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Fig.2 MWDs and 1st derivative plots from Rl output when reduced
temperature or MeOH containing 5 wt% HCl is employed to precipitate
PLP samples generated from fgca = 0.22 and 100 Hz at various tempera-
tures. Blank corresponds to a PLP sample which underwent identical
treatment except it was not exposed to laser energy.

each sample, regardless of PLP reaction temperature. This
peak must be a result of the anionic polymerization of BCA
during the isolation procedure, for if it had been produced
during the PLP experiment a shift in MW corresponding to
reaction temperature would be expected. The PLP distributions
are found at lower MW than the contaminant peak and the
primary inflection points increase with reaction temperature,
as expected. However, the secondary inflection points expected

from the PLP experiment are obscured by the contaminant
PBCA peak, preventing the accurate determination of kp .op by
negatively affecting the PLP consistency checks.'®** When
MeOH containing 5 v% MAA is employed at room temperature
the issue of contaminant PBCA is averted to yield typical
MWDs and 1* derivative plots like those presented in Fig. 3.

The MWDs and 1°* derivative plots in Fig. 3 indicate that
the polymer was produced and isolated without significant
amounts of contaminant PBCA and show good PLP structure
from both RI and LS detectors. Furthermore, when all acidic
species are removed, by re-dissolving the isolated PLP samples
in a minimum amount of acetone and re-precipitating in
MeOH, a good agreement is achieved between the RI and LS
estimates for kj.,p over the entire composition range. The
differences between detectors do not exceed 15% which jus-
tifies the composition-weighted approaches to interpreting RI
and LS data as well as the measurement of the dn/dc and the
usage of literature Mark-Houwink parameters for PBCA.>° PLP
samples produced from BCA compositions greater than fzca =
0.85 could not be isolated from residual monomer without
exposing them to a lower temperature (—10 °C) or treating
them with MeOH containing less than 5 v% MAA. This com-
promise inevitably led to the appearance of contaminant PBCA
in the GPC traces, and therefore reliable kj .., estimation
could not be made for samples produced from BCA compo-
sitions greater than fzca = 0.85.

Individual &, o, estimates were deemed reliable only if the
ratio of secondary to primary inflection point (M,/M,;) was
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Fig. 3 MWDs and 1st derivative plots from Rl and LS detectors for BCA/MMA bulk PLP experiments at 50 °C and 50 Hz with 1 v% DCAA and 5 mmol

L~* DMPA photoinitiator. PLP polymer isolation was performed with MeOH

containing 5 v% MAA at room temperature.



contained within the interval of 1.8-2.2 and if there was consist-
ency between estimates made from the same composition yet
different repetition rates (see Table S4 of the ESI}). In general,
repetition rates of 33 and 50 Hz led to MWDs with the best PLP
structures, but for higher BCA content systems lower repetition
rates were favorable. This observation is likely related to the
fact that lower repetition rates generate higher MW copolymer
which facilitates an easier precipitation of the copolymer from
residual monomer. Estimations for the kpop at fsca = 0.93
could be inferred from the primary inflection point location
amongst samples pulsed at different repetition rates, but lack
of suitable M,/M; for any of the samples makes them unreli-
able (see Table S3 and Fig. S3 of the ESIT). As shown in Fig. S4
of the ESI,T no discernible PLP structure could be obtained
from the bulk homopolymerization of BCA at 50 or 75 °C due
to the rapid depolymerization of the PBCA backbone while
awaiting injection into the THF-based SEC instrument.

Reliable kp .op estimates from the SEC RI analysis of PLP-
generated polymer produced by BCA/MMA bulk polymeriz-
ations at 50 °C are presented in Fig. 4 as a function of comono-
mer composition. The excellent agreement between
experiments performed in the laboratories of Queen’s Univer-
sity and the Polymer Institute SAS further strengthens the
reliability of the kj .op data set for this experimentally challen-
ging polymerization system. However, since a value of kjpca
could not be obtained experimentally, it was estimated by
fitting the kpop data to the terminal model with kjpca the
only unknown parameter. The non-linear parameter esti-
mation was done twice, using the two sets of reactivity ratios
determined in Fig. 1 as well as an average of the kj, \va values
measured in this work.

The shape of the k;, ., data is well-represented by both fits
at the 95% confidence level, with the corresponding estimates
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Fig. 4 kg cop €xperimental estimations using RI detector output for bulk
BCA/MMA copolymerizations with 1 v% DCAA and 5 mmol L™ DMPA.
Experiments performed at 50 °C at Queen’s University (B) and the
Polymer Institute SAS (O) are fitted to the terminal model using reactivity
ratios from Quantum Mechanics (solid line) of rgca = 0.272 and ryma =
0.057 as well as from experimental (dashed line) of rgca = 0.236 and
ruma = 0.057. Experimental reactivity ratios are also used for terminal
model fits to k; cop estimates made at 70 °C (V, dotted line) and 30 °C
(®, dash-dotted line).

for bulk &, pca at 50 °C of 379 + 32 L mol ' s™' and 336 + 20 L
mol™" s™', when using Quantum Mechanics and experi-
mentally-fit reactivity ratios, respectively. It is worth mention-
ing that as described in the literature,*>** QM calculations are
more accurate for the prediction of relative rate coefficients
than the prediction of absolute values. Therefore, to reduce
uncertainty in the computational &, .o, plot, the computation-
ally obtained propagation rate coefficients for the homopoly-
merization of MMA and BCA were not used; the experimental
values for kpmma and kppca (fitted using the procedure
described above) were used instead.

It is well-known that the terminal model is not always able
to simultaneously represent both the composition and propa-
gation rate for binary copolymerization systems.*>*® In the
case of styrene/MMA copolymerization, the penultimate unit
effect must be taken into account to accurately describe the
moderately alternating system.*” The more strongly alternating
character of the BCA/MMA system indicates that a terminal
BCA unit is generally only associated with a penultimate MMA
unit and vice versa. While the terminal model reasonably
describes both composition and k.., data over the experi-
mentally accessible range (fzca < 0.85), it may be that some
penultimate effects are hidden in our estimate for kjpca,
which was not available from independent experimentation.

The satisfactory fit of the terminal model at 50 °C prompted
some additional k.., measurements at 30 and 70 °C which
are also presented in Fig. 4 along with their corresponding
terminal model fits. The confirmed invariance of BCA/MMA
reactivity between 30 and 70 °C allowed the same extrapolation
procedure used for the 50 °C data to be applied to the limited
30 and 70 °C data sets in order to estimate a value for &, pca Of
226 + 32 L mol™* s! and 475 + 95 L mol ™" s, respectively.
Unfortunately, due to the current inaccessibility of a direct
measure for k,pca, and the inherent uncertainty associated
with the extrapolated estimates for k,pca, the estimation of
Arrhenius parameters for BCA was not attempted.

In Table 4, the extrapolated estimates of kppca at 30, 50,
and 70 °C are compared to the only other available ACA k, esti-
mate in the literature as well as the k, estimates for other
acrylic monomers differing in a-substituent. Although some of
the k, values are for monomers whose alkyl chain lengths are
shorter than that of BCA, the results are still comparable, as an
increase in alkyl chain length leads to only a slight increase in
k,, for methacrylates.” To compensate for differences in experi-
mental conditions and techniques, the &, values of the a-sub-
stituted monomers are expressed relative to the k, of their
methacrylate analogs. Included in the table is the study of
Yamada et al. that measured both k, gca and &, mma in bulk at
30 °C using the rotating sector method. Their results indicate
that the free-radical polymerization of ECA is 3.6 times faster
than MMA."® Although their finding is supported by the com-
putational work of Degirmenci et al.,'® in this work BCA is esti-
mated to have a k, approximately 50% lower than that of MMA
between 30 and 70 °C. Despite the fact that these estimates for
kp,sca are extrapolated values, it is clear from the ko data in
Fig. 4 that kj, gca should be lower or similar to kp yviva, contrary



Table 4 Comparison of k, for bulk BCA free-radical homopolymerization estimated in this work to other published values for ACAs and different

a-substituted acrylic monomers

Monomer a-Substituent Medium Temperature (°C) kp/kp, methacrylate ky (L mol ™" s7) Ref.
n-Butyl cyanoacrylate -CN Bulk 50 0.55-MMA 379 +32 “
Bulk 30 0.63-MMA 226 + 32 b
Bulk 50 0.46-MMA 336 + 20 b
Bulk 70 0.47-MMA 475 £ 95 b
Ethyl cyanoacrylate -CN Bulk 30 3.6-MMA 1610-1622 13
n-Butyl methacrylate -CH; Bulk 50 — 753 51
n-Butyl acrylate -H Bulk 52 39.5-BMA 29774 52
Ethyl a-hydroxymethacrylate -CH,OH Solution 15 2.5-8.3-EMA 580-1860 48,53

“Fitted in this work using Quantum Mechanics. ” Fitted in this work using experimental reactivity.

to the previously published value of Yamada et al. for ECA."?
This conclusion is supported by the pure computational value
for k, pca in Table 3 which is more than one order of magni-
tude lower than &, vva; @s was already pointed out, the predic-
tion of absolute values by QM calculation may be subject to
uncertainties arising from the approximations adopted during
the computational analysis.*”

The two electron withdrawing groups, -CN and -COOR,
which are responsible for the renowned reactivity of the
anionic polymerization of ACAs, do not result in the same
effect on the FRP of BCA. The presence of these two electron
withdrawing groups increases the lability of the hydrogen
atom on the adjacent vinyl carbon leading to the generation of
a stable and poorly reactive BCA radical. The activation energy
values in Table 3, corresponding to the addition reactions of
either monomer to BCA or MMA radicals, confirm the lower
reactivity of BCA radicals relative to MMA radicals. On the
other hand, the MMA radical cross-propagation rate coefficient
in Table 3 shows that, compared to MMA radical homo-propa-
gation, the —CN electron-withdrawing substituent at the a-posi-
tion clearly facilitates an elevated level of BCA monomer
incorporation into the growing polymer chain. Moreover, this
rapid cross-propagation is evidenced in Fig. 4 by the high
kpcop values for copolymerizations with initial compositions
rich in MMA (i.e. for copolymerizations with 0.50 < fya < 0.97,
the kpcop is at least double the experimental &, yma value at
50 °C). However, the Arrhenius parameters for the BCA radical
reaction couples do not lead to the same conclusion. In par-
ticular, the low computational estimate of &, gca indicates that
the addition of BCA monomer to BCA radical is up to 4 times
less favorable than the addition of MMA monomer to BCA
radical. The increased difficulty in BCA radical homo-propa-
gation compared to cross-propagation is more likely attributed
to the mutual repulsion between dipolar -CN groups than a
steric effect. Morrison and Davis found that despite the
increased bulkiness of the hydroxymethyl group at the a-posi-
tion, the &, for ethyl a-hydroxymethacrylate (EHMA) is 2.5-8.3
times that of ethyl methacrylate (EMA) at 15 °C and is strongly
dependent on solvent choice.*® A computational approach by
Dogan et al. explained this surprising observation based on
intra- and inter-molecular hydrogen bonding of EHMA mono-
mers and growing radical chains which can be disrupted or

enhanced through solvent choice,*® an effect which has been
well-documented for the FRP kinetics of its structural isomer
2-hydroxyethyl methacrylate (HEMA).>® These two contrasting
examples demonstrate that the identity of the o-substituent
manifests special kinetic considerations beyond the typical
acrylate FRP kinetic scheme that requires further study to
improve understanding. An investigation aimed at solvent
effects on the BCA/MMA copolymerization kinetics system
could be useful to gain insight into the -CN group’s dual
impact on FRP propagation kinetics, and to see if solvent
choice can be used to further manipulate polymer final
properties.

Conclusions

In this work, the PLP-SEC technique was applied to study the
FRP propagation kinetics of the n-butyl cyanoacrylate (BCA)
and methyl methacrylate (MMA) copolymerization system in
bulk at 30, 50, and 70 °C with 1 v% DCAA to suppress the
anionic polymerization of BCA. Low-conversion FRP-generated
copolymers were successfully isolated without inducing the
rapid anionic polymerization of residual BCA monomer using
methanol containing 5 v% methacrylic acid at room tempera-
ture. This procedure enabled an accurate and highly reproduci-
ble "H-NMR copolymer composition analysis for copolymers
produced from initial monomer compositions up to fgca =
0.85. A Mayo-Lewis plot was constructed and fitted to the
50 °C data with reactivity ratio estimates of rgca = 0.236 + 0.042
and ryma = 0.057 + 0.008, in excellent agreement with the
experimental copolymer composition data at 30 and 70 °C as
well as the values (rgca = 0.272 and ryma = 0.057) predicted by
Quantum Mechanics at 50 °C. This confirms and clarifies that
BCA/MMA copolymerization is well-represented by the term-
inal model as a strongly alternating system over the 30-70 °C
temperature range.

Reliable estimates for bulk & .op at 50 °C were determined
from low-conversion PLP experiments as a function of co-
monomer composition (up to fgca = 0.85) with excellent agree-
ment between estimates made from RI and LS detectors as
well as samples produced from the same composition at
different repetition rates. Since a direct estimate for k,pca



could not be obtained experimentally, the k, .., data were
fitted to the terminal model using reactivity ratios predicted by
Quantum Mechanics and determined by experimental compo-
sition analysis to extrapolate estimates for bulk kj, gca at 50 °C
of 379 + 32 L mol™* s™* and 336 + 20 L mol™* s™*, respectively.
These results, supported by smaller sets of & .op €xperiments
performed at 30 and 70 °C, indicate that kp pca is about 50%
the value of &, yma, contrary to the previously published value
of 3.6-k, v fOT kpp pca at 30 °C.1°

Future FRP kinetics experimental investigations in solution
as well as Molecular Dynamics simulations should be con-
ducted to determine if solvent choice can be used to better
understand the two characteristics of the -CN group at the
a-position which seem to have opposing effects on FRP: di-
polarity (mutual repulsion during homo-propagation) and
electron withdrawing (increased reactivity of vinyl group
towards attack by a methacrylate radical). Furthermore, ACA
copolymerization studies should be extended to other comono-
mers such as styrene, acrylates, and functional monomers to
access a wider range of materials and control their diverse
final properties.

In their Expert Opinion Review, Graf et al identified the
incomplete control over factors influencing polymerization
kinetics as a prime contributor to the lack of reproducibility of
the in vitro and in vivo results for PACA colloidal carriers.®
Although most PACA NPs are produced anionically, the
improved knowledge of PACA formation through FRP can be
used to better understand final PACA properties relevant to
biological applications. Thus, this detailed investigation of the
FRP kinetics for BCA/MMA copolymerization has not only
updated our understanding of ACA systems in general, but has
also demonstrated that a high level of control over MW and
degradation can now be achieved.
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