are a little broad, indicating a possible gradient
composition of the copolymers. The deviation of the T value from
the Fox equation suggests that the copolymer is not totally random
and that the interaction between the two components played
a major role in the transition temperature. It is worth noting that
the sudden drop in the glass transition temperature of the
copolymers, induced by introducing a small amount of the MMA, is
very promising in regard to overcoming the limited operating
temperature of PECA, provided the thermal stability is not
deteriorated.

3.3. Thermal degradation

The thermal degradation properties of the homopolymers and
the copolymers were investigated by TGA, as is presented in Fig. 4.
In Fig. 4(a), PECA starts losing weight at around 220 °C, shows
maximum degradation at around 275°C, and is completely
degraded at around 310 °C, which is an enhancement of thermal
stability over that of PECA synthesized by the zwitterionic or
anionic pathway [19,20]. But, a minor degradation actually starts at
around 160 °C as can be observed in the DTG curves in Fig. 4(b),
indicating degradation of a small portion of the polymer. This
degradation temperature is similar to the temperature of the
starting point of the degradation observed in our previous report
on anionic/zwitterionic PECA [19]. This is due to the formation of
a different chain end, which stems from the diverse termination
mechanisms. This will be treated in Section 4 in detail. PECA has
been known to have poor thermal stability and it has been sug-
gested that the stability of PACA depends on the nature of the
initiator and polymerization method. Drawing from the presented
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data, it is certain that the radical polymerization method produced
PECA with improved thermal stability due to increased thermal
stability on the chain end, as compared to the polymer synthesized
by the anionic/zwitterionic pathway. The degradation maximum of
PMMA observed in the DTG curve is around 384 °C, which is in
good agreement with typical radically polymerized PMMA [39].
The coupling and disproportionation reaction may be responsible
for the degradation at lower than 320°C [40]. In the case of
copolymers, thermal stability increased with increasing MMA
content. Fig. 4(c) presents the relationship between MMA weight
fraction in the copolymers and the temperature at degradation
maximum as well as at half weight loss. This figure clearly supports
that the thermal stability of the polymer was greatly increased by
incorporating a small amount of MMA. This sudden rise in the
thermal stability may be ascribed to the difference in chain end.
Due to an alternating tendency of the copolymer system, the
incorporation of the MMA close to the chain end is expected. The
higher thermal stability of the MMA unit existing at or near chain
end may suppress the unzipping degradation, which is a predomi-
nant thermal degradation procedure observed in PACAs [19,20]. It is
noteworthy that the incorporation of a small amount of MMA
monomer into the polymer chain increases thermal stability and
decreases glass transition temperature to a great extent.

3.4. Degradation in solvent (acetone)

It has been reported that PACAs have weak stability and were
easily degraded in solutions by unzipping of the monomer from
the polymer chain end, and form lower-molecular-weight poly-
mers due to simultaneous repolymerization of the unzipped
monomer even at room temperature [21]. The degradation of the
anionically synthesized PECA in solvent was found to be due to
unzipping of the monomer from the polymer chain end in
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Fig. 4. TGA thermograms of homopolymers and copolymers (a), selected derivative thermogravimetry (DTG) of the homopolymers and copolymers (b), and the temperatures at
maximum degradation taken from DTG curves (square) and the temperature at half loss of the weight (circle) as a function of PMMA weight % (c).
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“parent” polymer as a function of time for 120 days (b). Arrows in Fig. 5(a) indicate newly formed “daughter” polymer, from unzipped monomer from “parent” polymer.

response to the chemical stimuli, but the degradation profile could
be controlled by temperature, additives, and solvents [19]. Robello
and coworkers reported that the use of 5wt% of MMA as
a comonomer in synthesizing PECA greatly reduced the degrada-
tion in solution [26]. In order to study the effect of MMA on the
degradation in acetone, the degradation behavior of the PECA
homopolymer and PECA-co-PMMAs of several different composi-
tions was monitored by GPC. Fig. 5(a) shows the changes of the
GPC curves of the PECA homopolymer and selected PECA-PMMA
copolymers before and after 80 days of aging in a dilute solution of
acetone at room temperature. After 80 days at room temperature
in a closed system, the intensity of the GPC peak for the originally
synthesized PECA homopolymer (MO) decreased, while a new
peak corresponding to a lower molecular weight (indicated by
arrows in Fig. 5(a)) appeared. The GPC peak position of the orig-
inally synthesized PECA did not change noticeably, which supports
the unzipping degradation mechanism [19,21]. The appearance of
the lower-molecular-weight new peak is due to the repolymeri-
zation of the depolymerized monomer to form lower-molecular-
weight polymers, which is similar to the case observed in
anionically polymerized PECA [19,26]. The unzipping depolymer-
ization and simultaneous repolymerization mechanism of PECA in
solvent were confirmed by several evidences: (1) the molecular
weight of the pristine high-molecular-weight “parent” polymer
observed by GPC peak was not changed after degradation, (2)
there was no intermediate GPC peak between pristine high-
molecular-weight “parent” polymer and newly produced lower-
molecular-weight “daughter” polymer, which should appear if the
degradation was random main chain scission, and (3) the addition
of a small amount of acid in the solution prevented the formation
of the “daughter” polymer. However, the degradation rate is much
slower than the anionically synthesized PECA and about half of the
originally synthesized polymer still remained without degradation
after 120 days.

The degradation of the copolymers in acetone was greatly
suppressed with increasing MMA content in the copolymer

composition, as can be observed clearly in Fig. 5(a). When 30 wt%
of the MMA was used for the copolymer synthesis, the degra-
dation was almost stopped and only a broad GPC output at
elution time between 35 and 40 min was detected (indicated by
arrow). The degree of the unzipping of the monomer from the
polymer chain could be calculated by the change of GPC peak
area of the originally synthesized high-molecular-weight poly-
mer. Fig. 5(b) shows the change in calculated GPC area of
“parent” polymer of PECA homopolymer and copolymers using
30wt% and 70 wt% of MMA as a comonomer, during aging at
room temperature for 120 days. The unzipping reaction in
acetone was greatly suppressed with increasing MMA content
and there was no detectable area change in copolymer synthe-
sized using 70 wt% of MMA. This improved stability to solution
degradation can also be considered as a comonomer effect. This
result confirms that free radical copolymerization of ECA with
MMA is a serviceable technique for the preparation of more
stable polymers in solution.

3.5. Hydrolytic degradation

The hydrolytic degradation of the polymers generally originates
from the hydrolysis of the ester bonds. Therefore, lower-molecular-
weight fragments are formed that are converted to water soluble
degradation products by progressive hydrolyzation of ester bonds
[41]. As a result, a decrease in the molecular weight and a loss of
mechanical stability are expected after hydrolytic degradation. Due
to their hydrolytic and enzymatic degradability, PACAs have been
extensively used as promising drug delivery polymers and surgical
glues [6,7]. It has been reported that the degradation of the
cyanoacrylate polymer in aqueous media occurred not only by
hydrolytic decomposition of the ester but also in the backbone of
the polymer, and the hydrolytic degradation mechanism in the
presence of water involved the production of formaldehyde as one
of the end products [42,43]. The production of formaldehyde via
chemical degradation follows a reverse Knoevenagel reaction as
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Scheme 1. The production of formaldehyde in aqueous solution through hydrolytic
reverse Knoevenagel reaction (A) and the formation of DDL from hydrolytic degra-
dation product containing formaldehyde with Nash reagent (B).

shown in Scheme 1(A) [42,43]. To investigate the hydrolytic
degradation behavior, copolymers (M05, M10, and M20) and PECA
homopolymers synthesized by radical polymerization and zwit-
terionic/anionic polymerization [19] were cast on a Petri dish from
concentrated acetone solutions. Due to the high molecular weight
of the polymers, fairly tractable polymer films were obtained. The
in vitro degradation behavior in PBS solutions (pH 7.4) of the
homopolymers and copolymers at 37 °C were then examined and
are compared as a function of degradation time in Fig. 6. The PBS
solution containing released formaldehyde as a degradation
product was analyzed by UV-Vis absorption spectra after the
reaction of this solution with an equal volume of Nash reagent. The
amounts of the released formaldehyde for each sample were then
calculated based on the calibration curve obtained from pre-
measured amounts of neat formaldehyde. Scheme 1(B) describes
the formation mechanism of the diacetyldihydrolutidine (DDL)
involving the reaction of acetyl acetone and ammonium acetate
with produced formaldehyde [44].

The polymers initially release formaldehyde at a fast rate for
about 2 days, and then the rate reached a steady state with
decreased rate of degradation. Initial faster hydrolysis of the
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Fig. 6. Amount of formaldehyde as a degradation product released from polymer films
after hydrolytic degradation in PBS solution as a function of time. iPECA is anionically
synthesized PECA [19].

polymer films is may be due to the contact of water with intact
surfaces of the films and the presence of polymer chains which are
highly vulnerable to hydrolysis. After reaching some level of surface
erosion, the surface degradation rate of the polymer decreased. The
hydrolytic degradation rate of the cyanoacrylate polymer has been
reported to increase with increasing pH [45] and with decreasing
molecular weight [43,46]. It was also reported that the degradation
rate in PBS was faster with the shorter side chain for poly(alkyl
cyanoacrylate) nanoparticles [47,48]. The hydrolytic degradation
may also be dependent on the stability of the chemical bonds
against hydrolysis. In Fig. 6, the degradation rates of the copoly-
mers, especially MO5 and M10 are faster than those of the homo-
polymers, although the degradation rate was not prominently
different. The relatively faster rate of initial hydrolytic degradation
of M05 and M10 may be related to the lower molecular weight of
these copolymers. The degradation rate of anionically polymerized
film was initially slower than any other samples, but the rate was
almost similar after 2 days.

The production of formaldehyde is expected to accompany
a decrease in number average molecular weight of the polymer
[42]. Therefore, the changes of molecular weight before and after
hydrolysis for 2 weeks were traced by GPC. As was expected, the
decrease in number average molecular weight of M05 and M10 was
prominent as is shown in Fig. 7. But the polydispersity indices after
degradation were increased. These results indicate that the
hydrolytic degradation of the films is predominantly confined to
the surface of the films, and that the random scission of the poly-
mer backbone leads to the decrease in molecular weight, although
other parameters may also be involved. As a whole, the incorpo-
ration of the non-degradable comonomer MMA unit into the PECA
polymer chain did not diminish the hydrolytic degradation, and
facilitated the degradation in some cases. Therefore, the copolymer
is anticipated to be used as materials of biological degradation or as
surface materials of biological probes.
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Fig. 7. Molecular weight change of the films after hydrolytic degradation for 2 weeks;
the normalized number average molecular weights (M,s) were calculated by the ratios
between before and after hydrolysis (square), and the normalized polydispersity
indices (PDIs, My,/M;) were calculated by the ratios between before and after hydro-
lysis (circle). Open symbols are anionically synthesized PECA homopolymer.
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4. Discussion

One of the purposes of this research is to develop a more stable
polymer system because PACAs are easily degraded by an unzip-
ping mechanism from the polymer chain end [19,46]. This
unzipping degradation of PACAs has limited their applications. For
example, the sensitivity of PACAs to chain-degradation by basic
reagents and even low concentrations of water or amines caused
significant reduction in the viscosity of the solutions [22]. The
effective copolymerization with more stable comonomer is
expected to stop or delay unzipping when the comonomer is
located close to the chain end. The controlling of the polymer
chain microstructure, therefore, should benefit the final property
of the polymer in a favorable way. Alkyl cyanoacrylate monomers
are 1,1’-disubtituted olefins with two strong electron withdrawing
substituents, ester (COOR) and cyano (CN) groups. Therefore, the
copolymerization of these monomers with electron donating
monomers such as styrene is expected to yield alternating
copolymers after forming a charge-transfer complex as was
reported by previous researchers [49], which would satisfy this
objective. But, in practice, effective copolymerization with high
molecular weight and controllable composition is difficult to
achieve [50].

Therefore, copolymers consisting of strong electron-deficient
monomer ECA and less electron-deficient monomer MMA were
successfully prepared in our experiments. The obtained copolymers
exhibited greatly improved stability at elevated temperatures and
in solutions, probably due to specific microstructure of the polymer
chain, which is related to monomer reactivity ratios. In order to
easily calculate monomer reactivity ratios, an Alfrey and Price
[51,52] equation has been adopted, using an expression such as the
following:

1277
r = (Q1/Qa)exp{ —ei(e; —e2)} (4)
r2 = (Q2/Qq)exp{ —ex(e2 —e1)} (5)

where Q and e are related to the extent of resonance stabilization
and the polarity of the monomer. The reported Alfrey-Price Q-e
parameters for MMA (Q=0.78, e=0.40) [53] and ECA (e =2.48)
[25] are used to calculate r and r; values. By modifying the Alfrey
and Price equation, the equation of rijr, = exp{—(e1 — e;)*}can be
deduced. From this equation, the ryr, value can be simply calculated
to be 0.013, which means this copolymer has a tendency to be
alternating copolymer in the initial stage of copolymerization (at
low conversion). In order to determine the monomer sequence
length of the final polymer product, the monomer reactivity ratios
of the prepared copolymers were also determined using both
Finemann-Ross (F-R) and Kelen-Tiidés (K-T) methods [54-56]
using the monomer and polymer composition ratios obtained by
NMR (from Fig. 2 and Table 1). The calculated monomer reactivity
ratios using F-R method were r; =0.42 and r; = 0.89, and those of
using K-T method are r; =0.40 and r, = 0.81, respectively, where 14
is reactivity ratio of MMA. The 15 values obtained from F-R and K-
T methods are 0.374 and 0.324, respectively, which means the
copolymers are random copolymers with alternating tendency.
Although the values obtained by F-R and K-T may not give exact
monomer reactivity ratios, this calculation provides us reasonable
polymer microstructure and the opportunity to calculate sequence
lengths of the final copolymer products.

The higher tendency for alternating in lower conversion is due
to discrepancy between monomer reactivity ratios, causing the
more reactive monomer to be depleted before the less reactive
monomer; hence an increase of the conversion produces an
enrichment of the less reactive monomer. In addition, the
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Scheme 2. Schematic illustrations of the procedure for synthesis of the copolymer, termination mechanism, possible compositional structure of the copolymers at azeotropic

composition, and the proposed degradation mechanisms.
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monomer with a relatively small feed ratio, particularly when the
composition ratio is very large, would be depleted before reaching
high conversion because the reactivity ratios between two mono-
mers are not significantly different. This will lead to the polymers
having a greater alternating tendency in the initial stage of poly-
merization, whereas more blocky or random structures with
increasing conversion before termination. This concept is depicted
in Scheme 2(B) and (C). This leads to a high chance of having an
MMA unit located at or close to the polymer chain ends. Conse-
quently, the tendency to be alternating, especially in the initial
stage of the polymerization, must be the reason for the dramatic
increase in the stability of the copolymer in both thermal and
solution environments compared to the PECA homopolymer. This is
again due to successful prevention of the unzipping depolymer-
ization of the copolymer owing to the presence of MMA. The DSC
analysis (Fig. 3(a)) for the copolymers of different compositions
presented only one glass transition. This fact establishes that the
composition gradient formed in this copolymer system is not large
enough to create microphase separation that could be detected by
DSC.

The monomer sequence lengths (uq and py) were then calcu-
lated from the well-known equations [57] as described in equations
(6) and (7) using ry (0.41) and r, (0.85) values taken from the
average values of the F-R and K-T methods,

mo=1+ny (6)

py = 1+12/y (7)

where 1 and uy are mean sequence lengths of MMA unit and ECA
unit, respectively.

In addition, probabilities for different homo- and heterodiad
linkages were calculated from the equation [58],

Py =1-Py3 = 1/(1+1X), P51 = 1 =Py = 1/(1+12/x)

(8)
where Pj; is the conditional probability of the addition of monomer j
to a growing chain terminated with an active i radical.

The calculated data are listed in Table 1, whereas Fig. 8(a)
displays the mean sequence lengths of MMA and ECA units as
a function of MMA content. From the values of probability for
homo- and heterodiad linkages listed in Table 1, the heterodiad
compositions in the copolymer are between 0.53 and 0.63 and the
values increased with increasing MMA content.

The radical polymerization method produced more stable PECA
than the anionically synthesized counterpart. In addition, the
incorporation of the MMA played an important role in further
enhancing the stability of the polymer. However, a certain degree of
degradation in acetone was observed in radically polymerized PECA
homopolymer and the copolymers with low MMA contents. Onyon
and coworkers previously reported on the degradation of the
poly(methyl cyanoacrylate) synthesized by radical polymerization
in various solvents [59]. Nevertheless, the degradation of the
radically polymerized PECA has not been studied in detail. The
termination mechanism may be involved in the degradation and
stability of the radically synthesized PECA and PMMA-co-PECA.
Scheme 2 summarizes the procedure for synthesizing the copoly-
mer, possible formation of the gradient composition, chain struc-
tures formed by a disproportionation termination mechanism, and
the degradation mechanisms of the polymer at azeotropic
composition (35 mol% MMA). The polymer chain terminated by the
combination mechanism (Scheme 2(D)) must have higher stability.
On the other hand, the disproportionation termination can induce
polymer with some possibility of unzipping (Scheme 2(E)). The
degradation of the homopolymer PECA and copolymers with low

MMA content may originate from the formation of the same end
group as that produced by protonation of the chain end group
formed from anionic polymerization, given the disproportionation
termination as described in Scheme 2(E). The chemical structure in
the right side of Scheme 2(E) is actually the same as the one
synthesized by anionic polymerization [26]. Therefore, this chain
end should exhibit instability as do those made by the anionic
pathway. On the other hand, chains possessing other end groups
(left) or chains formed by combination termination (Scheme 2(D))
must have higher stability against unzipping degradation. This fact
must be responsible for the incomplete unzipping degradation in
radically synthesized PECA homopolymer. Closer inspection of
Fig. 5(a) reveals the disappearance of the shoulder-like peak of the
GPC curve in sample MO after 80 days. This indicates that the
degradation was predominantly from lower-molecular-weight
chains produced by disproportionation termination. In addition,
there was a ca. 12% molecular weight decrement in sample M05
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Fig. 8. (a) Monomer sequence length as a function of MMA mol% in the copolymer
composition; circle is ECA and square is MMA unit. (b) NMR spectra of PMMA, M90,
and M70. The peaks of the triads of syndiotactic (rr), heterotactic (mr), and isotactic
(mm) of a-CH3 proton are denoted in the figure.
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after 80 days of aging in acetone, which can also be clearly observed
in the shifting of the GPC peak. This result originates from the long
mean sequence length (12.6) of the ECA unit, which can experience
unzipping degradation at each chain. These facts clearly support
our proposed scheme and the explanation.

Fig. 8(a) exhibits a dramatic decrease in sequence length of ECA
unit with increasing MMA content. On the other hand, the
sequence length of MMA unit showed monotonous increase with
increasing MMA unit in the copolymers. The sequence length of
MMA and ECA units in the copolymer having 0.6 mol fraction of
MMA (M70) is similar (ca. 1.6). Accordingly, the complete preven-
tion of the unzipping depolymerization in the M70 sample must be
attributed to the short sequence length of the ECA and MMA units
due to alternating tendency. Not only the different termination
reaction but also the sequence length should affect the thermal
stability of the polymers. The weak thermal degradation observed
at lower temperature in M05 and M10 (in Fig. 4) must also be due to
the formation of the chain end group by disproportionation
termination, although the radically synthesized PECA exhibited
improved thermal stability compared to the one synthesized by the
anionic/zwitterionic pathway [19]. Increasing amount of MMA in
copolymer composition induced an abrupt increase in thermal
stability (Fig. 4(c)). However, the deviation from a linear increase
stops in sample M70 (60 wt% of MMA in copolymers), in which the
ECA and MMA units have similar sequence lengths. At or above this
composition, the increment of the maximum degradation
temperature and temperature at half maximum was linear, which
means the end capping effect of the MMA unit was ceased to be
valid due to the longer sequence length of MMA units relative to
ECA units.

Due to the polar effect of the cyano group, the copolymers may
have a marked effect on the radical conformation and the reactivity.
This is confirmed by the focused view of NMR spectra of copoly-
mers rich in MMA component presented in Fig. 8(b). The NMR
peaks of a-CH3 were greatly affected by the incorporation of ECA
unit; the tacticity of the MMA unit was significantly changed with
decreased sequence length of MMA unit, and even discernable
when more than 50% of the ECA monomer was used in the feed
composition. This high interaction between the two monomer
units may be responsible for the significant change in glass tran-
sition temperature after incorporating MMA. In terms of hydrolytic
degradation, however, the copolymerization with MMA did not
affect degradation of the copolymer due to a different degradation
mechanism as shown in Schemes 1(A) and 2(G). The copolymeri-
zation with more hydrophilic comonomer or lower glass transition
temperature would greatly improve the hydrolytic degradation
rate. These results are very promising for utilizing the copolymers
in various fields including optics, polymer engineering, and
biomaterials.

5. Conclusions

A series of copolymers containing ECA and MMA units with
various compositions were synthesized by bulk radical copolymer-
ization using AIBN as a radical initiator. These copolymers were
characterized by 'H NMR, GPC, DSC, TGA, and UV-Vis spectroscopy
in terms of microstructure and its effect on the degradation and
stability. The microstructures of the copolymers, which could be
estimated by '"H NMR spectra, were tailored by manipulating the
feed monomer ratios. The radically synthesized PECA homopolymer
exhibited improved stability compared to the anionically synthe-
sized counterpart. The alternating random tendency of the copoly-
mers allows for the incorporation of the more stable MMA unit near
the chain end. This feature must be responsible for the further
improved stability both at elevated temperature and in solution, by

preventing the unzipping depolymerization of the monomer from
the chain end. The enhancement of the stability was a function of the
MMA content in the copolymer composition. Increasing MMA
content in the copolymers not only increased the stability of the
copolymers but also lowered the glass transition temperature. For
example, the incorporation of 25 mol% of MMA (M20) increased the
gap between T and the maximum degradation temperature by
85 °C, compared to the PECA homopolymer. As a result, the incor-
poration of MMA in the polymer chain increased the processing
window of the polymer and creates possibility for various applica-
tions. In addition, the in vitro hydrolytic degradation studies showed
that the incorporation of the non-degradable monomer unit, MMA,
did not diminish the hydrolytic degradability. The current tech-
nology paves the way for new strategies to tune the degradation
behavior of the poly(alkyl cyanoacrylate)s by designing macromo-
lecular architectures through judicious choice of comonomer and
monomer feed ratios appropriate for the final uses.
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