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Abstract

Styrene-maleic acid (SMA) block copolymers with either acrylamide (AM) or

N,N-dimethylacrylamide (DMA) have been synthesized via a 3-step process

comprising: (1) photopolymerization of styrene and maleic anhydride in solu-

tion to yield an alternating styrene maleic anhydride (SMAnh) copolymer,

(2) copolymerization of SMAnh with either AM or DMA to yield SMAnh-b-

AM and SMAnh-b-DMA block copolymers and (3) hydrolysis of the anhydride

groups to yield water-soluble SMA-b-AM and SMA-b-DMA block copolymers

as the final products. With a view to their intended application in membrane

protein solubilization, molecular weights are controlled to below 10,000 by the

synthesis conditions employed in step (1), including using carbon tetrabromide

(CBr4) as a chain transfer agent. The CBr4 also plays an important role in step

(2). By terminating the SMAnh chain radicals from step (1) with C-Br bonds

that are photolytically active, SMAnh chain radicals can be regenerated to act

as macroinitiators for the polymerization of AM or DMA in step (2). Finally,

following step (3) and due to the pH-dependency of the SMA chain conforma-

tion in solution, a pH of 7–8 is found to be optimal for enabling the final prod-

ucts to be precipitated in a solid form that is completely soluble in water.
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1 | INTRODUCTION

In recent years, there has been a growing interest in the
use of water-soluble styrene-maleic acid (SMA) copoly-
mers in membrane protein (MP) solubilization and

stabilization.[1–6] Due to their amphipathic structure,
SMAs can solubilize MPs directly from cells or from
crude plant extracts. Their amphipathic properties are
due to the combination of hydrophobic styrene units and
hydrophilic carboxylic acid/carboxylate (COOH/COO�)
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groups being joined together in the same chain. These
properties also enable SMAs to exhibit hypercoiling
behavior depending on the balance between the charge
repulsion of the COO� groups and the hydrophobic inter-
actions of the styrene units. This hypercoiling, or
hydrophobically associating, behavior has also led to
potential applications of SMAs in targeted drug delivery
and as lung surfactants in the treatment of respiratory
distress syndrome in pre-term infants.[7,8]

Detergents (surfactants) have conventionally been
used for MP solubilization leading to the formation of
spherical micelles. However, the use of detergents has
certain disadvantages which can lead to inactivation or
aggregation of the protein. In contrast, SMAs act differ-
ently in that they interact with lipid membranes resulting
in the formation of discoidal nanoparticles. These discoi-
dal nanoparticles are often referred to in the literature as
SMA-lipid particles (SMALPs).[9–12] In this behavior, they
show a biomimetic resemblance to Surfactant Protein C
(SPC), a pulmonary surfactant protein essential for lung
function after birth.[7,8] An illustration of an SMA-lipid
particle is shown in Figure 1, showing how the SMA

wraps itself around a phospholipid bilayer containing the
encapsulated membrane protein.

SMA copolymers are synthesized via a two-step reac-
tion: (1) radical copolymerization of styrene and maleic
anhydride to yield a styrene-maleic anhydride (SMAnh)
copolymer followed by (2) base-catalyzed hydrolysis of
the anhydride groups to yield the SMA copolymer. This
two-step reaction is shown in Scheme 1. When the sty-
rene to maleic anhydride comonomer mole ratio in step
(1) is 1:1, as is often the case, the SMAnh product
obtained has a predominantly alternating monomer
sequencing due to the extremely low monomer reactivity
ratios.[13] However, when the styrene in step (1) is pre-
sent in excess, the monomer sequencing becomes more
complex. Thus, the synthesis conditions used in step
(1) determine the copolymer composition, monomer
sequencing, and molecular weight. In the hydrolysis step
(2), the degree of neutralization of the anhydride groups
is an important factor, which influences the chain confor-
mation of the SMA in an aqueous solution.[14] This issue
will be discussed in more detail in Section 2.5.

However, there are still some problems associated with
SMA copolymers in membrane protein extraction. For
example, differences in the ease of protein solubilization,
problems relating to binding to affinity purification resins,
and sensitivity to low pH and divalent cations have all
been reported.[2,15,16] Up until now, most of the structural
variations in SMA synthesis have focused either on using
alternatives to styrene,[17] or more usually on varying the
styrene to maleic acid mole ratio (1:1, 2:1, 3:1, etc.) and
average molecular weight. In this present work, SMA syn-
thesis is extended as the beginning of a research program
to more closely mimic the structure and behavior of Sur-
face Protein C (SPC) by adding another monomer M at
the end of step (1) to form a SMAnh-b-M block copolymer
so that, after the hydrolysis step (2), the final product will
be an SMA-b-M block copolymer.

FIGURE 1 Illustration of a discoidal SMA-lipid particle

(SMALP) showing the SMA arranged around a phospholipid

bilayer encapsulating the membrane protein. SMA, styrene-

maleic acid

SCHEME 1 Two-step synthesis of styrene-maleic acid (SMA) copolymers. Step (1): In solution (toluene or THF) using either thermal or

photoinitiation. Step (2): Base-catalyzed hydrolysis by refluxing in an aqueous solution

2032 KHAOJANTA ET AL.
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In order to preserve the water solubility of the final
block copolymer product, M needs to be a monomer that
itself yields a water-soluble polymer. Hence, the mono-
mers chosen for this study were acrylamide (AM) and
N,N-dimethylacrylamide (DMA) with the aim of produc-
ing water-soluble SMA-b-AM and SMA-b-DMA block
copolymers. This type of structural variation, which is
the first step towards the generation of a closer structural
analogue of SPC,[18] has not been previously reported.
As far as we are aware, the closest structure that has
been reported is an SMA graft copolymer with
N-isopropylacrylamide (NIPAM).[19]

The motivation for this study is that it is anticipated
that the addition of non-hypercoiling AM and DMA
blocks to hypercoiling SMA chains may have some inter-
esting effects on the SMA's membrane solubilization effi-
cacy. For example, the effect that they have on the
balance between the SMA's hydrophilic and hydrophobic
interactions in aqueous solution, particularly with vary-
ing pH, is likely to be of particular importance. Although
membrane solubilization is not a part of this present
study, it is with this application in mind that these novel
block copolymers are currently being investigated.

2 | EXPERIMENTAL

2.1 | Chemicals

Styrene (Merck, ≥99%) and DMA (Aldrich, 99%) were
purified by vacuum distillation before use. Maleic anhy-
dride (Merck, ≥99%) and AM (Sigma, ≥99%) were used
as supplied. 2-Hydroxy-40-(2-hydroxyethoxy)-2-methylpro
piophenone (Aldrich, 98%) photoinitiator and carbon
tetrabromide (Aldrich, 99%) chain transfer agent were
also used as supplied, as were the tetrahydrofuran (RCI
Labscan, 99.8%), methanol (RCI Labscan, 99.9%) and ace-
tone (RCI Labscan, 99.5%) solvents.

2.2 | Instrumentation

Structural characterization of the copolymer products
was carried out using a Bruker Avance 500 MHz
Nuclear Magnetic Resonance Spectrometer. Proton 1H-
NMR spectra were obtained using either d6-DMSO or
D2O as the solvent. For thermal analysis, a Perkin-
Elmer DSC7 Differential Scanning Calorimeter was
used to determine glass transition temperatures (Tg),
while a Perkin-Elmer TGA7 Thermogravimetric Ana-
lyzer was used for studying thermal stability. The DSC
and TGA heating rates were 10 and 20�C/min respec-
tively, both under an inert nitrogen atmosphere.

Samples sizes were in the range of 3–5 mg for DSC and
7–10 mg for TGA.

Average molecular weights were determined by
dilute-solution viscometry using calibrated Mark-
Houwink equations reported in the literature.[14,20] These
equations for SMAnh and SMA were derived via calibra-
tion of the dilute-solution viscometry data using absolute
methods (e.g., light scattering) for the molecular weight
determination of fractionated samples. For SMA, the
equation was also specific for the degree of neutraliza-
tion.[20] Consequently, dilute-solution viscometry was
preferred to gel permeation chromatography (GPC) and
was found to give more accurate results when used to test
commercial SMAnh samples of accurately known molec-
ular weight.

2.3 | Photopolymerization apparatus and
conditions

Copolymerizations were carried out in solution in tetra-
hydrofuran (THF) under nitrogen in a closed system with
external UV light irradiation from a Philips Solarium
Model MD 1–15 UV lamp. The lamp comprised four par-
allel Cleo 15 W fluorescent tubes that emitted UV light in
the 300–415 nm wavelength range.

The photoinitiator used was 2-hydroxy-40-(2-hydro-
xyethoxy)-2-methylpropiophenone (HHEMP) which is
more commonly referred to in the literature by its trade
name of Irgacure® 2959. It tends to be favored for use in
biomedical applications since it has been shown to be
biocompatible for cell encapsulation.[21] The mode of
photodissociation of Irgacure 2959 to give free radicals is
shown in Scheme 2. The benzoyl radical is the more reac-
tive of the two radicals formed and is considered to be
the initiating radical in polymerization.

Tetrabromomethane (CBr4) was added as a chain
transfer agent. Also known as carbon tetrabromide, CBr4
is well-known for having an especially high chain trans-
fer constant in radical polymerization due to its weak C–
Br bonds. In this work, the CBr4 served two distinct pur-
poses. The first purpose was to control the molecular
weight of the SMAnh copolymer from step (1) to below
10,000 g/mol since it has been reported that SMAs are
most efficient in membrane insertion and solubilization
below this limit.[22–24] The reason for this is that it is ste-
rically more difficult for higher molecular weight and
hence longer chain SMAs to cover a large membrane area
while at the same time achieving insertion of all of the
styrene units' hydrophobic phenyl groups. However,
more in-depth studies of the effect of SMA molecular
weight have indicated that the optimum molecular
weight range may be as low as 2000–6000 g/mol.[22]

KHAOJANTA ET AL. 2033
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The second purpose of the CBr4 was to functionalize
the SMAnh chains with terminal C─Br bonds which,
being relatively weak bonds, could undergo further pho-
tolysis, thereby regenerating SMAnh chain radicals to act
as macroinitiators for the addition of another monomer
M. This sequence of reactions is shown in Scheme 3
where M in this work was either AM or DMA. This was
the methodology used for the synthesis of the SMAnh-b-
AM and SMAnh-b-DMA block copolymers described in
this paper. It is based on the assumption that the only
way that monomer M can polymerize in step (C) is via
initiation by the SMAnh chain radicals regenerated via
step (B). The bromine radical Br� is not effective as an ini-
tiator. Interestingly, a similar methodology to this but
using bromoform (CHBr3) instead of CBr4 to prepare
block copolymers of DMA and N-isopropylacrylamide
(NIPAM) in an aqueous system has recently been
reported.[25]

2.4 | Synthesis of SMAnh copolymers

In a typical synthesis, weights as close as possible to
7.811 g (0.075 mol) styrene (S), 7.354 (0.075 mol) maleic
anhydride (MAnh), 0.336 g (0.0015 mol) Irgacure 2959
and 0.995 g (0.0030 mol) CBr4 were dissolved in 150 ml
THF as solvent. Photopolymerization was carried out by
means of UV irradiation of the solution in a closed coni-
cal flask under a nitrogen atmosphere with magnetic stir-
ring at room temperature for 6 h. Thus, the
polymerization conditions were: [S]:[MAnh] = 1:1 (mol
ratio), [S + MAnh] = 1 M, [Irgacure] = 1 mol%, and
[CBr4] = 2 mol%. These conditions were predetermined

in a series of experiments as being suitable for obtaining
the SMAnh copolymer in high yield (�90%) and with an
average molecular weight in the required range
(<10,000).

Since the SMAnh copolymer was soluble in THF, it
remained in solution throughout the synthesis. It was
isolated by precipitation from the solution into a 5-fold
excess of chilled methanol before being filtered off,
washed with more methanol, and dried to constant
weight in a vacuum oven at 60�C. The final product
was obtained as a finely divided white powder in over
90% yield (Table 1). The copolymer's solubility in THF

SCHEME 2 Photodissociation of

Irgacure 2959

SCHEME 3 (A) Styrene maleic

anhydride (SMAnh) chain transfer to

CBr4, (B) regeneration of SMAnh chain

radical, (C) block copolymerization of

monomer M, (D) final block copolymer

TABLE 1 Comparison of the properties of the synthesized

styrene maleic anhydride (SMAnh) and its subsequent styrene-

maleic acid (SMA) hydrolysis product

Properties SMAnh SMA

Yield, % 95a 88a

Copolymer composition, mol% 50:50 50:50

Intrinsic viscosity, [η] dl/g 0.081b 0.122c

Weight-average mol. wt., Mw

g/mol
7.47 � 103d -

Viscosity-average mol. wt., Mv

g/mol
- 5.67 � 103e

Glass transition temperature (mid-
point), Tg

�C
155 165

Soluble in water No Yes

aRelative to the initial combined weight of S + MAnh.
bDetermined in tetrahydrofuran as solvent at 25�C.
cDetermined in 0.02 M aqueous NaCl as solvent at 25�C.
dCalculated from [η] = 3.98 � 10�4 Mw

0.596 dl/g.
eCalculated from [η] = 3.73 � 10�4 Mv

0.67 dl/g.

2034 KHAOJANTA ET AL.
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was essential from the point of view of allowing
another monomer to be added to the solution for block
copolymerization, as will be described in Section 2.6.
The % yield was calculated from the following
equation:

%Yield¼ Finalwt of dry SMAnh product
Initialwt of SþMAnhmonomers

�100%:

2.5 | Hydrolysis of SMAnh to SMA

Various experimental procedures have been reported in
the literature for the hydrolysis of SMAnh to SMA.[17,26–
28] In this present work, approximately 4 g SMAnh were
weighed out accurately and refluxed gently in 80 ml
0.5 M aqueous NaOH solution with magnetic stirring for
3 h. The initially insoluble SMAnh gradually dissolved
over a period of approximately 20 min to give a pale yel-
low solution as it hydrolyzed to SMA. After leaving the
solution (pH � 12) to cool to room temperature, it was
then titrated with 0.5 M HCl to pH 7–8. Finally, the SMA
product was isolated by precipitation into a 5-fold excess

of chilled acetone after which it was filtered off, washed
with a minimum amount of cold water, and dried to con-
stant weight in a vacuum oven at 60�C. The final product
was obtained as a finely divided off-white powder, also in
high yield (Table 1) although slightly less than the yield
of SMAnh.

Since the aim of this work was to obtain a completely
water-soluble SMA, particular attention was focused on
the degree of neutralization of the hydrolyzed SMA dur-
ing titration with HCl acid. In order to (a) keep the SMA
in solution, (b) enable the SMA to be precipitated in ace-
tone and (c) obtain a completely water-soluble product,
previous work has shown that a pH of 7–8 in which the
SMA adopts a random coil conformation in solution gave
the best results. The pH-dependency of SMA's chain con-
formation in an aqueous solution is visualized in
Scheme 4 based on literature reports.[1,14] It has also been
reported that, for membrane solubilization, SMAs are
commonly used at a pH of 7–8 because a random coil
conformation facilitates the required balance between
the electrostatic and hydrophobic forces necessary for
effective membrane insertion.[1] In addition, pH neutrali-
zation also protects the extracted proteins from precipita-
tion or denaturation.

SCHEME 4 pH-dependency of

styrene-maleic acid's chain

conformation in an aqueous

solution

KHAOJANTA ET AL. 2035
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2.6 | Block copolymerization with AM
or DMA

For block copolymerization, the SMAnh copolymer was
first synthesized according to the procedure described
previously in Section 2.4 (step 1). Then, with the SMAnh
copolymer still in solution, an equimolar amount of
either AM (10.662 g = 0.150 mol) or DMA (14.869 g =

0.150 mol) was added to the solution and UV irradiation
continued for a further 6 h (step 2). In the case of AM, a
white precipitate soon formed during irradiation which,
at the end of the 6 h period, was filtered off, washed with
methanol, and vacuum dried to constant weight. The

filtrate was also found to contain a soluble product,
which could be precipitated in methanol, which will be
shown later in Section 3.2 to be unreacted SMAnh copol-
ymer. In the case of DMA, no precipitation occurred dur-
ing irradiation and so the soluble product as a whole was
precipitated in methanol.

Hydrolysis of the SMAnh-b-AM and SMAnh-b-DMA
block copolymers to SMA-b-AM and SMA-b-DMA was
carried out via the procedure described previously in
Section 2.5. As before, neutralization of the hydrolysis
solution was carried out to pH 7–8. The products
obtained were completely water-soluble, finely divided
white powders.

FIGURE 2 1H-NMR spectra of (A) SMAnh recorded in d6-DMSO as solvent and (B) SMA recorded in D2O as solvent. SMA, styrene-

maleic acid; SMAnh, styrene maleic anhydride

2036 KHAOJANTA ET AL.
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3 | RESULTS AND DISCUSSION

3.1 | Characterization of the SMAnh and
SMA copolymers

Since the initial S:MAnh comonomer mole ratio used in this
work was 1:1 and with monomer reactivity ratios of 0.02 for
styrene (S) and 0.01 for maleic anhydride (MAnh),[29] it is
now generally accepted that, under these conditions, the
SMAnh copolymer formed is an almost exclusively alternat-
ing copolymer with the same 50:50 mol% composition as
the comonomer feed.[13,30] This assumption can be con-
firmed by ratioing the peak areas of the aromatic and ali-
phatic protons in the 1H-NMR spectrum.[31,32] Since
hydrolysis of SMAnh to SMA does not affect the copolymer
composition, it can be assumed that the SMA has the same
50:50 S:MA mol% ratio as the S:MAnh ratio in SMAnh.

The 1H-NMR spectra of the SMAnh and SMA copoly-
mers are compared in Figure 2 showing the various pro-
ton assignments. As expected, the spectra are quite
similar in appearance and conform to their respective
structures. The most obvious difference is that the MA
proton peak (d,e) at δ3.0–3.8 is much clearer in the SMA
spectrum since it is well separated from the D2O solvent
peaks, unlike the MA peak in the SMAnh spectrum
which is masked by the HOD peak in d6-DMSO. Regard-
ing composition, the ratio of the peak area integrations Ic
and Ide in Figure 2B of Ic:Ide = 1.00:0.38 corresponds
closely to the 5:2 ratio of the phenyl protons (c) in styrene
and the methine (d,e) protons in maleic acid.

For molecular weight determination, dilute-solution
viscometry was the method used. For both SMAnh and
SMA, well-calibrated Mark-Houwink equations are avail-
able in the literature, which yield either the weight-

average molecular weight, Mw, or the viscosity-average
molecular weight, Mv. According to Chow,[20] the equa-
tion for SMAnh in THF as the solvent at 25�C yields Mw,
as given by Equation (1).

η½ � ¼ 3:98�10�4Mw
0:596 dl=g: ð1Þ

The intrinsic viscosity, [η], and Mw values for the
SMAnh sample described in Section 2.4 are listed in
Table 1. In order to confirm the accuracy of this viscometric
method and Equation (1), the Mw value of a commercial
SMAnh sample (SMA® 1000P; Total Cray Valley, USA) of
known Mw (5500) was also determined in the same way
and was found to be in close agreement (5900) with the
manufacturer's stated value. In comparison, gel permeation
chromatography (GPC), which was also used as an alterna-
tive method, gave a much lower Mw value (2100). Hence,
dilute-solution viscometry was the preferred method.

In contrast, the Mark-Houwink equation for SMA in
0.02 M aqueous NaCl solution at 25�C yields Mv rather
than Mw and was derived from the conformational stud-
ies of Ohno and co-workers,[14] as shown in Equation (2).

η½ � ¼ 3:73�10�4Mv
0:67 dl=g: ð2Þ

The [η] and Mv values for the SMA sample described
in Section 2.5 are also listed in Table 1. The Mw and Mv

values for SMAnh and SMA are seen to be well below the
previously mentioned upper limit of 10,000 rec-
ommended for membrane solubilization.

For thermal analysis, the DSC thermograms of
SMAnh and SMA are compared in Figure 3. Both SMAnh
and SMA exhibit broad glass transitions (Tg) with mid-
points of around 155 and 165�C respectively (Table 1).

FIGURE 3 DSC thermograms

of the SMAnh and SMA copolymers

(heating rate = 10�C/min). SMA,

styrene-maleic acid; SMAnh,

styrene maleic anhydride

KHAOJANTA ET AL. 2037
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The Tg of SMAnh of 155�C is consistent with values
reported in the literature of around 130–160�C.[33] The Tg

of SMA is less well documented due to its variation with
the degree of neutralization of the acid groups. However,
whatever the degree of neutralization, it is generally
assumed that the slightly higher Tg of SMA compared to
SMAnh is due to the intermolecular polar interactions of
the COOH/COO� groups in SMA.

3.2 | Characterization of the SMAnh-b-
AM block copolymer

As described in Section 2.6, the addition of AM (in step
2) to the still reactive SMAnh copolymer in solution

(from step 1) followed by continued UV irradiation pro-
duced two products, the first of which precipitated out of
solution as it was formed while the second remained in
solution and was later precipitated in methanol. Subse-
quent 1H-NMR analysis of the soluble product showed
that its spectrum was identical to that of SMAnh in
Figure 2A with no evidence of AM addition. Hence, it
could be concluded that this soluble product was simply
unreacted SMAnh from step 1.

In contrast, the spectrum of the product which pre-
cipitated out of solution as it was formed, as shown in
Figure 4A, exhibited enhanced peaks in the aliphatic pro-
ton region from δ1.5–3.0 when compared with the
SMAnh spectrum. This was due to the addition of AM
blocks to the SMAnh chains in forming an SMAnh-b-AM

��(ppm)

FIGURE 4 1H-NMR spectra of (A) SMAnh-b-AM and (B) SMAnh-b-DMA recorded in d6-DMSO as solvent. AM, acrylamide; DMA,

N,N-dimethylacrylamide; SMA, styrene-maleic acid; SMAnh, styrene maleic anhydride

2038 KHAOJANTA ET AL.
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block copolymer. The AM blocks were also responsible
for the copolymer precipitating out of the solution since
polyacrylamide (PAM) is known to be insoluble in THF.

From the 1H-NMR spectrum in Figure 4A, the
SMAnh-b-AM copolymer composition (SMAnh:AM)
(mol%) in Table 2 can be estimated from the ratio of
the peak area integrations of the aromatic (Ic) and ali-
phatic (Iabfg) protons. If it is assumed that the S:MAnh
ratio in the SMAnh blocks is 1:1, the number of S units
will be equal to the number of SMAnh units.

Therefore, the intensity of the aromatic proton peak
(Ic) alone is sufficient to be able to estimate the amount
of SMAnh relative to the amount of AM via the follow-
ing calculation:

SMAnh :AM¼ Ic=5 : Iabfg�3=5 Icð Þ� �
=3¼ 0:200 : 0:240:

SMAnh :AM¼ 46 : 54:

Note: The peak area integrations in Figure 4 exclude
any overlapping DMSO solvent peaks.

As also shown in Table 2, the SMAnh-b-AM block
copolymer was obtained in only 50% yield. The
remaining 50% yield was lost mainly as a result of the
block copolymer precipitating out of solution and taking
with it the propagating chain ends, thereby leaving a sur-
plus of unreacted AM monomer in solution. It is also pos-
sible that there could have been a fraction of the SMAnh
chains which were not Br-terminated from step 1 and
which were, therefore, unreactive in step 2.

Since the SMAnh-b-AM block copolymer was insolu-
ble in THF, viscometry was performed in DMSO as sol-
vent at 25�C. In the absence of a Mark-Houwink
equation, an actual molecular weight value could not be
calculated. However, the fact that the block copolymer's
intrinsic viscosity [η] of 0.033 dl/g (Table 2) was signifi-
cantly higher than that of its SMAnh precursor
([η] = 0.020 dl/g), also measured in DMSO, indicated that
its molecular weight was also higher due to the AM block
addition.

One of the clearest indications of block formation in a
copolymer is the presence of two Tgs, one for each block.
However, as the DSC thermogram of SMAnh-b-AM in

TABLE 2 Comparison of the properties of the SMAnh (step 1)

and SMAnh-b-AM (step 2) block copolymer

Properties SMAnh SMAnh-b-
AM

Yield, % 95a 50a

Copolymer composition, S:
MAnh, mol%

50:50 -

Copolymer composition, SMAnh:
AM, mol%

- 46:54

Intrinsic viscosity, [η] dl/g 0.020b 0.033b

Weight-average mol. wt., Mw

g/mol
5.58 � 103c -

Glass transition temperature
(mid-point), Tg

�C
160 155

Thermal degradation weight loss
up to 300�C, %

<10 20

Soluble in THF Yes No

Abbreviations: AM, acrylamide; DMSO, dimethyl sulfoxide; SMAnh, styrene

maleic anhydride; THF, tetrahydrofuran.
aRelative to the initial combined monomer weights.
bDetermined in DMSO as solvent at 25�C.
cDetermined in THF as solvent at 25�C and calculated from Equation (1).

FIGURE 5 DSC thermograms

of SMAnh, SMAnh-b-AM and

SMAnh-b-DMA (heating

rate = 10�C/min). AM, acrylamide;

DMA, N,N-dimethylacrylamide;

SMA, styrene-maleic acid; SMAnh,

styrene maleic anhydride
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Figure 5 shows, only the Tg of the SMAnh block is
observed with a mid-point of around 155�C, similar to
that of SMAnh alone (Table 2). The apparent absence of
a Tg for the AM block is probably due to either (a) the
AM blocks being too short and/or (b) overlapping with
the SMAnh block transition (PAM has a reported Tg of
160–170�C depending on the reference source). The
broad peak between 70–100�C is probably due to the loss
of moisture from the sample.

In contrast to its DSC curve, the TGA curve of the
SMAnh-b-AM in Figure 6 shows a quite different profile
compared to that of its SMAnh precursor. The gradual
weight loss below 300�C is indicative of the presence of the
thermally less stable AM blocks. PAM shows a similar
weight loss profile. This characteristic weight loss in PAM is
reported to be due mainly to the elimination of ammonia
between adjacent amide groups to form imide groups.[34]

3.3 | Characterization of the SMAnh-b-
DMA block copolymer

As described previously in Section 2.6 and in contrast to
AM, the addition of DMA (in step 2) to the SMAnh
copolymer in solution in THF (from step 1) followed by
continued UV irradiation produced no precipitation. This
was to be expected since poly(N,N-dimethylacrylamide)
(PDMA), like SMAnh, is soluble in THF. Consequently,
the final product had to be recovered by precipitation in
chilled methanol.

The 1H-NMR spectrum of the final product is
shown in Figure 4B. The presence of the dimethyl pro-
tons in DMA gives rise to a well-separated and clearly
defined peak (h) at δ2.7–3.0 which effectively confirms
the addition of the DMA blocks. The copolymer

composition (SMAnh:DMA) (mol%) in Table 3 can be
estimated from the ratio of the peak area integrations
of the phenyl (Ic) and dimethyl (Ih) protons via the fol-
lowing equation:

SMAnh :DMA¼ Ic=5 : Ih=6¼ 0:240 : 0:102,

SMAnh :DMA¼ 70 : 30,

which indicates a DMA content much less than in the
comonomer feed ratio (mol%) of S + MAnh (step 1):
DMA (step 2) = 50:50.

FIGURE 6 TGA curves of

SMAnh, SMAnh-b-AM and

SMAnh-b-DMA (heating

rate = 20�C/min). AM, acrylamide;

DMA, N,N-dimethylacrylamide;

SMA, styrene-maleic acid; SMAnh,

styrene maleic anhydride

TABLE 3 Comparison of the properties of the SMAnh (step 1)

and SMAnh-b-DMA (step 2) block copolymer

Properties SMAnh
SMAnh-
b-DMA

Yield, % 95a 44a

Copolymer composition, S:
MAnh, mol%

50:50 -

Copolymer composition,
SMAnh:DMA, mol%

- 70:30

Intrinsic viscosity, [η] dl/g 0.040b 0.067b

Weight-average mol. wt., Mw

g/mol
4.90 � 103c -

Glass transition temperature
(mid-point), Tg

�C
160 165

Thermal degradation weight
loss up to 300�C, %

<10 �10

Abbreviations: DMA, N,N-dimethylacrylamide; SMAnh, styrene maleic

anhydride; THF, tetrahydrofuran.
aRelative to the initial combined monomer weights.
bDetermined in dioxane as solvent at 25�C.
cDetermined in THF as solvent at 25�C and calculated from Equation (1).
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It is also significant to note that, despite the final
SMAnh-b-DMA product remaining in solution, the % yield
decreased to 44% (Table 3). Again, there could have been a
fraction of SMAnh chains which were not Br-terminated
from step 1 but it is thought that the main reason for this
reduced yield is the lower monomer reactivity of DMA
(compared to AM) towards the SMAnh chain radicals. The
lower DMA content (30 mol%) in the copolymer supports
this view. The lower monomer reactivity of DMA is a
result of the steric hindrance effect of the N,N-dimethyl
groups. This is reflected in the respective reactivity ratios
(r) of the styrene-acrylamide and styrene-
dimethylacrylamide comonomer combinations.[35]

Styrene Sð Þ�Acrylamide AMð Þ rS ¼ 1:17

rAM ¼ 0:58:

Styrene Sð Þ�Dimethylacrylamide DMAð Þ rS ¼ 1:15

rDMA ¼ 0:12:

For the SMAnh-b-DMA copolymer's molecular weight,
although an absolute value could not be determined, its
higher intrinsic viscosity [η] of 0.067 dl/g compared to
0.040 dl/g for its SMAnh precursor (Table 3) was evidence
of chain extension. Dioxane was found to be an effective
common solvent for both SMAnh-b-DMA and SMAnh.

The DSC thermogram of SMAnh-b-DMA is shown in
Figure 5 and exhibits a Tg centered at around 170�C due
to the SMAnh blocks. A separate Tg due to the DMA
blocks would appear at a much lower temperature (the
Tg of PDMA is typically quoted as 89�C) but, as in the
SMAnh-b-AM curve, the change in baseline at around
80�C is more likely to be loss of moisture. Considering
the low DMA content (30%) in the SMAnh-b-DMA and
the likelihood that the DMA blocks will be short in
length, the absence of a separate Tg is not surprising.

In contrast to the weight loss profile of SMAnh-b-AM,
the TGA curve of SMAnh-b-DMA in Figure 6 shows a
similar profile to that of SMAnh up to 250�C. The afore-
mentioned ammonia elimination from the AM blocks in
SMAnh-b-AM leading to imidization is sterically hindered
by the N,N-dimethyl groups in DMA. Hence, the SMAnh-
b-DMA weight loss profile resembles that of SMAnh until
the DMA component starts to degrade at above 250�C.

3.4 | Characterization of the hydrolyzed
SMA-b-AM and SMA-b-DMA block
copolymers

The anhydride groups of the SMAnh-b-AM and SMAnh-
b-DMA block copolymers were hydrolyzed according to

the procedure described previously for SMAnh in
Section 2.5. Following their precipitation, filtration and
drying, the SMA-b-AM and SMA-b-DMA products were
obtained in 90% and 88% yield, respectively, and were
completely water-soluble (Table 4). Their 1H-NMR spec-
tra, recorded in D2O as the solvent, are compared in
Figure 7 from which their copolymer compositions (mol
%) can be estimated from the relevant peak area
integrations.

For SMA-b-AM in Figure 7A

SMA :AM¼ Ic=5 : Iabfg�3=5 Icð Þ� �
=3¼ 0:200 : 0:415:

SMA :AM¼ 33 : 67:

For SMA-b-DMA in Figure 7B

SMA :DMA¼ Ic=5 : Ih=6¼ 0:200 : 0:092:

SMA :DMA¼ 68 : 32:

Note: The peak area integrations in Figure 7 exclude any
overlapping D2O solvent peaks.

The composition of the SMA-b-DMA (68:32) agrees
closely with that of the SMAnh-b-DMA (70:30) from
which it was made, which is as would be expected since
hydrolysis does not change the block ratio. However, the
same cannot be said of the composition of the SMA-b-
AM copolymer (33:67) which shows a higher AM content
than its SMAnh-b-AM precursor (46:54). The reason for
this is unclear but is obviously related to an effect of the
AM blocks which is not present in the DMA blocks.
Apart from the AM blocks being longer and more polar,
another difference is that, similar to the Anh groups, the
amide groups in the AM blocks are also susceptible to alka-
line hydrolysis, as shown in Scheme 5.[36] With enhanced
polyelectrolyte character, this would certainly have a signifi-
cant effect on the chain conformation of the SMA-b-AM in
solution in water and similarly in D2O. However, how this
would lead to the SMA-b-AM NMR spectrum giving such a
different composition to that of SMAnh-b-AM remains a
subject for further investigation. In contrast to the AM
blocks, the amide groups in the DMA blocks are less prone
to hydrolysis due to the effect of the N,N-dimethyl groups
in sterically hindering the C=O group towards nucleophilic
attack by the OH� anion.

With regard to the molecular weights of the SMA-b-
AM and SMA-b-DMA, although actual values of Mv

could not be calculated, their intrinsic viscosities of 0.395
and 0.169 dl/g respectively (Table 4) are both signifi-
cantly greater than the 0.122 dl/g of the SMA precursor
(Table 1). This indicates molecular weight increases as a
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result of adding on the AM and DMA blocks, although
more so in the case of AM. The aqueous GPC data in
Figure 8 provides supporting evidence for this with the

curves shifting to shorter elution times (higher molecular
weights) for the SMA-b-AM and SMA-b-DMA block
copolymers compared to the SMA precursor.

FIGURE 7 1H-NMR spectra of (a) SMA-b-AM and (b) SMA-b-DMA recorded in D2O as solvent. AM, acrylamide; DMA, N,N-

dimethylacrylamide; SMA, styrene-maleic acid; SMAnh, styrene maleic anhydride

SCHEME 5 Mechanism of

alkaline hydrolysis of the amide

group in polyacrylamide
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Despite their polyelectrolyte character, their dilute-
solution viscometry plots in Figure 9 show good linearity
due to the charge shielding effect of the NaCl in solution.
The negative slopes of the SMA-b-AM plots in Figure 9
reflect the polyelectrolyte behavior of the partially disso-
ciated SMA which is further enhanced by the AM blocks
due to the hydrogen bonding capability of the –NH2

groups. This is less apparent in the SMA-b-DMA plots
since hydrogen bonding in the DMA blocks is precluded
by the dimethyl substitution in the –N(CH3)2 groups.

The DSC thermograms of the SMA-b-AM and SMA-b-
DMA are compared in Figure 10 and show similarly
broad transitions with mid-points at around 110�C which
can be assigned to the SMA blocks. This Tg is consider-
ably lower than the 160 and 165�C for the same samples
before hydrolysis (Table 3) as well as being considerably
lower than the Tg of the copolymer without the blocks
(Table 1). The reason for this decrease is uncertain,
although the decrease could be due to the effects of the
AM and DMA blocks interacting with the COOH/COO�

groups in the SMA blocks to increase chain separation,
create more free volume, and thereby decrease the energy
barrier to chain rotation. As was the case before hydroly-
sis, separate Tgs for the AM and DMA blocks were again
not observed.

4 | CONCLUSIONS

The synthesis of styrene maleic anhydride (SMAnh)
copolymers is a straightforward process, which is well
documented in the literature. Due to their very low
monomer reactivity ratios, styrene (S) and maleic anhy-
dride (MAnh) combine to produce a 50:50 alternating
copolymer starting from an equimolar S:MAnh comono-
mer ratio. With the monomer sequencing and final copol-
ymer composition effectively predetermined, interest in
this work focused on molecular weight control to
Mw < 10,000 g/mol. As described previously in
Section 2.4, molecular weight control has been achieved
by establishing the appropriate synthesis conditions

TABLE 4 Comparison of the properties of the SMA-b-AM and

SMA-b-DMA block copolymers after hydrolysis

Properties
SMA-
b-AM

SMA-
b-DMA

Yield, % 90a 88a

Copolymer composition, SMA:
AM, mol%

33:67 -

Copolymer composition, SMA:
DMA, mol%

- 68:32

Intrinsic viscosity, [η] dl/g 0.395b 0.169b

Glass transition temperature
(mid-point), Tg

�C
110 110

Soluble in water Yes Yes

pH of 1% wt/vol aqueous solution 8.55 8.81

Abbreviations: AM, acrylamide; DMA, N,N-dimethylacrylamide; SMA,
styrene-maleic acid; SMAnh, styrene maleic anhydride.
aRelative to an initial weight of 4 g of SMAnh-b-AM or SMAnh-b-DMA.
bDetermined in 0.02 M aqueous NaCl as solvent at 25�C (Figure 9).

FIGURE 8 GPC curves and the

corresponding Mn, Mw and

polydispersity PD (= Mw/Mn)

values for the SMA, SMA-b-AM and

SMA-b-DMA block copolymers.

AM, acrylamide; DMA, N,N-

dimethylacrylamide; SMA, styrene-

maleic acid
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including the use of carbon tetrabromide (CBr4) as a
chain transfer agent.

Hydrolysis of SMAnh to SMA in an aqueous NaOH
solution is also straightforward but care needs to be
taken if the SMA is to be physically isolated as a solid
which is completely water-soluble. Precipitation from
aqueous alkaline solution depends on the chain confor-
mation of the SMA which in turn depends on the degree
of neutralization with HCl acid. SMA chain conforma-
tion in an aqueous solution is determined by the bal-
ance between the hydrophilic interactions of the MA
units and the hydrophobic interactions of the S units.
When the former predominate, the chain adopts an
extended chain conformation whereas when the latter
predominate the chain collapses into a globular coil

(as shown in Scheme 4). This hydrophilic-hydrophobic
balance varies with pH and it was found in this work
that an intermediate random coil conformation at a pH
of 7–8 was best for enabling the SMA to be precipitated
quantitatively in acetone. More importantly, the SMA
precipitated in a form which could be completely re-dis-
solved in water. At a lower pH (<4), it was found that
the SMA started to precipitate out of solution due to the
chains collapsing into globular coils leading to molecu-
lar aggregation and a final product that was only par-
tially water-soluble.

Having synthesized both SMAnh and SMA within the
required molecular weight limit, the main objective of
this work was then to synthesize block copolymers with
AM and DMA). In order to achieve this, CBr4 was chosen

FIGURE 10 DSC thermograms

of SMA-b-AM and SMA-b-DMA

(heating rate = 10�C/min). AM,

acrylamide; DMA, N,N-

dimethylacrylamide; SMA, styrene-

maleic acid

FIGURE 9 Double

extrapolation plots of reduced

viscosity ηred and inherent viscosity

ηinh against concentration c for the

SMA-b-AM and SMA-b-DMA block

copolymers in 0.02 M aqueous NaCl

at 25�C. AM, acrylamide; DMA,

N,N-dimethylacrylamide; SMA,

styrene-maleic acid
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as the chain transfer agent in step 1 (Section 2.4) so that
the Br-terminated SMAnh chains would still be photolyti-
cally active in the presence of an added monomer
(Scheme 3). As the results in Tables 2 and 3 have shown,
SMAnh-b-AM and SMAnh-b-DMA were successfully
obtained using this methodology. As expected, AM was a
more reactive monomer than DMA towards the SMAnh
chain radicals, resulting in SMAnh-b-AM being obtained
in a higher yield and with a more even composition than
SMAnh-b-DMA. Their combined NMR, viscometry, ther-
mal analysis, and solubility data have provided solid evi-
dence of their block copolymer structures. The different
solubilities of the SMAnh and AM/DMA blocks have
proved to be a particularly useful indicator of block
formation.

Finally, as with SMAnh alone, hydrolysis of the anhy-
dride groups to SMA-b-AM and SMA-b-DMA followed by
neutralization to pH 7–8 and precipitation in acetone
produced completely water-soluble final products. Water
solubility is an essential requirement for the copolymers'
intended use in aqueous-based membrane protein extrac-
tion. With this in mind, an intriguing aspect of the SMA-
b-AM and SMA-b-DMA copolymers is that they comprise
a hypercoiling SMA block attached to a non-hypercoiling
AM or DMA block, the balance of which can be pH-con-
trolled. What effect this combination will have on their
efficiency in membrane protein extraction is of interest in
the wider context of medicinal drug discovery. This sub-
ject is a focus of ongoing work which will be described in
a future paper.

As mentioned in Section 1, SMA block copolymers of
this kind have not been previously reported in the litera-
ture. They are, as far as we are aware, novel materials.
Whether or not their properties show any advantages
over SMA alone in membrane protein extraction or any
other pharmaceutical application remains to be seen but,
from a purely structural point of view, they are materials
of considerable interest.
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