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ABSTRACT: Styrene−maleic anhydride copolymers have
been successfully synthesized using catalytic chain transfer
polymerization employing the low spin [bis(difluoroboryl)-
dimethylglyoximato]cobalt(II) (COBF) complex. By partially
replacing styrene with α-methylstyrene (while maintaining the
amount of maleic anhydride at 50 mol %) over a range of
ratios, it was shown that the rate of reaction and molar mass
decreases with increasing α-methylstyrene content. The
polymers were characterized using MALDI−ToF−MS and
1H−13C gHMQC NMR to determine the end groups, which in
the presence of α-methylstyrene was an α-methylstyrene unit
with a vinylic functionality. For styrene−maleic anhydride
copolymers, the end group was determined to be predom-
inantly maleic anhydride with a vinylic functionality. Considering the fact that in a styrene−maleic anhydride copolymerization
the propagating radicals are predominantly of a styrenic nature, this was a very surprising result, suggesting that the maleic
anhydride radicals undergo a chain transfer reaction, which is orders of magnitude faster than that of styrenic radicals. This
conclusion was supported by high-level ab initio quantum chemical calculations, which showed that hydrogen abstraction from
the maleic anhydride radical is 40 kJ/mol more exothermic than that from a styrene radical. The chain transfer constant of COBF
was determined for the different ratios of styrene and α-methylstyrene. It was found to increase 2 orders of magnitude from a
purely styrene−maleic anhydride to a purely α-methylstyrene−maleic anhydride copolymer. Diels−Alder and thiol−ene
reactions were performed on the vinylic end groups as postpolymerization modification reactions, as well as graft
copolymerization reactions of the macromonomers with styrene and butyl acrylate.

■ INTRODUCTION

Styrene−maleic anhydride copolymers (pSMA) are used
extensively in applications such as engineering plastics,
surfactants in the paper-making industry and as polymer−
protein conjugates for drug delivery systems.1 The versatility of
these polymers lies within their properties, which include
transparency, a high heat resistance, high dimensional stability,
and the specific reactivity of the anhydride groups. To fulfill
these varying roles, pSMA copolymers come in a range of molar
masses and compositions.
The kinetics of their polymerization has also been studied at

length.2 Maleic anhydride (MAh) does not homopolymerise,
however in the presence of styrene (S), a highly reactive system
is created, resulting in an almost perfectly alternating polymer.3

Although most work relating to pSMA copolymers has been via
the conventional free radical route, efforts have been made
recently to investigate and evaluate the possibility of polymer-
izing pSMA using controlled radical routes. Atom transfer radical

polymerization (ATRP) is incompatible with SMA copoly-
merization due to interactions between MAh and the catalysts
used to mediate these reactions.2 Nitroxide-mediated polymer-
ization (NMP) has also been used to copolymerise S and MAh
but a temperature of over 80 °C is required.4 This is the upper
temperature limit to generate perfectly alternating copolymers
and thus control over the sequence is more difficult. Reversible
addition−fragmentation chain transfer polymerization (RAFT)
was more successful at synthesizing pSMA copolymers, at lower
(and thus optimal) temperatures.5 The obvious advantage of
using a controlled radical polymerization method over
conventional free radical polymerization is the ability to control
the molar mass as well as synthesizing monodisperse polymers,
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all with a specific end group. Although these methods are very
effective, their industrial application still seems to be limited.
Catalytic chain transfer polymerization (CCTP),6 on the

other hand, is already used widely in the coating industry as a
route to reducing the volatile organic compound (VOC)
content of coatings.7 CCTP is a very effective route to
synthesizing polymers with vinyl functionalities.6 The addition
of very small quantities of certain low-spin CoII catalysts, such
as [bis(difluoroboryl)dimethylglyoximato]cobalt(II) (COBF),
to a conventional free radical polymerization results in two
major effects. First, the molar mass of the polymer chains is
controlled via a chain transfer mechanism, and second, due to
the mechanism of the chain transfer process, vinylic end groups
can be obtained. The cobalt catalyst abstracts a hydrogen atom
from the growing polymer chain, transferring it to a monomer
molecule, thus starting a new chain and reducing the cobalt
back to CoII. Although this process is highly efficient for
methacrylate monomers, it is about 2 orders of magnitude
slower for styrene. First, styrene interacts with COBF to form
strong Co−C bonds, reducing the efficiency of the catalyst and
second styrene has no methyl group in the β-position, and thus
a backbone hydrogen is instead preferentially abstracted. This
results in an “internal” double bond, which is less reactive in
any possible further postpolymerization reactions. The draw-
backs of an inefficient chain transfer process and the absence of
“external” double bonds in styrene polymerization can be
overcome by the addition of small amounts of α-methylstyrene
(AMS) as has been discussed in detail previously.6c,8 Since in a
SMA copolymerization the propagating radical population is
dominated by S radicals,2 it can be anticipated that addition of
AMS to this copolymerization will improve the chain transfer
efficiency and lead to the introduction of AMS end groups.

In the present article, we investigate whether vinyl end-
functional pSMA can be synthesized efficiently using CCTP
and whether the addition of AMS indeed makes the process
more efficient. In what follows we discuss the chain transfer
kinetics using varying amounts of AMS, we fully characterize
the polymer structures and support our experimental findings
of the formed end groups by ab initio quantum chemical
calculations. Finally the scope of postpolymerization reactions
is discussed.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
General Considerations. All syntheses and manipulations of air-

and moisture-sensitive materials were carried out in oven-dried
Schlenk-type glassware on a dual manifold Schlenk line.
Materials. Styrene (S, 99%), α-methylstyrene (AMS, 99%) and

tert-butyl acrylate (BA, 98%) were purchased from Sigma-Aldrich, and
passed over a column of activated basic alumina to remove the
inhibitor. Maleic anhydride (MAh, 99%) was purchased from Sigma-
Aldrich and used as received. Azobis(isobutryonitrile) (AIBN) and
Vazo-88 were purchased from Sigma-Aldrich and recrystallized twice
from methanol. The bis(methanol) complex of COBF, was prepared
as described previously.9a,b The chain transfer constant of the complex

was determined in methyl methacrylate (MMA) bulk polymerization
and found to be equal to 30 × 103. For all experiments, a single batch
of catalyst was used. 1,4-Dioxane (AR, Biosolve) was used as received
for conversion measurements but distilled and stored in the fridge for
chain transfer determination experiments.

Typical Procedure for the Copolymerization of Styrene,
Maleic Anhydride, and α-Methylstyrene in the Presence of
COBF. COBF (2.7 mg, 6.8 μmol), AIBN (42 mg, 0.25 mmol), and
MAh (25 g, 0.26 mol) were placed in a flask equipped with a stirrer bar
and underwent three vacuum-argon cycles. S (26 mL, 0.23 mol), AMS
(3.3 mL, 0.03 mol) and 1,4-dioxane (50 mL) were degassed and added
using a syringe. The mixture was heated to 60 °C and allowed to react
for 7 h. The reaction mixture was quenched by cooling in ice and
addition of hydroquinone. The residual (liquid) monomers and
solvent were removed via vacuum evaporation immediately after
stopping the reaction. The resulting polymer was redissolved in THF
and precipitated in a large excess of diethyl ether, then dried in a
vacuum oven at 80 °C for at least 48 h.

Typical Procedure for the Determination of Chain Transfer
Constants. Two stock solutions were made. COBF (30 mg, 75 μmol)
was dissolved in 30 mL distilled dioxane. AIBN (20 mg, 122 μmol),
AMS (1.5 mL, 11.6 mmol), and MAh (13.5 g, 1.38 mol) were
dissolved in 18 mL of distilled dioxane. To each finger Schlenk, the
appropriate amount of COBF solution (made up to 1 mL with
distilled dioxane), 3 mL of the AIBN/AMS/MAh solution is added
and finally S (2.0 mL, 17.4 mmol) is added (S kept separate from
AIBN solution, as some evidence of conventional FRP is seen when
they are combined). The finger Schlenks underwent three freeze−
pump−thaw cycles and were then placed in an oil bath preheated to
60 °C. After 15 min, the reaction mixture was cooled in ice and
hydroquinone added to quench the reaction.

Diels−Alder Coupling of pSMA with Danishefsky’s Diene. A
2000 Da pSMA (0.1 g, 75 μmol) and Danishefsky’s diene (trans-1-
methoxy-3-trimethylsiloxy-1,3-butadiene, 375 μmol) were dissolved in
3 mL xylene in a crimp cap vial. The vial was then placed in an oil bath
and the temperature increased to 180 °C. The reaction was stirred at
this temperature for 6 days.

Thiol−Ene Reaction of Citraconic Anhydride with Dodeca-
nethiol. Citraconic anhydride (0.1 g, 0.9 mmol) and dodecanethiol
(0.18 g, 0.9 mmol) were dissolved in 0.5 mL of CDCl3 in an NMR
tube equipped with a screw cap. N2 was bubbled through for 10 min
prior to the reaction. DMPP (10 μL, 0.07 μmol) was then added via
syringe and the reaction allowed to stir at room temperature overnight.

Thiol−Ene Reaction of pSMA with Octanethiol. A 2000 Da
pSMA (0.1 g, 75 μmol) and octanethiol (0.02 g, 150 μmol) were
dissolved in 2 mL of acetone. N2 was bubbled through for 10 min prior
to the reaction. DMPP (10 μL, 75 μmol) was then added via syringe
and the reaction allowed to stir at room temperature overnight.

Typical Procedure for the Graft Copolymerization of pSMA.
A 4000 Da pSMA (0.5 g, 125 μmol), S (0.46 g, 4.4 mmol), Vazo-88
(0.05 wt % of monomer and macromonomer), and dioxane (2.7 g)
were weighed into a crimp cap vial. The solution was stirred until a
clear solution was obtained, then argon was bubbled through for 15
min. The vial was then placed in an oil bath at 60 °C for 4 days. The
resulting polymer solution was then quenched by cooling in ice and
addition of hydroquinone. Residual monomer and solvent were
removed under vacuum at elevated temperatures.

Typical Procedure Graft Copolymerization of pASMA. A
1200 Da pASMA (0.5 g, 417 μmol), S (1.0 g, 9.6 mmol), Vazo-88
(0.05 wt % of monomer and macromonomer), and dioxane (6 g) were
weighed into a crimp cap vial. The solution was stirred until a clear
solution was obtained then argon was bubbled through for 15 min.
The vial was then placed in an oil bath at 60 °C for 4 days. The
resulting polymer solution was then quenched by cooling in ice and
addition of hydroquinone. Residual monomer and solvent were
removed under vacuum at elevated temperatures.

Measurements. Size exclusion chromatography was carried out
using a Waters 2695 separations module, Model 2487 UV detector
(254 nm), and Model 2414 differential refractive index detector (40
°C). The injection volume used was 50 μL. Tetrahydrofuran
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(Biosolve, stabilized with BHT) was used as the eluent with a flow rate
1.0 mL/min. The column set used was a PLgel guard (5 μm particles)
50 × 7.5 mm precolumn, followed by 2 PLgel columns in series of 500
Å (5 μm particles) and 100 Å (5 μm particles) respectively.
Calibration was performed using polystyrene standards (Polymer
Laboratories, Mn = 370 up to Mn = 40 000 g/mol). Reported molar
mass data have been corrected using the following Mark−Houwink−
Kuhn−Sakurada constants: KpS = 1.28 × 10−4 dL·g−1, apS = 0.712,9c

KpSMA = 5.07 × 10−5 dL·g−1, apSMA = 0.81.9d Data acquisition and
processing were performed using Waters Empower 2 software. 1H, 13C
and gHMQC NMR spectra were recorded on a Varian Mercury Vx
(400 MHz) spectrometer at 400 MHz. Acetone-d6 or chloroform-d3
and tetramethylsilane were used as solvents and internal standard,
respectively. MALDI−ToF−MS was carried out using an Applied
Biosystems Voyager DE-STR spectrometer in reflector mode. trans-2-
(3-(4-tert-Butylphenyl)-methyl-2-propenylidene)malononitrile doped
with potassium trifluoroacetate was used as the matrix. The mixture
was deposited from a THF solution onto a stainless steel sample
substrate and the solvent allowed to evaporate. The polymer was then
deposited as a dilute (∼1 mg/mL) solution in THF. This resulted in
each polymeric species being observed as its K+ adduct with molecular
mass M + 31. The spectrometer was calibrated using poly(ethylene
oxide) standards for the lower mass range and polystyrene standards
for the higher mass range.
Computational Details. Standard ab initio molecular orbital

theory and density functional theory calculations were performed
using Gaussian 0910 and Molpro 2009.111 software, using a high-level
of theory, previously shown to reproduce bond dissociation energies
and associated hydrogen transfer reaction energies to within chemical
accuracy.12 Geometries of all species were optimized at the B3-LYP/6-
31G(d) level of theory and scaled frequency calculations were also
performed at that level; this level has been previously shown to
reproduce geometries and frequencies obtained via high-level ab initio
methods.12b,13 All possible stereoisomers and conformers of the
reactants were fully searched at this level of theory to ensure that
global minima rather than merely local minima were obtained.
Improved energies were then obtained using the G3(MP2)-RAD
method.14 Partition functions and associated thermodynamic quanti-
ties at 298.15 K were calculated using the standard textbook formulas
for an ideal gas under the rigid-rotor/harmonic oscillator approx-
imation.

■ RESULTS AND DISCUSSION

Synthesis of ASMA and SMA Copolymers. Copolymers
of α-methylstyrene (AMS), styrene (S), and maleic anhydride

(MAh) have been synthesized in the presence of varying
amounts of COBF at a reaction temperature of 60 °C. In a
series of reactions 10% S was replaced with AMS, maintaining
equimolar ratios of styrenic monomers (S + AMS) to maleic
anhydride. The molar mass evolutions and polymerization
kinetics of these reactions with respect to the concentration of
COBF were investigated and as seen in Figure 1, there was a
clear influence of COBF concentration on the molar mass of
the polymer. As expected, with increasing [COBF], the molar
mass of the polymers decreased. In addition, the molar mass of
the polymers remained fairly constant throughout the reaction,
which seems to be a generally observed (but still not
understood) phenomenon in CCTP.6c,d,15

From Figure 1 it is also clear that COBF has negligible effect
on the rate of polymerization; only at high COBF
concentrations the rate is reduced considerably in accordance
with what is generally observed in CCTP.6c,d It was also
observed that at lower COBF loadings Mw increases (with a
corresponding broadening of the distribution) at higher
conversions. This is thought to be a result of the presence of
the impurities in dioxane. Dioxane contains a very small
percentage of peroxides (due to decomposition of dioxane) and
these peroxides have a marked effect on the catalytic activity of
COBF and will obviously have a greater effect when using
lower amounts of COBF.6b−d To confirm this conclusion we
measured the chain transfer constants of COBF in MMA
polymerization in distilled and undistilled dioxane and found
CT values of around 44 × 103 and 9 × 103. We therefore
decided to measure more exact values for CT in distilled
dioxane (vide inf ra) (Figure S1, Supporting Information).
We also investigated the effect of replacing a fraction of S by

AMS on the kinetics and molar mass evolution, as it is known
that AMS affects the rate of reaction and molar mass when
copolymerised with S in the presence of COBF.8,16 By
replacing S with AMS (from 0 to 10%) in a SMA
copolymerization, while maintaining a constant molar ratio
between MAh and the styrenic monomers (S+AMS), a similar
trend in behavior is seen. An increase in the amount of AMS
added decreases the molar mass (which remains virtually
constant with conversion) and decreases the polymerization
rate (see Figure 2).

Figure 1. Effect of catalyst loading on (a) molar mass evolutions and (b) conversion (x) vs time plots for the COBF-mediated free-radical
polymerization of S/AMS/MAh (45/5/50) at 60 °C in undistilled dioxane. [COBF] = 456 ppm (■), 91 ppm (red ●), 32 ppm (blue ▲), 23 ppm
(pink ▼), 9 ppm (green ◆), 6 ppm (◀).
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In conclusion, it is clear from these results that CCTP leads
to efficient molar mass control in the copolymerization of SMA
and that, in line with previous results,8 replacing a fraction of S
by AMS leads to a more efficient CCTP process.
End Group Determination. In the previous section, we

showed that CCTP indeed leads to efficient molar mass
control, but we still need to establish the polymer micro-
structure and end groups in these polymerizations. Since an
almost perfectly alternating copolymer can be easily synthesized
under conventional free radical conditions by using a 50:50
ratio of styrenic monomers to maleic anhydride, we expected
the polymerization of S and MAh under CCTP conditions to
also result in an (almost perfectly) alternating copolymer. From
the MALDI−ToF−MS spectrum in Figure 3a, which shows a
repeat unit of 202 Da (SMA), it is clear that this is indeed the
case. Distributions corresponding to p(SMA)n with 1, 2, 3, and
4 extra S units, p(SMA)n(S)1−4, can be observed. Besides the
potential occurrence of preferential initiation and transfer
reactions, these additional S units originate from the fact that
although MAh cannot homopolymerise, S can and thus it is
possible that within the polymer chain there are two S units
next to one another. This trend is shown further in Figure 3b,
which shows an alternating topology in the fingerprint of the
MALDI−ToF−MS contour plot. A slight deviation from a
perfectly alternating topology is also evident, with a higher
amount, on average, of S units versus MAh units in the polymer
chain.
Although there are more styrene units than maleic anhydride

units in the copolymer, close inspection of a 1H−13C gHMQC
NMR spectrum (Figure 4) indicates that maleic anhydride
predominantly forms the end group. Figure 4 shows the cross-
peak corresponding to the =CH of an unsaturated MAh moiety
at 6.5 (1H) and 135 (13C) ppm. For an internal styrenic double
bond, a cross peak at around 5.5 (1H) and 114 (13C) ppm
would be expected, and which is not observed here.
The result that predominantly polymers are formed with an

unsaturated MAh-group is very interesting and was, at first, very
surprising for two reasons. First of all, under the used reaction
conditions, the fraction of propagating MAh radicals is less than
about 10% of the overall propagating radical population,2

implying that CT,MAh‑radicals ≫ 10 × CT,S‑radicals. Second, at first

glance, the MAh-radical seems to be similar to an acrylate
radical, for which CT is low. Where this radical differs from an
acrylate radical, however, is the nature of the β-hydrogen atom
that is abstracted. Whereas in an acrylate it is abstracted from a
secondary carbon atom, in MAh it is abstracted from a tertiary
carbon; in fact, it is a similar carbon as those which lead to the
so-called midchain radicals in acrylate polymerization which
originate from chain transfer to polymer.17 Hence, in
retrospect, the abstracted hydrogen atom may actually be

Figure 2. The effect of AMS/S ratio on (a) molar mass evolutions and (b) conversion vs time plots for the COBF-mediated free-radical
polymerization of S/AMS/MAh (S+AMS: MAh = 50:50) at 60 °C in undistilled dioxane. [COBF] = 23 ppm. S:AMS = 0:50 (■), 45:5 (red ●), 48:2
(blue ▲), 50:0 (pink ▼).

Figure 3. MALDI−ToF−MS (THF, K+ salt) (a) spectrum and (b)
contour plot of pSMA.
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quite labile and this conclusion is supported by high-level
quantum chemical calculations as discussed in the following
section (vide inf ra).
The addition of AMS to the copolymerization of S and MAh

was thought to not only improve the control over the molar
mass but also produce polymers with an AMS end group with
an external double bond. MALDI−ToF−MS data again
indicate that an almost perfectly alternating copolymer of
SMA has been synthesized, as evidenced by the repeating unit
of 202 Da, p(SMA) (Figure 5a). Several distributions can be
observed. As with S and MAh polymerized without AMS,
polymers with a range of units of MAh and S are observed,
p(SMA)n(S)x (the labels for distributions where x > 2 have
been omitted from Figure 5a for clarity). In addition to these
distributions, a range of AMS units per p(SMA)n(S)x chain can
also be seen, p(SMA)n(S)x(AMS)0−6. Clearly, in these cases,
more than one AMS has been copolymerised with S and MAh
into the polymer chain. This is further confirmed by the
MALDI−ToF−MS contour plot (Figure 5b), which shows a
distribution of AMS units for a range of SMA units. For
simplicity's sake, we denote all SMA polymers containing AMS
as pASMA in the remainder of this paper.
In order to establish whether at least one of the AMS units

was situated at the end of the polymer forming the end group,
1H−13C gHMQC NMR was again used. The cross-peak at 5.5
(1H) and 116 (13C) ppm (Figure 6) indicates the presence of a
= CH2 corresponding to an external double bond of an AMS
unit. According to 1H NMR, the ratio of CH2 (AMS) to
aromatic protons was found to be 1:5, which assuming almost
equal ratio of S and MAh per chain and only one AMS unit
gives a number-average molar mass of 1100 g/mol. This is
comparable to the value obtained using SEC of 900 g/mol
(adjusted using Mark−Houwink parameters), indicating that
most chains contain an AMS end group with an unsaturated
external double bond.

Figure 4. Partial 1H−13C gHMQC NMR (acetone-d6) spectrum of pSMA.

Figure 5. MALDI−ToF−MS (THF, K+ salt) (a) spectrum and (b)
contour plot of pASMA.
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In conclusion, CCTP can be used to synthesize both S-MAh
and S-MAh-AMS copolymers, in which the end groups have
been determined to be an unsaturated MAh and an unsaturated
AMS moiety, respectively (Scheme 1).
Computational Studies. As stated in the previous section,

we were surprised to find that the predominant end group in
pSMA was MAh and that the only obvious explanation for this
finding would be a very labile hydrogen atom in the MAh
radical. In order to confirm this explanation, we performed a
computational study on two model reactions as shown in
Scheme 2. In this study, we only considered the reaction
thermodynamics, rather than the kinetics, because those
calculations would currently be computationally too expensive.
Additionally, we would need to resort to computational
methods that have not been tested sufficiently for this type of
reactions to really draw conclusions with chemical accuracy.
Having said this, we feel that for the current purposes just
considering the overall energy is sufficient as the Evans−
Polanyi rule often applies when considering very similar
reactions, i.e., that the more exothermic the reaction, the
lower the barrier.18 Furthermore, since we are only interested in
the differences between the exothermicity of the reactions of
the two radicals we used methyl radical as the other reacting
radical. This is obviously an arbitrary choice, but since it is the
same reagent in both reactions, it will only affect the absolute
values of the thermodynamic parameters, but not the
differences. The final results of these calculations are

summarized in Table 1; further details are available in the
Supporting Information.

Figure 6. Partial 1H−13C gHMQC NMR (acetone-d6) spectrum of pASMA (entry 1, Table 1).

Scheme 1. Structures of pSMA and pASMA

Scheme 2. Model Reactions and Associated Free Energy
Changes (298.15K, kJ mol−1) for the Hydrogen Abstraction
Reactions in the CCTP of SMA
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The results in Table 1 clearly show that the second reaction,
i.e., the reaction modeling the hydrogen transfer from a MAh
radical, is about 40 kJ·mol−1 more exothermic. It is interesting
to note that the product from the second reaction (4) is very
similar in stability to the product of the first reaction (2), only
4.7 kJ/mol lower, but the reactant 3 is higher in energy.
Obviously both reactions here are highly exothermic because
the abstracting radical is CH3

•, and it is likely that with the
catalyst the reaction is a lot less exothermic. This does not,
however, affect the large dif ference of 40 kJ·mol−1 in reaction
energies, which is indeed in line with the experimentally
observed end groups.
Determination of Chain Transfer Constant of COBF

for SMA Copolymers. In order to determine the chain
transfer constant (CT) of COBF in S-AMS-MAh copolymeriza-
tions, polymerizations to low conversion (<5%) were carried
out in freshly distilled 1,4-dioxane (to reduce deactivation of
the catalyst due to the presence of peroxides) at various COBF
concentrations and for four different S:AMS ratios.
The easiest and most widely used method of determining the

chain transfer constant (CT) of COBF is the Mayo method. By
determining the Mn or Mw from SEC data, the degree of
polymerization can be calculated, which is then plotted as 1/
DPn or 2/DPw against the ratio of chain transfer agent
concentration to monomer concentration. The slope of this line
is the CT, in accordance with eq 1.

λ= +
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+ +
DP

k
k

C C
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t
.
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M T
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In this equation, λ is the fraction of radicals undergoing
termination by disproportionation, ⟨kt⟩ the chain length
averaged termination rate coefficient, [R•] the overall radical
concentration, [M] the monomer concentration, CM the chain
transfer to monomer constant, [Co] the active catalyst
concentration and CT the chain transfer constant (defined as
ktr/kp, where ktr is the chain transfer rate coefficient and kp the
propagation rate coefficient). Although using Mn to determine
the degree of polymerization is theoretically the most accurate
way, Mw is often used (as Mw/2m0) as it is a more robust
experimental parameter, particularly for low molar mass
polymers. It should also be noted that a dispersity (Đ) of 2
is assumed, a value which is commonly found in chain transfer-
dominated polymerizations.19

The Mayo method has one major disadvantage. When
dealing with low molar mass polymers, it is often difficult to
separate the polymer from the solvent peak in SEC. This means
that obtaining an accurate baseline is not always possible, and
thus the average molar mass, particularly Mn, is less reliable
giving an unrealistic CT value. This issue has previously been
discussed in detail and a comparison made between CT values
determined using the Mayo method (Mn and Mw from SEC

measurements) and the chain length distribution (CLD)
method.19a,20 The CLD method uses the slope, Λ, of the
chain length distribution P(M), plotted as ln(P(M)), vs M to
determine the chain transfer constant.21 Λ taken in the higher
molar mass region, ΛH is theoretically the most accurate, in
accordance with eq 2.
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However, more reliable results are often obtained when the
slope of the distribution is taken at the molar mass of the peak
of the original chromatogram, ΛP.

19a,20 Now plotting ΛPm0
against [COBF]/[M] gives a plot similar to the conventional
Mayo plot with a slope equal to CT.
In this paper we used both the Mayo method based on Mw

and the CLD method for determining the chain transfer
constants. The obtained Mayo plots for the four different
S:AMS ratios are shown in Figure 7 (we refer to the Supporting

Information for the corresponding molar mass distributions, ln
P(M) and CLD plots) and the results for the chain transfer
constants are summarized in Table 2.
First of all it can be seen that there is a good agreement

between the two methods and that with increasing AMS
content the chain transfer constant increases (as expected).
What is interesting to note is that, by CCTP standards, the
chain transfer constants are moderately low. Especially when
comparing the value obtained for the 50% AMS/50% MAh
system (∼104) with that for pure AMS (∼105) then it is an
order of magnitude lower. It is, however, not surprising when
one considers the fact that these chain transfer constants are
ratios of the average ktr and the average kp, and in the case of
(A)SMA polymerization, the average kp is quite high2 (and
much higher than the kp for pure AMS!)8b For a monomer feed
fraction fMAh = 0.5 in a SMA copolymerization kp > 2000

Table 1. Summary of the Calculated Reaction
Thermodynamics of the Two Model Systemsa

ΔS
(J·mol−1·K−1)

ΔH
(kJ·mol−1)

ΔG
(kJ·mol−1)

1 + CH3
• → 2 + CH4 −14.53 −251.0 −246.6

3 + CH3
• → 4 + CH4 −20.79 −291.9 −285.7

aGas phase reaction entropies (ΔS), enthalpies (ΔH), and Gibbs free
energies (ΔG) calculated at 298.15 K at the G3(MP2)-RAD//B3-
LYP/6-31G(d) level of theory using the rigid rotor/harmonic
oscillator approximation.

Figure 7.Mayo plots for the determination of the determination of the
chain transfer constant of COBF in S, MAh and AMS in dioxane at 60
°C. Molar ratios of S to AMS = 45:5 (black), 48:2 (red), 50:0 (blue),
and 0:50 (magenta). Ratio of S + AMS to MAh = 1:1. Closed symbols
= repeat 1; open symbols = repeat 2.
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dm3·mol−1·s−1,2 which implies that ktr > 106 dm3·mol−1·s−1 in
the 50% S/50% MAh copolymerization system and ktr > 107

dm3·mol−1·s−1 in the 50% AMS/50% MAh copolymerization
system (assuming that kp is of the same order of magnitude as
that in SMA). Both values are about an order of magnitude
larger than what is observed in an ordinary CCTP of styrene
and in AMS, respectively. This observation suggests that there
may be a strong penultimate unit effect on the transfer reaction
in this system, but there are too many uncertainties in the rate
parameters used to draw any firm conclusions. What seems to
be a clear conclusion, however, is that the ktr of MAh-radical to
COBF is very high; in fact we expect it to be larger 107

dm3·mol−1·s−1 (we used here the experimental result that only
MAh end groups are observed and the kinetic estimate that
only about 10% of the propagating radical population contains
a MAh terminal unit). This is in line with the results from the
quantum-chemical calculations.
Post-Polymerization Reactions of pSMA. The CCTP-

derived pSMA macromonomers have a predominantly maleic
anhydride end group, which contains a vinylic functionality,
making the polymer ripe for a variety of post-polymerization
modifications. CCTP has been combined with post-polymer-
ization reactions, such as thiol−ene chemistry, frequently in the
past few years.22 However, to our knowledge CCTP has never

been combined with a Diels−Alder cycloaddition. In the
following section, we describe proof of principle reactions to
modify pSMA polymers (obtained using CCTP) via both
thiol−ene and Diels−Alder cycloaddition reactions (Scheme
3).

Diels−Alder Reactions. Diels−Alder reactions require a
diene and a dieneophile, usually a single double bond.23

Although maleic anhydride reacts readily with a range of dienes,
the substitution of a proton with an electron donating group
such as the methyl in citraconic anhydride or in fact the
polymer chain in pSMA, significantly decreases the reactivity of
the dienophile.24 Danishefsky’s diene is known to be one of the
most electron-rich dienes and therefore one of the most
effective for electron-deficient dieneophiles.25 Addition of this
diene (in excess) to pSMA at elevated temperatures resulted in
a successful Diels−Alder reaction (pSMADD), as illustrated by
the MALDI−ToF−MS spectrum (Figure 8), which shows the
successful addition of Danishefsky’s diene (DD) to pSMA. The
use of 1H NMR as an analytical tool is problematic due to the
broad signals observed.

Thiol−Ene Reactions. The addition of a simple alkyl thiol to
pSMA in the presence of DMPP as a catalyst should result in
the Michael addition of these two species. Thiol−ene chemistry
can be carried out on the vinylic functionality of MAh-type end
groups, as evidenced by model reactions using citraconic
anhydride and dodecanethiol which indicated that the thiol had
reacted exclusively with the double bond and not with the
anhydride ring (Figure S10, Supporting Information).
An excess of octanethiol was reacted with pSMA in the

presence of DMPP to produce the Michael addition product, as
confirmed via MALDI−ToF−MS (Figure 9). Because of the
sheer number of peaks it was difficult to identify whether
certain peaks corresponded to unreacted starting material or
the reaction product. In addition the degree of conversion
could not be quantified due to the intrinsic nature of MALDI−
ToF−MS and the fact that it is the only suitable analytical
method. However, the spectrum is significantly different

Table 2. Chain Transfer Constants (CT) in the COBF-
Mediated Free Radical Polymerization of S-MAh:AMS at
60°C in Freshly Distilled Dioxane

S:AMSa Mayo methodb,c CLD methodc,d

50:0 (0.4 ± 0.1) × 103 (0.5 ± 0.1) × 103

48:2 (1.4 ± 0.3)× 103 (1.4 ± 0.4) × 103

45:5 (1.8 ± 0.3) × 103 (1.6 ± 0.4) × 103

0:50 (11.0 ± 0.9) × 103 (11.9 ± 0.7) × 103

aMolar ratios. Ratio of AMS and S to MAh = 1:1. bMayo method
based on eq 1 using DPn = Mw/(2·m0).

cAverage value determined by
plotting all points in a single graph and determining the slope of a best
fit line. dCLD method based on eq 2 using ΛP instead of ΛH.

Scheme 3. Attempted Post-Polymerization Functionalizations of pSMA
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compared to the starting macromonomer demonstrating that a
successful coupling reaction has taken place.
Copolymerization Behavior. Macromonomers made via

CCTP have been shown to undergo two different reactions
when in the presence of an additional (methacrylic, acrylic or
styrenic) monomer under free-radical conditions: addition−
fragmentation chain transfer (AFCT) and graft copolymer-
ization.6c,d The tendency of a macromonomer to undergo
either AFCT or graft copolymerization is dependent on the

nature of the penultimate monomer unit of the macromonomer
(i.e., the monomer unit next to the unsaturated monomer end
group) and the nature of the secondary monomer.26

Accordingly, we expect pSMA, where the penultimate unit is
most likely to be a styrene unit, and pASMA, where the
penultimate unit is most likely a MAh or S unit, both to
undergo predominantly graft copolymerization with either
styrene or an acrylate.
The copolymerization of pSMA with 35 equiv of styrene

results in a clear increase in molar mass (Figure 10), and no

residual macromonomer is observed. This indicates that a graft
copolymer of p(S-g-SMA) has been obtained. A slightly low
molar mass shoulder can be observed in the molar mass
distribution, which could be due to the formation of
polystyrene. The copolymerization of pSMA with butyl acrylate
(BA) exhibits similar behavior, and p(BA-g-SMA) is clearly
formed (Figure 10).
PASMA, on the other hand, does not react so readily with

styrene and butyl acrylate and a large amount of macro-
monomer remains unreacted after completion of the reaction
(Figure 11). This may simply be due to a slower
copolymerization as the radical that is formed upon addition
to the macromonomer can be stabilized by delocalization of the
electron in the phenyl ring,26 but more extensive copolymeriza-
tion studies, beyond the scope of the current work, would be
required to establish this.
Although the reason behind the lower reactivity of the

pASMA system has not been completely clarified, it is
interesting to note the obvious difference in reactivity between
pSMA and pASMA and that the system with the most efficient
CCTP yields the least reactive macromonomer for further
polymerization.

■ CONCLUSIONS
In this work, we have demonstrated that low molar mass, end-
functional polymers of styrene and maleic anhydride can be
efficiently synthesized via CCTP and that replacing part of the
styrene with α-methylstyrene makes the process even more
efficient. The polymers prepared without α-methylstyrene are
characterized by a reactive unsaturated maleic anhydride end
group that can be postfunctionalized by Diels−Alder and

Figure 8. MALDI−ToF−MS spectrum of (a) pSMA and (b) pSMA
after reaction with Danishefsky’s diene (DD).

Figure 9. MALDI−ToF−MS spectrum of (a) pSMA and (b) pSMA
after reaction with octanethiol (OT).

Figure 10.Molar mass distribution of pSMA p(S-g-SMA) and p(BA-b-
SMA). Measured against PS standards in THF. Corrected for
conversion.
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thiol−ene reactions. These polymers are also efficient
comonomers in copolymerizations with styrene and butyl
acrylate. The polymers prepared with α-methylstyrene are
characterized by an unsaturated α-methylstyrene end group,
which showed a much lower reactivity in further copolymeriza-
tion reactions. Hence, if only low-molar mass SMA copolymers
are required, it is worthwhile considering the addition of a small
amount of α-methylstyrene, which makes the CCTP process
more efficient and necessitates a lower amount of catalyst.
However, if the macromonomers are to be used as
comonomers or need to be end-functionalized, then it is
probably better to use just styrene and maleic anhydride.
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