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Modulating the solubility of zwitterionic poly((3-
methacrylamidopropyl)ammonioalkane sulfonate)s
in water and aqueous salt solutions via the spacer
group separating the cationic and the anionic
moieties†

Viet Hildebrand,a André Laschewsky*a,b and Erik Wischerhoffb

Complementary to the well-established zwitterionic monomer 3-((3-methacrylamidopropyl)dimethyl-

ammonio)propane-1-sulfonate (SPP), the closely related monomers 2-hydroxy-3-((3-methacrylamido-

propyl)dimethylammonio)propane-1-sulfonate (SHPP) and 4-((3-methacrylamidopropyl)dimethylammonio)-

butane-1-sulfonate (SBP) were synthesised and polymerised by reversible addition–fragmentation chain

transfer (RAFT) polymerisation, using a fluorophore labeled RAFT agent. The polyzwitterions of systematically

varied molar masses were characterised with respect to their solubility in water and aqueous salt

solutions. Both poly(sulfobetaine)s show thermoresponsive behaviour in water, exhibiting phase separation

at low temperatures and upper critical solution temperatures (UCST). For both polySHPP and polySBP,

cloud points depend notably on the molar mass, and are much higher in D2O than in H2O. Also, the cloud

points are effectively modulated by the addition of salts. The individual effects can be in parts correlated to

the Hofmeister series for the anions studied. Still, they depend in a complex way on the concentration and

the nature of the added electrolytes, on the one hand, and on the detailed nature of the spacer group

separating the anionic and the cationic charges of the betaine moiety, on the other hand. As anticipated, the

cloud points of polySBP are much higher than the ones of the analogous polySPP of identical molar mass.

Surprisingly, the cloud points of polySHPP are also somewhat higher than the ones of their polySPP

analogues, despite the additional hydrophilic hydroxyl group present in the spacer separating the

ammonium and the sulfonate moieties. These findings point to a complicated interplay of the various

hydrophilic components in polyzwitterions with respect to their overall hydrophilicity. Thus, the spacer group

in the betaine moiety proves to be an effective additional molecular design parameter, apparently small

variations of which strongly influence the phase behaviour of the polyzwitterions in specific aqueous

environments.

Introduction

Starting in the 1980s, zwitterionic polymers1–3 have increas-
ingly been recognised as materials of choice to confer good
biotolerance, extremely low friction and/or ultralow-fouling be-
haviour to surfaces.4–7 Therefore, polyzwitterions are intensely

explored for uses in biomaterials. Moreover, by virtue of the
delicate balance of attractive or repulsive interactions between
the numerous charged groups themselves and with water, zwit-
terionic polymers often display cloud points in aqueous media
with an upper critical solution temperature (UCST), or
occasionally, a lower critical solution temperature (LCST) be-
haviour, and thus have been employed in the design of respon-
sive polymer systems.8–13

Amidst the three main families of polyzwitterions, namely
polymeric phosphobetaines, carboxybetaines, and sulfo-
betaines,1,3 the latter are chemically the most inert and exhibit
a zwitterionic character over the broadest pH window (typically
2–14 minimum). Such poly(sulfobetaine)s are most
conveniently prepared via free radical polymerisation.
However, only a few sulfobetaine monomers suited for free
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radical polymerisation are readily available commercially
at present, the most popular being 3-((2-methacryloyloxyethyl)
dimethylammonio)propane-1-sulfonate (“SPE”) and 3-((3-
methacrylamidopropyl)dimethylammonio)propane-1-sulfonate
(“SPP”). Out of these, the latter seems to provide the best com-
bination of polymerizability, hydrophilicity and resistance to
hydrolysis. Therefore, we recently synthesised polySPP with
well-defined molar masses, low polymer dispersity indexes,
and defined end groups by reversible-addition–fragmentation
chain transfer (RAFT) polymerisation, and studied its aqueous
phase behaviour in the absence and presence of various low
molar mass salts.14 In addition to a notable molar mass effect
and a moderate end group effect on the cloud point, we
observed a strong and complex influence of added low molar
mass electrolytes on the solubility. Characteristically, these
effects depend sensitively on the amount as well as on the
chemical nature of the salt added. Also, the cloud point passed
through a – so far not yet understood – maximum with increas-
ing concentrations of a given salt, in agreement with occasional
earlier reports on the aqueous solution behaviour of other poly-
(ammoniopropanesulfonate)s.15,16 Furthermore, and in contrast
to the effect on the LCST of water-soluble polymers, we observed
a marked H–D isotope effect for polySPP, which exhibits mark-
edly increased cloud points in D2O compared to those in H2O.

14

With the aim to modulate the accessible range of cloud
points of polySPP, we have extended our previous studies by
synthesising and studying two poly(sulfobetaine)s, which
differ from polySPP in their chemical structure, by varying the
hydrophilicity of the spacer group that separates the
ammonium and the sulfonate moieties. Such spacer variations
in polyzwitterions have been rare up to now.17–22 On the one
hand, we extended the spacer group by one methylene group,
thus creating poly(N,N-dimethyl-N-(3-methacrylamidopropyl)-
ammoniobutanesulfonate) (polySBP). On the other hand,
we added one hydroxyl group to the spacer group,
thus creating poly(N,N-dimethyl-N-(3-methacrylamidopropyl)-
ammonio-2-hydroxypropanesulfonate) (polySHPP). On the
basis of the inherent hydrophilicity of the hydroxyl group and
of the inherent hydrophobicity of the methylene group, we
expected polySHPP to be somewhat more hydrophilic, and
polySBP to be somewhat more hydrophobic than the reference
compound polySPP. This should presumably induce a decrease
or increase, respectively, of the UCST-type cloud points. The
two underlying monomers SBP and SHPP are accessible by
alkylation of the commercial precursor monomer 3-N,N-di-
methylaminopropyl methacrylamide, but have been hardly
described so far. In fact, polySHPP has been only claimed in
the patent literature23 except for one report, which did not dis-
close synthetic or analytical structural information on the
polymer or its monomer.17 Moreover, the context of the sparse
discussion suggests that the polySHPP samples studied were
partially hydrolyzed24 and thus presented de facto copolymers
of SHPP with methacrylic acid. Concerning polySBP, the syn-
thesis of monomer SBP was reported most recently during our
ongoing studies,21 whereas its polymerisation and polymer
properties were not described.

Experimental part
Materials

General chemicals and solvents. N-(3-Dimethylamino-
propyl)methacrylamide (DMAPMA, kindly donated by Evonik
Industries, Germany), butane sultone (Acros, 99+%), 3-chloro-
2-hydroxy-1-propane sulfonic acid sodium-salt (CHPSNa, 95%,
kindly donated by Raschig), 2,6-di-tert-butyl-4-methylphenol
(BHT, Fluka, >99%), hydroquinone (Fluka, >99%), 4,4′-azobis
(4-cyanopentanoic acid) (V501, Wako, 84%), potassium iodide
(VK Labor, 99.5%), sodium chloride (NaCl, ChemSolute, 99%),
ethyl acetate (Merck, 99.5%), acetonitrile (Sigma Aldrich,
99.8%), trifluoroethanol (TFE, Roth, 99.8%), methanol (Che-
mievertrieb Magdeburg, 99%), ethanol (J. T. Baker, 99.9%),
Amberlite Mixed Bed Exchanger Amberlite MB-150 (Sigma
Aldrich), and D2O (Armar, 99.9 atom% D) were used as
received. The fluorophore-labelled chain transfer agent (R)-2-
(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)ethyl 4-cyano-4-(((phenethylthio)carbonothioyl)thio)pentanoate
(CTA) was synthesised as described previously.14 Deionised
water was additionally purified by using a Millipore Milli-Q
Plus water purification system (resistivity 18 MΩ cm−1).

Synthesis of 2-hydroxy-3-((3-methacrylamidopropyl)di-
methylammonio)propane-1-sulfonate (SHPP). N-(3-Dimethyl-
aminopropyl)methacrylamide (DMAPMA, 1.72 g, 0.01 mol),
3-chloro-2-hydroxy-1-propane sulfonic acid sodium-salt
(CHPSNa, 1.97 g, 0.01 mol), potassium iodide (0.02 g, 1 mol
%), and a few milligrams of 2,6-di-tert-butyl-4-methylphenol
(BHT) are dissolved in a mixture of ethanol (7 ml) and water
(3 ml). After purging with N2, the mixture (pH = 9) is refluxed
while stirring for 4 days. After cooling, water (50 ml) is
added to the mixture, resulting in a white precipitate which is
removed by filtration. The filtrate is passed through a
column filled with a mixed bed ion exchanger (capacity:
0.55 meq ml−1), a small scale of hydroquinone is added, and
the solution is freeze-dried. Crystallisation of the residue from
acetonitrile yields monomer 2-hydroxy-3-((3-methacrylamido-
propyl)dimethylammonio)propane-1-sulfonate as a colourless
powder (yield 2.4 g, 77%).

1H NMR (300 MHz, D2O, 298 K): δ (ppm) = 1.94 (s, 3H, –C–
CH3), 2.09 (m, 2H, –CON–C–CH2–), 3.15 (d, 2H, J = 5.7 Hz,
–CH2–SO3), 3.2 (s, 6H, –N+(CH3)2), 3.38 (t, 2H, J = 6.5 Hz, –CON–
CH2–), 3.4–3.7 (m, 4H, –CH2–N

+–CH2–), 4.66 (m, 1H, –CH–OH),
(s, 1H, CHvC–CON– (cis)), 5.72 (s, 1H, CHvC–CON– (trans)).

13C NMR (75 MHz, D2O, 298 K): δ (ppm) = 18.0 (–C̲H3), 22.8
(–CON–C–C ̲H2–), 36.6 (–CON–C̲H2–), 52.2 (–N+(C ̲H3)2), 55.6
(–C̲H2–SO3), 63.1 (–CH–OH), 63.8 (–C̲H2–N

+–), 67.4 (–N+–C̲H2–

CHOH–), 121.7 (vC̲H2), 139.3 (vC̲–CON–), 172.4 (–C̲ON–).
Mass spectrum (HR-MS, ESI): calculated: 309.148 [M + H]+;

found: 309.148 [M + H]+.
Elemental analysis (C12H24N2O5S, Mr = 308.39): Calcd: C =

46.74%, H = 7.84%, N = 9.08%, S = 10.40%; found: C =
46.55%, H = 7.90%, N = 9.10%, S = 10.22%.

FT-IR (selected bands, cm−1): 3340 ν(OH), 3020 ν(N+–CH3),
2933 ν(CH2), 1658 ν(amide I), 1617 ν(CvC), 1537 ν(amide II),
1201 νas(SO3), 1040 νs(SO3).
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Synthesis of 4-((3-methacrylamidopropyl)dimethylammonio)
butane-1-sulfonate (SBP). N-(3-Dimethylaminopropyl)metha-
crylamide (DMAPMA, 85.3 g, 0.50 mol) and butane sultone
(56 ml, ρ = 1.331 g ml−1, 0.55 mol) in acetonitrile (50 ml) are
stirred at room temperature. After 1 h, a white solid begins to
precipitate. After another 9 h of reaction, the precipitate is
filtered off, washed with dry ethyl acetate, collected and dried
in vacuo, to give the pure monomer 4-((3-methacrylamido-
propyl)dimethylammonio)butane-1-sulfonate as a colourless
powder (yield 142 g, 93%).

1H NMR (300 MHz, D2O, 298 K): δ (ppm) = 1.82–2.08 (m,
9H, –CH2–C–SO3, –N

+–C–CH2–, vC–CH3, –CON–C–CH2–), 2.99
(t, J = 7.3 Hz, 2H, –CH2–SO3), 3.1 (s, 6H, –N+(CH3)2), 3.3–3.4
(m, 6H, –CON–CH2– and –CH2–N

+–CH2–), 5.51 (s, 1H,
CHvC–CON– cis), 5.74 (s, 1H, CHvC–CON– trans). 13C NMR
(75 MHz, D2O, 298 K): δ (ppm) = 19.2 (–C̲H3), 22.4 and 22.6
(–N+–C–C̲H2–C̲H2–), 23.8 (–CON–C–C̲H2–), 37.8 (–CON–C̲H2–),
51.5 (–C̲H2–SO3), 52.3 (–N+(C ̲H3)2), 63.3 (–C̲H2–N

+–), 64.9 (–N+–

C̲H2–), 122.9 (vC̲H2), 140.4 (vC̲–CON–), 173.5 (–C̲ON–).
Mass spectrum (HR-MS, ESI): calculated: 307.168 [M + H]+;

found: 307.168 [M + H]+.
Elemental analysis (C13H26N2O4S, Mr = 306.42). Calcd: C =

50.96%, H = 8.55%, N = 9.14%, S = 10.46%; found: C =
50.73%, H = 8.52%, N = 9.02%, S = 10.51%.

FT-IR (selected bands, cm−1): 3487 ν(NH), 3020 ν(N+–CH3),
2933 ν(CH2), 1655 ν(amide I), 1605 ν(CvC), 1546 ν(amide II),
1194 νas(SO3), 1042 νs(SO3).

Synthesis of poly(2-hydroxy-3-((3-methacrylamidopropyl)di-
methylammonio)propane-1-sulfonate), poly(SHPP). In a
typical procedure, 2-hydroxy-3-((3-methacrylamidopropyl)di-
methylammonio)propane-1-sulfonate (SHPP, 5.0 g, 1.7 × 10−2

mol), (R)-2-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoqui-
nolin-2(3H)-yl)ethyl 4-cyano-4-(((phenethylthio)carbonothioyl)-
thio)pentanoate (CTA, 0.017 g, 2.8 × 10−5 mol), and 4,4′-azobis-
(4-cyanopentanoic acid) (V501, 0.002 g, 6 × 10−6 mol)
are dissolved in trifluoroethanol (2 ml). After purging with
N2 for 30 min, the yellow solution is polymerised at 75 °C
for 18 h. Then, the mixture is cooled and precipitated
into methanol (repeated 3 times). The polymer is
isolated and dried in vacuo. Homopolymer polySHPP
is obtained as a hygroscopic, amorphous yellow solid (yield
3.0 g, 60%).

The individual samples are named polySHPPn, with n being
the number average degree of polymerisation that was theoreti-
cally calculated (see Table 2).

1H NMR (300 MHz, in dilute aqueous NaCl (0.9 g L−1 in
D2O), 298 K): δ (ppm) = 0.6–1.1 (2H, –CH2– on/in backbone),
1.6–2.1 (5H, –CH3 and –CON–C–CH2–C–), 2.8–3.7 (14H, –CON–
CH2–C–CH2–N

+(CH3)2–CH2–C–CH2–SO3), 4.5–4.6 (1H, –CH–

OH–).
FT-IR (selected bands, cm−1): 1658 ν(amide I), 1537

ν(amide II), 1201 νas(SO3), 1040 νs(SO3).
UV-vis: absorbance bands in trifluoroethanol max = 260,

294, and 444 nm; absorbance bands in water λmax = 260, 297,
and 447 nm. Photoluminescence: emission maximum in tri-
fluoroethanol λPL = 537 nm, in water λPL = 546 nm.

Synthesis of poly(4-((3-methacrylamidopropyl)dimethyl-
ammonio)butane-1-sulfonate), poly(SBP). In a typical
procedure, 4-((3-methacrylamidopropyl)dimethylammonio)
butane-1-sulfonate (SBP, 5.0 g, 1.6 × 10−2 mol), (R)-2-(6-(di-
methylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl
4-cyano-4-((( phenethylthio)carbonothioyl)thio)pentanoate
(CTA, 0.1 g, 1.6 × 10−4 mol), and 4,4′-azobis(4-cyanopentanoic
acid) (V501, 0.009 g, 3 × 10−5 mol) are dissolved in trifluoro-
ethanol (9 ml). After purging with N2 for 30 min, the yellow
solution is polymerised at 75 °C for 18 h. Then the mixture is
cooled and precipitated into methanol (repeated 3 times). The
polymer is isolated and dried in vacuo. Homopolymer polySBP
is obtained as a hygroscopic, amorphous yellow solid (yield
3.1 g, 62%).

The individual samples are named polySBPn, with n being
the number average degree of polymerisation that was theoreti-
cally calculated (see Table 2).

1H NMR (300 MHz, in dilute aqueous NaCl (0.9 g L−1) in
D2O, 298 K): δ (ppm) = 0.6–1.2 (broad 5H, –CH3 and –CH2– on/
in backbone), 1.6–2.1 (6H, –CH2–C–N

+–C–CH2–CH2–), 2.8–3.0
(2H, –CH2–SO3), 3.0–3.1 (6H, >N+(CH3)2, 3.2–3.4 (6H, –CH2–

N+–CH2–, CON–CH2–).
FT-IR (selected bands, cm−1): 3446 ν(NH), 1645 ν(amide I),

1539 ν(amide II), 1195 νas(SO3), and 1043 νs(SO3).
UV-vis: absorbance bands in trifluoroethanol λmax = 262,

299, and 444 nm; absorbance bands in water λmax = 259, 298,
and 446 nm. Photoluminescence: emission maximum in
trifluoroethanol λPL = 537 nm, in water λPL = 546 nm.

Methods

Elemental analysis was carried out using a Vario ELIII micro-
analyzer (Elementar Analysensysteme, Germany). High resolu-
tion mass spectra (HR-MS) were recorded with a GC/MS-system
Trace DSQII (Thermo Scientific). Infrared spectra were
recorded from KBr pellets using a FT-IR spectrometer IFS 66/s
(Bruker). Ultraviolet-visible (UV-vis) absorption spectra were
recorded by using a UV/Vis/NIR Spectrometer Lambda instru-
ment (Perkin Elmer). Photoluminescence spectra are recorded
by using a Perkin Elmer Luminescence Spectrometer LS 50 B.

1H and 13C nuclear magnetic resonance (NMR) spectra,
1H–1H-Correlation Spectra (COSY), and 1H–13C-Heteronuclear
Multiple Quantum Coherence spectra (HMQC) were recorded
with a Bruker Avance 300 spectrometer (300 MHz) at ambient
temperature in deuterated water. The residual proton signal of
the solvent was set to 4.78 ppm. Molar masses were deter-
mined by end group analysis, comparing the integrals of
signals characteristic of the R or Z groups, respectively, with
the integrals of the signals for the constitutional repeat unit.14

Theoretically expected number average molar masses
Mtheo

n are calculated according to eqn (1):

Mtheo
n ¼ conversion�MCRU � cM

cCTA
þMCTA ð1Þ

where MCRU is the molar mass of the constitutional repeat
unit, MCTA is the molar mass of the RAFT agent, cM is the
molar concentration of the monomer, and cCTA is the molar
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concentration of the RAFT agent. Monomer conversions were
determined from the 1H NMR spectra of the crude polymeri-
sation mixtures, by comparing the combined integral of the
residual two olefinic proton signals to the integral of the
signal of the methylammonium group.

Cloud points were determined by turbidimetry using a
Varian Cary 50 Scan UV-Visible Spectrometer, equipped with a
single cell Peltier thermostated cell holder, using 1 cm × 1 cm
quartz cuvettes. Aqueous polymer solutions with a concen-
tration of 50 g L−1 were prepared in D2O or in Millipore water.
Measurements were performed at a wavelength of 800 nm and
with heating and cooling rates of 0.5 K min−1. The cloud point
was taken as the temperature where the normalised transmit-
tance of the optically clear solution in the cooling runs started
to decrease notably (i.e., reduction by 2%).

Results and discussion

Monomers 2-hydroxy-3-((3-methacrylamidopropyl)dimethyl-
ammonio)propane-1-sulfonate (SHPP) and 4-((3-methacrylami-
dopropyl)dimethylammonio)butane-1-sulfonate (SBP) (Fig. 1)
were prepared by straightforward alkylation of a commercially
available tertiary amine precursor. In the case of SBP,
alkylation was achieved by the ring opening reaction with
butanesultone in a aprotic, highly polar solvent acetonitrile,
following a classical scheme.21,25–27 Despite the lower reactivity
of butanesultone21 compared to propanesultone and the
low reaction temperature, the particular procedure with an

extended reaction time resulted in close to quantitative yield.
The 1H-NMR characterisation of SBP (Fig. 2) agrees precisely
with the most recently published data.21 In the case of SHPP,
alkylation was performed with the commercially available
sodium 3-chloro-2-hydroxy-1-propane sulfonate. While circum-
venting the use of the rather potent sultone cancerogenes, the
lower reactivity of the chloride required higher reaction temp-
eratures to achieve satisfactory yields. Moreover, aqueous
ethanol which may lead to side reactions, had to be employed
as a reaction medium due to the low solubility of the ionic
alkylating agent in aprotic solvents, such as acetonitrile which
are a priori more inert. Furthermore, the formation of sodium
chloride as the byproduct, which may tenaciously stick to the
sulfobetaine moiety, required the purification of SHPP with a
mixed bed ion exchanger, to obtain a monomer free of in-
organic salt contamination.28,29 Though reference data are
missing, the 1H-NMR spectra of SHPP (Fig. 2) fit well with the
typical features of related sulfobetaine monomers.30

As reported for other sulfobetaine monomers,3,14,31 radical
polymerisation of both SHPP and SBP proceeded homo-
geneously and smoothly in trifluoroethanol. In particular, the
polymers were synthesised by the RAFT (reversible addition–
fragmentation chain transfer)32,33 technique (Table 1). This
enables not only the preparation of polymers with predefined
molar masses and low polymer dispersity, but also the
incorporation of two different well-defined end groups. Using
the RAFT agent trithiocarbonate CTA that is functionalised
with a naphthalimide dye on its R-group, we attached a fluoro-
phore permanently to the polymers. Beyond facilitating the

Fig. 1 Chemical formulae of the monomers SPP, SHPP, and SBP, the fluorophore labeled RAFT agent CTA and the derived polymers.

Paper Polymer Chemistry

734 | Polym. Chem., 2016, 7, 731–740 This journal is © The Royal Society of Chemistry 2016

View Article Online

http://dx.doi.org/10.1039/c5py01642h


notoriously complicated molecular analysis of polyzwitter-
ions,14,34,35 these labeled polymers can be easily tracked by
fluorescence spectroscopy or microscopy techniques in model

studies. Inevitably, the molar masses of the coloured, fluo-
rescent polymers obtained decrease with increasing amounts
of CTA engaged and incorporated (Tables 1 and 2).

The 1H NMR characterisation of polySHPP and polySBP
does not reveal anything unusual concerning the polymers’
molecular structure, showing the typical signal broadening
(Fig. 3). The spectra show the presence of end groups derived
from the RAFT agent, and the absence of a residual monomer.
The signals between 0.5 and 1.2 ppm, which originate from
the methyl group attached to the polymer backbone, provide
information on the polymer tacticity. Their integration indi-
cates identical tacticities for all samples, with about 60–65% of
syndiotactic, 30–35% of atactic and <5% of isotactic triads.
This finding corresponds to the typical situation encountered
in the free radical polymerisation of methacrylates at a chosen
temperature, in spite of the use of a fluorinated alcohol as a
reaction medium.36,37

End-group analysis of the polymers via the intense absor-
bance band of the naphthalimide chromophore attached to
the R-group is advantageous compared to the use of the rather
weak 1H NMR signals of the aromatic end groups (Fig. 3). This
is particularly helpful for high molar masses, when the 1H
NMR signals get too small to be useful. However, due to the
marked solvatochromism of the chromophore, not only the
position of the absorbance bands, but also the extinction
coefficient may vary notably with the polarity of the environ-
ment. Assuming the same extinction coefficient as derived for
polySPP in trifluoroethanol,14 the calculated molar masses are
in excellent agreement with the theoretically expected values
(Table 2), as is typical for a well-behaved RAFT polymerisation.
End-group analysis of the polymers using 1H NMR also shows
good agreement between the theoretically expected and experi-
mentally found values, but the precision is limited due to the
low signal intensities. A comparison of the relative intensities
of the signals due to the R- and the Z-groups of the RAFT
agent further suggests that the active end groups were mostly
retained, although some losses may occur.

Concerning thermal properties, polySHPP and polySBP
behave very closely to the reference polymer polySPP. While
thermogravimetric analysis (TGA) shows the onset of decompo-

Fig. 2 1H NMR spectra of monomers (a) SBP, and (b) SHPP in D2O.
Signals were assigned via 1H–1H-COSY and 1H–13C-HMQC experiments.

Table 1 Reaction conditions for the RAFT solution polymerisation of SBP and SHPP in trifluoroethanol at 75 °C, using initiator V501. Monomer con-
centration was 30 wt%

Entry Sample
Molar ratio

mmonomer [g] mCTA [g] mV501 [g] t [h]Monomer : CTA : V501

1 polySBP40 100 : 1 : 0.2 5.0 0.100 0.009 0.75
2 polySBP50 100 : 1 : 0.2 5.0 0.100 0.009 1.00
3 polySBP80 100 : 1 : 0.2 5.0 0.100 0.009 2.50
4 polySBP245 300 : 1 : 0.2 5.0 0.030 0.003 7.50
5 polySBP425 600 : 1 : 0.2 5.0 0.017 0.002 15.0
6 polySHPP70 100 : 1 : 0.2 1.6 0.030 0.003 3.00
7 polySHPP80 100 : 1 : 0.2 1.6 0.030 0.003 19.0
8 polySHPP115 300 : 1 : 0.2 5.0 0.016 0.002 18.0
9 polySHPP235 300 : 1 : 0.2 1.0 0.007 0.001 9.00
10 polySHPP460 600 : 1 : 0.2 1.0 0.003 0.001 18.0
11 polySHPP505 600 : 1 : 0.2 1.0 0.003 0.001 18.0
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sition accompanied by mass loss at about 270 °C for polySPP
and polySHPP, the onset is found at about 300 °C in
the case of polySBP. Differential scanning calorimetry (DSC)

shows no thermal transition for any of the polymers before
degradation starts, in agreement with reports on many poly-
(sulfobetaine)s.27,38

Similar to the behaviour of the reference polySPP, both
polySHPP and polySBP are insoluble in aprotic solvents, such
as chloroform, acetone, acetonitrile, DMSO or DMF, and also
in many protic solvents, such as methanol and ethanol. They
dissolve however easily in trifluoroethanol (TFE), hexafluoro-
isopropanol (HFIP), formamide or brine.22,26,39

Solubility in water as well as in deuterated water is complex,
showing a miscibility gap at lower temperatures, with a phase
transition of the UCST-type (Table 3). The phase separation
temperatures depend not only sensitively on the precise chemi-
cal structure of the polyzwitterions, but also on their concen-
tration and molar mass (Fig. 4 and 5). In the turbidimetric
studies of solutions of polySHPP and polySBP in both H2O and
D2O, the clouding transitions were all sharp and curves were
highly reproducible (see the ESI†). The hysteresis between the
cloud points for heating and cooling runs was marginal
(≤1 °C). Accordingly, the binodal and spinodal lines of the
polySHPP/water and polySBP/water phase diagrams coincide
virtually. Table 3 summarises the derived cloud points. First of
all, we see that the cloud points are much higher for polySBP
than those for polySHPP, as anticipated. While the polySHPP
sample with the lowest molar mass is fully soluble in H2O
without any cloud point, the polySBP samples with the highest
molar masses are no more soluble in H2O at all. Still, as a
common feature, the cloud points increase monotonously with
increasing molar mass for both polymers in H2O as well as in
D2O (Fig. 4). Also, the cloud points increase with increasing
concentration at least up to 50 g L−1 (Fig. 5), apparently
approaching asymptotically a maximum value. As already
found for polySPP, the cloud point of a given sample is mark-
edly higher in heavy water (D2O) than in normal water (H2O).
The differences are in the range of about 6 °C in the case of
polySBP, which corresponds closely to the behaviour of
polySPP,14 and of about 15 °C in the case of polySHPP. This

Table 2 Molecular characterisation data of the synthesised polymers. Monomer conversions were determined by 1H NMR analysis of the crude
reaction mixtures

Sample
Conversion
[%]

Mn [kg mol−1]

Ratio Z/R
(NMR)

Theoretical
(Mtheo

n )
By 1H NMR
(via Z-group)

By 1H NMR
(via R-group)

By UV-vis
(via R-group)a

polySBP40 40 13 22 13 18 ∼0.6
polySBP50 50 16 24 17 23 ∼0.7
polySBP80 80 25 38 30 23 ∼0.8
polySBP245 81 71 n.d.b n.d.b 68 —
polySBP425 71 131 n.d.b n.d.b 122 —
polySHPP70 70 23 26 24 24 ∼0.9
polySHPP80 80 26 30 27 27 ∼0.9
polySHPP115 19 35 43 36 36 ∼0.9
polySHPP235 78 73 n.d.b n.d.b 79 —
polySHPP460 76 142 n.d.b n.d.b 158 —
polySHPP505 84 156 n.d.b n.d.b 175 —

a Calculated from the maximum absorbance in trifluoroethanol, using the extinction coefficient of ε = 1.0 × 104 L mol−1 cm−1 derived from
trifluoroethanol for the chromophore incorporated in polySPP.14 b Signal intensity too weak to allow reliable integration.

Fig. 3 1H NMR spectra of polymers (a) polySBP, and (b) polySHPP in
D2O. The zoom-in image shows the signals of the end groups (R =
R-group, and Z = Z-group) between 7 and 9 ppm.

Paper Polymer Chemistry

736 | Polym. Chem., 2016, 7, 731–740 This journal is © The Royal Society of Chemistry 2016

View Article Online

http://dx.doi.org/10.1039/c5py01642h


pronounced isotope effect exceeds by far the analogous effect
for the LCST-type coil-to-globule transition of, e.g., poly(N-iso-
propylacrylamide), that is in the range of 1 °C at most.40,41 The
marked isotope effect implies that the results of studies of
these polyzwitterions performed in D2O, as e.g. is character-
istic of many 1H NMR or neutron scattering studies, may not
be directly transferable to their behaviour in “normal”
aqueous systems.

The reasons for the strong isotope effect are not clear at
present. Still, the strength of the observed effect as well as the
finding that effects are similarly strong for the sulfobetaine
homologues polySBP and polySPP, while they are much stron-
ger for the analogue polySHPP bearing an additional hydroxyl
group, suggest a major role of hydrogen bonding for the
effective hydration of the polyzwitterions. Interestingly, simi-
larly marked hydrogen–deuterium isotope effects were
reported for blends of poly(acrylamide) and poly(acrylic acid),

or copolymers of acrylamide and acrylonitrile also, both
showing UCST-type behaviour in aqueous solution.42,43

Cooperative complementary hydrogen bonding between the
different polymer segments has been invoked as an
explanation, which obviously cannot apply in our case. In any
case, a major role of hydrogen bonding to provoke the strong
isotope effects is also consistent with the finding that the
cloud points of the polySHPP series (Table 3) are the same or
even slightly higher than the ones of the polySPP series,14

although a priori, the additional hydrophilic hydroxyl group
would have been expected to lower the cloud points somewhat.
In contrast, the cloud points of the polySBP series are much
higher than those for polySPP, as may have been intuitively
anticipated due to the longer, and thus more hydrophobic
alkyl spacer group between the cationic and the anionic
groups. The latter finding is in full agreement with a recent
report on the behaviour of poly(acrylamide) analogs of polySPP
and polySBP.21

The UCST-type phase transition behaviour of polyzwitter-
ions in aqueous media is known to be very sensitive to the
presence of additives, in particular of inorganic salts. Not only
the amount or the ionic strength of the added salt is
important, but also the precise nature of the ions added, in
particular the nature of the anion.14–16,22,39 Therefore, we also
studied the influence of selected salts on the cloud points of
polySHPP and polySBP dissolved in H2O (Fig. 6).

When adding salts to aqueous solutions of polySHPP
(Fig. 6a), the cloud points evolve in many respects with a
similar pattern as observed for its analog polySPP14 and other
polyzwitterions bearing the ammoniopropanesulfonate
moiety.15,16 Already small amounts of a salt have a big impact,
and their efficiencies vary markedly with the nature of the
anion. Still, the addition of salts does not lead automatically
to a general “salting-in” effect as is often assumed. Instead,
the cloud points increase first, when small amounts of salts
are added, and pass through a maximum, before they decrease
finally to below freezing point when salt concentrations reach
the 100 mM range. This remarkable effect might have been
missed in the past for other polymeric ammoniopropanesulfo-
nates, because these polymers tend to adsorb strongly
inorganic salts up to stoichiometric amounts, once they have
been exposed to them.38,44 However, the absence of
contaminating inorganic salts, which possibly accumulate
during the synthesis and handling of such polymers, has been
rarely verified before studying cloud points. In fact, small
contaminations by inorganic salts might be the reason for at
least some of the apparently conflicting data on the phase
transition temperatures of certain poly(sulfobetaine)s such as
polySPE in the literature.15,16,45,46

A striking feature of the salt effects observed for the
solutions of polySHPP is however, that the effectiveness of the
anions correlates inversely with the empirical Hofmeister
series,47–49 namely, salting-in effectiveness increases in the
order Br− < Cl− < SO4

2−. This behaviour is opposite to all
previous findings for poly(sulfobetaine)s, such as polySPP14

and polySPE,15,24,39,50 or their analogues.16,51,52 The reasons

Table 3 UCST-type cloud points of 5 wt% aqueous solutions of the
polyzwitterion series polySBPn and polySHPPn

Entry Sample

Cloud point [°C]

In H2O In D2O

1 polySBP40 60 66
2 polySBP50 67 76
3 polySBP80 74 78
4 polySBP245 >100 >100
5 polySBP425 >100 >100
6 polySHPP70 <0 17
7 polySHPP80 6 18
8 polySHPP115 10 25
9 polySHPP235 13 30
10 polySHPP460 22 38
11 polySHPP505 34 51

Fig. 4 Evolution of cloud points in 5 wt% aqueous solutions with
increasing molar mass of polySBPn: (□) = in H2O, (■) = D2O; and
polySHPPn: (○) = in H2O, (●) = D2O.
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are not clear at present, but obviously, the hydroxyl group in
the spacer separating the ammonium and the sulfonate
moieties must affect the electrostatic interactions between the
ionic groups. Possibly, an intramolecular hydrogen bond is
formed between the hydroxyl and the sulfonate moieties, thus
changing the ability of the latter to interact with the
ammonium group.

Interestingly, the cloud points evolve even more differently
for aqueous solutions of polySBP in comparison with polySPP
when a salt is added (Fig. 6b). Again small amounts of a salt
make a big impact, and their efficiencies increase in the
Hofmeister anion series as SO4

2− < Cl− < Br−. However, the
cloud points decrease continuously from the very first
addition, when NaCl or NaBr are added, and do not pass
through a maximum. Increasing concentrations of Na2SO4 or
(NH4)2SO4 decrease the cloud point first, then make it pass

through a minimum in the lower 100 mM range, before they
make the cloud point slowly rise again above about
0.3 M. Such a minimum of the cloud point at intermediate to
high concentrations of sulfates is also observed for polySPP
(see the ESI†).

At present, we cannot offer a satisfactory explanation for
this puzzling behaviour. In any case, it becomes clear that the
effects of inorganic salts on polyzwitterions are complex. The
interactions are not only sensitive to the precise nature of the
ionic groups involved, but also to the detailed structure of the
spacer group separating the cationic and the anionic moieties
of the zwitterions. Importantly, we note that the chloride
anion interacts rather effectively with all the poly(sulfobetaine)s
studied here, so that their cloud points vanish in physiological
NaCl solution (9 g L−1, 0.15 M). Moreover, for selected examples,
we compared the effect of a given concentration of an added
salt on the cloud points in H2O and D2O. We found in all cases
that the cloud point is shifted by nearly the same value in either
solvent.

Fig. 5 Concentration dependent evolution of cloud points in aqueous
solution of (a) polySBP40: (□) = in H2O, (■) = D2O; polySBP80: (○) = in
H2O, (●) = D2O and of (b) polySHPP80: (△) = H2O, (▲) = D2O;
polySHPP505: (▽) = H2O, (▼) = D2O.

Fig. 6 Evolution of the cloud points in 5 wt% aqueous solutions (H2O)
containing inorganic salts of poly(sulfobetaine)s polySHPP505 (a) and
polySBP80 (b): (△) = NaCl, (▽) = NaBr, (+) = Na2SO4, (×) = (NH4)2SO4.
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Conclusions

Zwitterionic monomers 2-hydroxy-3-((3-methacrylamidopropyl)
dimethylammonio)propane-1-sulfonate (SHPP) and 4-((3-
methacrylamidopropyl)dimethylammonio)butane-1-sulfonate
(SBP) were synthesised in good to excellent yields. They could
be smoothly polymerised by reversible addition–fragmentation
chain transfer polymerisation (RAFT) in a homogeneous
solution in trifluoroethanol, without affecting the tacticity
compared to the standard radical polymerisation process. The
RAFT method enables facile incorporation of functional end
groups, such as those bearing a fluorescent label, into the
polymers.

Both polySHPP and polySBP are thermo-responsive in
aqueous solution, exhibiting a UCST-type coil-to-globule phase
transition, depending on the polyzwitterions’ concentration
and molar mass. The chemical structure of the spacer group
separating the ammonium and the sulfonate groups strongly
affects the phase transition temperature, too. The effects seem,
however, difficult to predict so far. The cloud point of polySBP
is much higher than the one of the homologue polySPP of a
comparable molar mass, as anticipated from a simple analysis
of the hydrophilic and hydrophobic groups contained. In
contrast, the cloud point of polySHPP is similar, or even
slightly higher than the one of the analogous polySPP, despite
the incorporation of an additional hydrophilic hydroxyl group
into the spacer. These findings suggest a rather complex
influence of the spacer group on the hydrophilicity of the
zwitterionic moiety. It is noteworthy that the cloud points in
H2O and D2O differ substantially for both polymer series, in
which the differences are considerably more pronounced for
polySHPP. This must be taken into account for interpreting
studies of such polyzwitterions using deuterated solvents.

In agreement with the well-known anti-polyelectrolyte effect
reported for other polyzwitterions, including polySPP, the solu-
bility of both polySHPP and polySBP in water is very sensitive
to the addition of inorganic salts. The effectivity of salts in
modulating the cloud point can be correlated with the empiri-
cal Hofmeister series. Still, the cloud points of the three poly-
mers show characteristic differences in their detailed
behaviour upon salt addition. The cloud point of polySHPP
passes through a maximum with increasing amounts of salt
added, similar to the behaviour of polySPP, but the anion
effects on polySHPP correlate inversely with the Hofmeister
series. In contrast, the cloud points of polySBP decrease mono-
tonously when sodium halogenides are added, but pass
through a minimum in the case of added sulfates. These salt
effects await understanding, as they will affect not only the use
of such polymers in responsive systems, but also in all
potential applications in biological or environmental systems
that inherently contain low molar mass electrolytes. In any
case, our findings show that apparently small variations of the
spacer group separating the anionic and the cationic moieties
of sulfobetaines are a surprisingly effective structural
parameter for modulating the phase transition temperature of
these polyzwitterions in specific aqueous environments.
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