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Zwitterionic Poly(sulfobetaine methacrylate)s in Water: From 
Upper Critical Solution Temperature (UCST) to Lower Critical 
Solution Temperature (LCST) with Increasing Length of One Alkyl 
Substituent on the Nitrogen Atom  

Ning Wang,a,b Bryan T. Seymour,a Evan M. Lewoczko,a Ethan W. Kent,a Ming-Li Chen,*b Jian-Hua 
Wang,b and Bin Zhao *a

By gradually increasing the length of one linear alkyl substituent 

from one to seven carbon atoms on the nitrogen atom while 

keeping another substituent as a methyl group, poly(sulfobetaine 

methacrylate)s are found to exhibit a wide range of solution 

behavior in water, ranging from UCST, to totally soluble in water, 

to LCST, and then insoluble in water. 

Zwitterionic polymers,1-13 which contain two ionic groups of 
opposite signs in each repeat unit, have received enormous 
attention because of their intriguing properties, such as 
superior hydrophilicity,1,2 antipolyelectrolyte effect,3,4 and 
stimuli-responsiveness,3-9 and their great potential in a wide 
variety of applications, including antifouling,1,2,10 
lubrication,11,12 and cryopreservation.13 Poly(3-((2-
methacryloyloxyethyl)dimethyl ammonio)propane-1-
sulfonate) (PDMPS) and poly(3-(N-(3-
methacrylamidopropyl)dimethylammonio)propane-1-
sulfonate) are two well-known examples of zwitterionic 
polymers that exhibit a UCST in water.3-6,9 Their UCST transitions 
originate from the strong intra- and inter-molecular 
electrostatic interactions between zwitterionic groups;7 
increasing temperature overcomes the electrostatic inter-
locking of polyzwitterions and dissolves the polymers in water.  

Studies have been performed in order to elucidate the effects 
of structural variations of polysulfobetaines on 
thermoresponsive properties,3,14-18 and interestingly, the 
findings are often counterintuitive. For example, introducing a 
hydrophilic hydroxyl group between the ammonium and the 
sulfate group increases the cloud point (CP) of the polymer in 
water;14 replacing dimethylammonio with a six-membered 
piperidinio ring makes the polymer totally soluble in water in 

the temperature range of 0 – 100 C, despite the fact that the 
alkyl ring substituent is larger and more hydrophobic.15 The 

increased solubility of zwitterionic polymers in water with the 
increase of the alkyl size was believed to result from the 
decrease in electrostatic interactions between zwitterions 
caused by the steric hindrance of larger alkyl groups. Intrigued 
by these observations, we embarked on an effort to investigate 
the effect of substituents at the nitrogen atom in 
poly(sulfobetaine methacrylate). Apparently, the increase in 
the solubility of zwitterionic polymers in water with increasing 
length of alkyls at the nitrogen atom, compared with PDMAPS, 
has a limit. The water solubility of these polymers stems from 
the hydration of zwitterions, whereas the longer alkyl groups 
introduces a stronger hydrophobic effect, which is known to be 
the origin of the lower critical solution temperature (LCST) of 
polymers in water.19,20 Thus, it is possible that LCST-type 
thermoresponsive zwitterionic polymers could emerge. At even 
longer lengths, the polymers will likely be insoluble in water. 

 

Scheme 1. Synthesis of Sulfobetaine Methacrylate Monomers 
with Different Alkyl Substituents at the Nitrogen Atom and 
Corresponding Polymers. 

To study the effect of varying the alkyl length at the nitrogen 
atom in poly(sulfobetaine methacrylate) on polymer’s solution 
behaviour in water, we synthesized a series of 3-((2-
methacryloyloxyethyl)(methyl)(n-alkyl)ammonio)propane-1-
sulfonate monomers (Scheme 1). For the two substituents at 
nitrogen, we kept one as methyl group and varied the length of 
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another substituent, linear alkyl n-CnH2n+1, systematically from 
n = 1 to 7. We maintained one methyl group because its small 
size would allow strong ion-dipole interactions between 
zwitterions and water molecules. Except monomer M1, all 
other monomers were made through a three-step procedure 
(Scheme 1), starting from the reaction between N-
methylethanolamine and n-alkylbromide to produce a tertiary 
amine, followed by the reaction with methacryloyl chloride to 
form 2-(N-methyl-N-(n-alkyl)aminoethyl methacrylate).21 
Sulfobetaine methacrylate monomers were then obtained by 
the reaction with 1,3-propanesultone.14-18 Interestingly, we 
found that at ambient conditions M1, M2, M6, and M7 are 
powders and M5 is a wax, whereas M3 and M4 are highly 
viscous liquids. We believe that the different appearances of 
these monomers reflect the differences in their intermolecular 
interactions. The characterization data are included in the ESI.     

Zwitterionic polymers were synthesized from the 
corresponding methacrylate monomers by reversible addition-
fragmentation chain transfer polymerization14,15,22,23 conducted 
in 2,2,2-trifluoroethanol using 2,2’-azobis(2-
methylpropionitrile) as initiator and n-butyl (2-cyano-2-propyl) 
trithiocarbonate as chain transfer agent. The polymers were 
purified by dialysis using regenerated cellulose tubular 
membrane with nominal MWCO of 3500 against Milli-Q water 
and then freeze-dried. A total of 10 zwitterionic 
polymethacrylates were obtained. For polymers made from 
M1-M6, the molecular weights and dispersities were measured 
by using a size exclusion chromatography (SEC) system with a 
0.2 M aqueous NaNO3 solution as the eluent, relative to narrow 
disperse PEO standards. The polymer made from M7 was found 
to be insoluble in water; although it is soluble in 0.2 M aqueous 
NaNO3 solution, no polymer was eluted out from the SEC  
system. The characterization data are summarized in Table 1. 
The somewhat large dispersity (Ð) values indicated that the 
polymerizations were not controlled, for which the reason is 
unclear at this point.   

Table 1. Molecular Characteristics and Solution Behaviour in 
Water of Poly(sulfobetaine methacrylate)s with Different Alkyl 
Substituents on the Nitrogen Atom 

Sample Monomer 
Mn,SEC 
(kDa)a 

Ða 
Behaviour 
in Waterb 

Cloud 
Point 

c 

P1 M1 9.1 1.80 UCST 31.4 
C P2-1 M2 9.6 1.91 Soluble - 

P2-2 M2 8.0 1.78 Soluble - 

P3-1 M3 10.2 1.79 Soluble - 

P3-2 M3 5.5 1.82 Soluble - 

P4-1 M4 4.4 2.41 Soluble - 

P4-2 M4 4.1 3.10 Soluble - 

P5-1 M5 2.6 3.00 LCST 50.8 
C P5-2 M5 19.7 2.17 LCST 48.9 
C P6 M6 14.1 3.09 LCST 22.3 
C P7 M7 NA NA Insoluble - 

a Number average molecular weight (Mn,SEC) and dispersity (Ð) 
were determined by aqueous size exclusion chromatography 
(SEC) using 0.2 M NaNO3 aqueous solution as eluent, relative to 
narrow disperse poly(ethylene oxide) standards. b The solution 

behaviour of each polymer in water was visually examined in 

the temperature range of 0 to 100 C at a concentration of 
either 10 mg/g. c The cloud point in water was determined at a 
concentration of 10 mg/g by a UV-vis spectrometer. 

To study the solution behaviour in water, a 1 wt% mixture in 
Milli-Q water was made for each of these zwitterionic polymers, 
and either a cold temperature (in an ice/water bath) or an 
elevated temperature was used to facilitate the dissolution of 
the polymers in water. Consistent with the literature report,5 P1 
is soluble in water at elevated temperatures but precipitated 
out at lower temperatures, a characteristic of UCST-type 
thermoresponsive polymers.5-9 Despite longer alkyl 
substituents at the nitrogen atom compared with P1, P2-1, P2-
2, P3-1, P3-2, P4-1, and P4-2 were found to be completely 
soluble in water, forming clear aqueous solutions that remained 

clear in the temperature range of 0 – 100 C. Intriguingly, P5-1, 
P5-2, and P6 exhibited LCST-type thermoresponsive properties 
in water; at lower temperatures (e.g., in an ice/water bath) they 
were completely soluble in water, but the solutions turned 
cloudy upon heating. On the other hand, P7 is insoluble in 
water, regardless of the temperature. Figure 1 shows the optical 
photos of 1wt% solutions of P1, P3-2, P5-2, and P6 at 10, 65, and 

90 C, as well as a 1 wt% mixture of P7 in Milli-Q water. 

 

Figure 1. Optical photos of 1 wt% solutions of P1, P3-2, P5-2, 
and P6 in Milli-Q water as well as 1 wt% mixture of P7 in Miili-Q 

water at 10 C (top row), 65 C (middle row), and 90 C 
(bottom). P7, which is insoluble in water, is on the bottom of 
the vial. 
 

The CPs of P1, P5-1, P5-2, and P6 in water at various 
concentrations were determined by using a UV-vis 
spectrometer to record the transmittance of the solutions at 
500 nm as a function of temperature. The samples were heated 
from a lower temperature or cooled from an elevated 
temperature gradually and at each selected temperature were 
equilibrated for 1 min prior to the transmittance measurement. 
Figure 2 shows the transmittance data for the four polymers, 
from which the CPs were determined to be the temperatures at 
which 50% of transmittance change occurred.24 Evidently, P1 
exhibited a UCST transition in water, with higher transmittances 
at higher temperatures and lower transmittances at lower 
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temperatures, whereas P5-1, P5-2, and P6 displayed LCST 
behaviours. Regardless of the type of transition, a common 
feature shown by all polymers is that the transition is sharper 
when the concentration is higher, which is reasonable because 
the aggregation occurred faster when more polymer molecules 
were present in the solutions. Note that during the revision of 
this paper we made a new 1 wt% aqueous solution for each of 
the four polymers and measured the transmittances in both 
heating and cooling processes (Figure S12). The differences 
between the transition temperatures from the heating and 

cooling curves for all of the polymers were small (< 2 C), similar 
to other types of thermoresponsive polymers.28,30  

 

Figure 2. Plots of transmittance recorded at 500 nm using a UV-
vis spectrometer versus temperature for solutions of (A) P1, (B) 
P5-1, (C) P5-2, and (D) P6 with various polymer concentrations 
in Milli-Q water. The data were obtained from cooling processes 
for P1 and heating processes for P5-1, P5-2, and P6. 

The CPs of the four polymers in water at various 
concentrations determined from Figure 2 are summarized in 
Figure 3A, showing the effect of polymer concentration on CP. 
For P1, the CP increased with increasing concentration, from 

21.3 C at 0.1 wt% to 35.3 C at 3 wt%, a characteristic of UCST-
type thermoresponsive polymers in a liquid medium.5-8,25-28 In 
contrast, for P5-1, P5-2, and P6, the CP decreased with 
increasing concentration, a feature well known for LCST-type 
thermosensitive polymers.29,30 At 1 wt%, the cloud points of P5-

1 and P5-2 were 50.8 and 48.9 C, respectively, consistent with 
the expectation that a higher molecular weight would lead to a 
lower cloud point.29,31 The small difference between the CPs of 
P5-1 and P5-2 at the same concentration indicated that the 
molecular weight has a rather small effect on CP for this 
zwitterionic polymer. Increasing the length of one substituent 
from 5 carbon atoms in P5-1 and P5-2 to 6 carbon atoms in P6 
was found to decrease the CP significantly; the CP of P6 at 1 wt% 

was 22.3 C, which is about 27 C lower than that of P5-2 at the 
same concentration. Note that the molecular weights of P5-2 
and P6 were similar, although the dispersity of P6 (3.09) was 
slightly higher than that of P5-2 (2.17). This is in line with the 
observation for the CPs of LCST-type thermosensitive 
poly(oligo(ethylene glycol) (meth)acrylate)s in water.29,32 In 
general, the CPs of UCST-type thermoresponsive polymers vary 
to a larger extent with concentration than LCST-type 

polymers.5,26, 28-31 Here, however, it appears that the UCST and 
LCST-type thermoresponsive zwitterionic polymers behaved 
similarly, as can be seen for P1 and P6 (Figure 3A). 

Zwitterionic polymers are known to exhibit an 
antipolyelectrolyte effect; an increase in solution viscosity is 
observed with the addition of a low molar mass salt as a 
consequence of more extended conformations (i.e., the 
solubility increases with increasing salt concentration).3,5,33 On 
the other hand, the CP of a LCST-type thermoresponsive 
polymer in water usually decreases with increasing 
concentration of kosmotropic ions.30,34-36 Thus, it would be 
interesting to study how the concentration of a salt affects the 
CPs of P1, P5-1, P5-2, and P6 in water. Here we chose NaCl for a 
preliminary investigation in both heating and cooling processes 
(Figure S13), and the results from the cooling process for P1 and 
heating process for other three polymers are presented in 
Figure 3B. (As shown in Figure S13, the differences between the 
transition temperatures from heating and cooling are small for 

all of the four polymers (< 2 C).) For P1, the CP decreased with 
the increase of the concentration of NaCl, indicating that the 
solubility of the polymer is improved with the addition of NaCl, 
which is in agreement with the reports in the literature for P1.33 
Interestingly, there is a general trend that the CP for P5-1, P5-2, 
and P6 increased with increasing the salt concentration, 
although for P5-1 and P5-2 the CP decreased initially after the 
addition of NaCl followed by a smooth increase. The reason for 
the initial decrease is unclear; we repeated the experiment 
multiple times and observed the same phenomenon. The trend 
seen for P5-1, P5-2, and P6 is in stark contrast to the common 
observation for LCST-type thermoresponsive polymers in 
water,34-36 which reflects an anti-polyelectrolyte effect. 
Moreover, the effect on CP with the addition of NaCl varied 
among the four polymers, with the impact being the largest for 
P5-1 and P5-2. By increasing the NaCl concentration from about 

5 to 20 mM, the CP for both polymers increased by > 22 C. In 
the similar salt concentration range, the CP for P6 increased by 

only about 6 C. We speculate that this is related to the 
solubility of the polymer in water. For P5-1 and P5-2, the 
solubility in water is significantly better than P6, which can be 
seen from their higher CP in water. Addition of a small amount 
of NaCl could result in a large improvement in solubility.        

 

Figure 3. (A) Plots of cloud point (CP) versus polymer 
concentration in water for P1, P5-1, P5-2, and P6. (The CPs were 
determined from the data in Figure 2.) (B) Plots of CP for P1, P5-
1, P5-2, and P6 at 1 wt% versus NaCl concentration. 

The observed solution behaviour pattern for the studied 
poly(sulfobetaine methacrylate)s in water is believed to result 
from the two competing effects: the reduction of attractive 
electrostatic interactions between zwitterionic groups and the 
introduction of a stronger hydrophobic effect with increasing 
length of one alkyl substituent. When the two substituents are 
small methyl groups, the intra- and inter-molecular electrostatic 
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interactions between zwitterionic groups are stronger at lower 
temperatures, making the polymer insoluble in water. Upon 
heating, the attractive electrostatic forces between zwitterionic 
groups become weakened and the interactions between 
zwitterionic groups and water molecules are favoured, resulting 
in the dissolution of the polymer in water. With changing one 
substituent from methyl to ethyl, n-propyl, and n-butyl while 
keeping another methyl group in place, the longer hydrophobic 
alkyl groups sterically disrupt the electrostatic locking of 
zwitterions and decreases the electrostatic attractive forces 
between zwitterions, making the polymers totally soluble in 
water. On the other hand, a long alkyl substituent increases the 
entropic penalty due to the hydrophobic effect. However, the 
large enthalpic gain from the hydration of zwitterionic groups 
outweighs the entropic penalty from the hydrophobic effect, 
and the polymers are fully soluble in water in the entire 

temperature range of 0 – 100 C. Further increasing the length 
of one substituent to n-pentyl and n-hexyl, however, results in 
a larger entropic penalty. Although a soluble state is still 
favoured at lower temperatures, it is not at higher 
temperatures. Consequently, the polymers exhibit LCST-type 
thermoresponsive properties. Note that these are the first 
zwitterionic sulfobetaine polymers that are reported to exhibit 
explicit LCST transitions in water. Further increasing the length 
to n-heptyl, the entropic penalty is too large for the polymer to 
be soluble in water. 

Conclusions 

In summary, we synthesized a series of zwitterionic poly(3-((2-

methacryloyloxyethyl)(methyl)(n-alkyl)ammonio)propane-1-

sulfonate)) homopolymers with the length of n-alkyl substituent 

gradually increasing from 1 to 7 carbon atoms and studied their 

solution properties in water in the temperature range of 0 – 100 

C. While P1 exhibited a UCST in water, P2, P3, and P4 are totally 

soluble in water. Intriguingly, P5 and P6 displayed LCST-type 

thermoresponsive properties in water; further increasing the 

alkyl length to n-heptyl resulted in a water-insoluble polymer. 

This interesting solution behaviour pattern is believed to be 

caused by the competition between the reduction of 

electrostatic attractive interactions between zwitterionic 

groups and the introduction of a stronger hydrophobic effect. 

The discovery of LCST-type thermoresponsive zwitterionic 

polymers could further expand the scope of zwitterionic 

polymers and their potential applications. 
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