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ABSTRACT: Stimuli-responsive polymers have received increasing interest for a variety of applications. Here, we report a series
of unique charge-determined thermoresponsive polypeptoids synthesized by a combination of ring-opening polymerization and
click chemistry. The LCST-type and UCST-type behavior is mainly dominated by the charge state on the side chain. Further, the
phase transition temperature highly depends on the degree of polymerization, the side-chain architecture, the pH value, and so
on. The obtained polypeptoid solutions exhibit good stability against temperature and salt concentration. To our knowledge, this
report presents the first charge-determined LCST/UCST-type polymer from identical homopolymer backbone that displays a
wide range of tunable cloudy points in aqueous media. We propose the hydrogen-bonding interaction plays a critical part on the
solution behavior. These features make polypeptoids ideal candidates for highly designable stimuli-responsive polymeric
materials.

■ INTRODUCTION

Thermoresponsive polymers, a class of promising smart
materials, have received extensive interest for both fundamental
research and applications in the past two decades.1,2 In
particular, water-soluble thermoresponsive polymers are
capable of exhibiting a reversible phase transition to temper-
ature in aqueous media.3 They offer great potential for
biomedical applications such as protein delivery, smart
hydrogels, and surface science.4 A majority of thermoresponsive
polymers show typical lower critical solution temperature
(LCST) behavior,5−9 such as poly(N-isopropylacrylamide)
(PNIPAM), OEG-grafted (meth)acrylates polymers, and
polypeptides. The LCST-type polymer undergoes a phase
transition from a hydrated state to a dehydrated state upon
heating. In contrast, the reported polymers exhibiting upper
critical solution temperature (UCST) behavior are relatively
rare, such as poly(sulfobetaine) and poly(N-acryloylglycina-
mide).10−15 The UCST-type polymer shows a miscibility gap at
low temperature. In most cases, the UCST behavior is observed
in organic solvents or organic/water mixtures. Only a few

polymers were reported to display UCST behavior in aqueous
solution, particularly under physiologic conditions.11,16 Poly-
mers that can exhibit both LCST and UCST behavior under
mild and physiologic conditions have been barely reported.17,18

It has been reported that copolymerization is one of the
strategies by tuning the types and compositions of mono-
mers.13 A recent study shows that copolymers composed of N-
acryloylglycinamide and diacetone acrylamine have either
LCST- or UCST-type transitions, depending on the
compositions, degree of polymerization (DP), polymer
concentration, and so on.19 A new generation of smart
polymers with finely tunable LCST/UCST properties is
desired.20

Polypeptoids are a promising class of peptidomimetic
polymers based on an N-substituted glycine backbone.21
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They offer great advantageous properties for both fundamental
research and applications in biotechnology. Due to the
similarity in structure to polypeptides, the polypeptoids exhibit
excellent biocompatibility and potential bioactivities.22−24 The
lack of inter- and intrachain hydrogen bonding and chirality in
the main chain results in a potentially flexible backbone. The
properties of polypeptoids are mainly dominated by the side-
chain identity, which offers a unique and facile way to tailor the
properties of the polymers by structural design of the side
chains. Further, the polypeptoids are highly designable in terms
of synthetic approaches. In addition to solid-phase method, the
ring-opening polymerization (ROP) has emerged as an effective
method to produce the polypeptoids with high molecular
weights in high yields.25−27 The postmodification of the well-
defined polypeptoid precursors offer a convenient method to
prepare polypeptoids with versatile functionalities.28,29

We have previously prepared a family of pegylated nonionic
polypeptoids that exhibits lower critical solution temperature
(LCST) behavior.30 Unlike our previous study, we synthesized
a family of ionic polypeptoids with tunable thermal-responsive
property in this study. The synthetic method combines ring-
opening polymerization (ROP) technique with thiol−ene/yne
click chemistry. The obtained polypeptoids show either LCST-
type or UCST-type behavior, depending on the side-chain
charges. Moreover, the phase transition of the polypeptoids in
both cases is pH-sensitive. The influence of the side-chain
architecture, the degree of polymerization (DP), and the
polymer concentration on the solution properties of the
polypeptoids has been systematically investigated. We propose
the phase transition temperature is highly dependent on the
hydrogen bonding of the system. To our best knowledge, this is
the first report of a charge-determined thermoresponsive
polymer from an identical homopolymer backbone.

■ EXPERIMENTAL SECTION
Materials and Methods. Glyoxylic acid (50 wt % in H2O) and

allylamine (98%) were purchased from Shandong Xiya Chemical Co.,
Ltd. Progargylamine was purchased from Nantong Camry Chemical
Co., Ltd. Benzylamine (99%), cysteamine hydrochloride (98%),
mercaptoacetic acid (99%), di-tert-butyl dicarbonate, and 2,2-
dimethoxy-2-phenylacetophenone (DMPA) were purchased from
Aladdin reagent. Phosphorus trichloride and trimethylamine were
purchased from Sinopharm Chemical Reagent Co., Ltd. 3-
Mercaptopropionic acid was purchased from Adamas Reagent Co.,
Ltd. Dichloromethane (DCM), hexane, and tetrahydrofuran (THF)
were purified by passing through activated alumina columns prior to
use. The rest of chemicals were purchased from commercial suppliers,
which were used without further purification unless otherwise stated.
1H and 13C NMR spectra were recorded on Bruker AV500 FT-NMR
spectrometer. Tandem gel permeation chromatography (GPC) was
performed at 50 °C using an SSI pump connected to Wyatt Optilab
DSP with 0.02 M LiBr in DMF as eluent at flow rate of 1.0 mL/min.
The concentrations of GPC samples were ∼5 mg/mL. The molecular
weights were calibrated against polystyrene (PS) standards. Fourier
transform infrared (FTIR) spectra were recorded from 2000 to 1400
cm−1 on a Horiba−Jobin Yvon FluoroMax-4 spectrofluorometer. All
the sample solutions were cast on KBr plates at different temperatures
before measurement. We defined the cloud points (CPs) as the
temperature at the transmittance of 50% during the heating process.
All the CPs were measured by monitoring the transmittance of a 500
nm light beam through a quartz sample cell on a Shimadzu UV-2910
spectrometer. The heating/cooling rate is 1 °C/min. Circular
dichroism spectra were recorded on an applied photophysics chirascan
CD spectrometer. The solution was placed into a quartz cell with a
path length of 0.1 cm. The electrophoretic mobility (μE) of the
aggregates in dependence of pH was measured on a Malvern Zetasizer

Nano ZS. Zeta-potentials (ζ) were calculated with the Smoluchowski’s
formula: ζ = μEη/ϵ, where η denotes the viscosity and ϵ the
permittivity of the solution. Solutions were prepared by dissolving the
polymer in water at desired concentrations, followed by titration of the
initial solution to the desired pH using 1 M HCl or 1 M NaOH,
respectively.

Synthesis of 2-(Allylamino)acetic Acid Hydrochloride (a).
Glycoxylic acid solution (60 g) was mixed with 300 mL of CH2Cl2 in
the reaction flask. A total of 15 mL of allylamine was added slowly, and
the reaction was stirred for 6 h at room temperature. The CH2Cl2 was
then removed by rotavapor. An aqueous solution of HCl (300 mL, 1.0
M) was added, followed by refluxing in 110 °C and stirring overnight.
Brown solid was further purified by recrystallization in methanol/THF
(30 mL/300 mL) at −10 °C overnight after water was removed by
rotavapor. The resulting compound was obtained by filtered and dried
under vacuum (14.1 g, 46.5% yield). 1H NMR (500 MHz, D2O) δ
5.81 (m, 1H), 5.43 (t, 2H), 3.79 (s, 2H), 3.64 (d, 2H).

Synthesis of 2-(Allyl(tert-butoxycarbonyl)amino)acetic Acid
(b). A total of 12 g a was dissolved in 200 mL of water. A total of 21.4
g di-tert-butyl dicarbonate and 27 mL of triethylamine was then added
and stirred overnight at room temperature. The mixture was washed
by hexane (3 × 100 mL) to remove unreacted di-tert-butyl dicarbonate
followed by adjusting pH to 3 with 4 M aqueous HCl; an aqueous
phase was then extracted with ethyl acetate (3 × 100 mL). The
supernatant was separated and washed with brine and dried with
anhydrous Na2SO4. The white solid was collected after the solvent was
removed by rotavapor (6.1 g, 71.7%). 1H NMR (500 MHz, CDCl3) δ
5.77 (m, 1H), 5.16 (t, 2H), 3.98 (s, 2H), 3.88 (d, 2H), 1.43 (s, 9H).

Synthesis of N-Allyl N-Carboxyanhydride (Allyl-NCA, c). A
total of 6 g b was dissolved in 250 mL of anhydrous CH2Cl2 under
nitrogen in a 500 mL flask. A 2.5 mL aliquot of PCl3 was then added
dropwise to the reaction solution and the system was stirred for 3 h in
an ice bath. After the solvent was removed under vacuum, the oil was
extracted with 15 mL of CH2Cl2 and filtered. In a glovebox, further
purification was performed from anhydrous THF/hexane. After 4−5
times dissolving/precipitating cycles, clear oil was obtained (2.2 g,
53.4%). 1H NMR (500 MHz, CDCl3) δ 5.78 (m, 1H), 5.34 (d, 2H),
4.07 (s, 2H), 4.01 (d, 2H).

Synthesis of Poly(N-allyl glycine) (PNAG). In a typical
procedure, the allyl-NCA (300 mg, 2.12 mmol) dissolved in 3 mL
of anhydrous THF, followed by adding a stock solution of
benzylamine (3.61 wt % in THF). The solution was stirred at 50 °C
for 24 h with nitrogen protection, and the polymerization progress was
monitored by FTIR. The solution was precipitated into an excess of
hexane. The product was dried under reduced pressure to yield a white
solid (74.2% yield). All the other polymers were prepared in a similar
way according to the designed NCA to initiator ratio.

Poly(N-propargylglycine) (PNPG) was synthesized by following a
published procedure.28

General Procedure for Modification with Cysteamine
Hydrochloride/3-Mercaptopropionic Acid. Typically, cysteamine
hydrochloride (1.19 g, 10.5 mmol) or mercaptoacetic acid (1.12 g,
10.5 mmol), PNAG (100 mg, [SH] = 1.05 mmol, [SH]/[CC] =
10), and DMPA (13 mg, 0.053 mmol) were dissolved in 1 mL of
DMF. The system was degassed and then irradiated with UV light at
room temperature for 3 h. After dialyzed for 3 days and lyophilized,
white solid was achieved (75.4% yield). All the other PNAG and
PNPG were modified in a similar way.

■ RESULTS AND DISCUSSION
The N-propargyl N-carboxyanhydride (NPG-NCA) and N-allyl
N-carboxyanhydride (Allyl-NCA) monomers were synthesized
following reported methods (Scheme S1).31 The chemical
structure of the monomers was confirmed by 1H NMR
spectroscopy (Figures S1 and S2). The homopolymers were
then synthesized by ring-opening polymerization (ROP) of
both NCA monomers with a nucleophilic initiator benzylamine
(Scheme 1). The polymerization was monitored by FTIR. The
disappearance of two characteristic νCO peaks of the
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monomer at 1790 and 1860 cm−1 was considered as complete
conversion of NNCA monomers to polypeptoids.32 All peaks of
the obtained polypeptoids are well assigned in the 1H NMR
spectra, which confirm the chemical structures (Figures 1 and
S2). A series of homopolypeptides with different degrees of
polymerization (DPs) were then synthesized by varying the
ratio of NCA to the initiator. The average DPs of PNPG and
PNAG were in the range of 41−107 and 21−79, respectively.
Table 1 summarized the molecular characteristics of both
polymers PNPGn and PNAGn, where the subscript n represents
the average DP of both polymers. 1H NMR spectroscopy was
used to determine the molar ratio and molecular weight of the
blocks. The DPs were obtained from the proton integral ratios
of allyl group or propargyl group to the phenyl group. The
GPC trace shows a narrow molecular weight distribution with

dispersity (Đ) ≤ 1.31, indicating the well-controlled polymer-
ization (Figure S3).
The polypeptoids were subsequently modified with thiol-

terminated regents to yield functionalized polypeptoids
(Scheme 1). PNAG was conjugated with cysteamine hydro-
chloride and mercaptoacetic acid to yield PNAG-NH2 and
PNAG-COOH, respectively. Figure 1b shows a typical 1H
NMR spectrum of PNAG-NH2, where the protons of newly
formed CH2SCH2 linkage at δ ∼ 2.53−2.88 ppm are visible.
Further the protons of alkenyl group at 5.01−5.94 ppm entirely
disappear, which indicates the virtually quantitative conversion
of alkenyl group. The chemical structure of PNAG-NH2 was
further confirmed by FTIR, shown in Figure 2. A characteristic
stretching band of at 3081 cm−1 (νC−H) is completely absent
after the modification, confirming the quantitative conversion.
The successful modification of PNAG with mercaptoacetic acid
was also confirmed by 1H NMR and FTIR (Figures 1a and 2).
PNPG was modified in a similar way to yield PNPG-(NH2)2
and PNPG-(COOH)2 with branched side chains, respectively.
Similarly, the results suggest the successful modification
(Figures S4 and S5). In a typical 13C NMR spectrum, the
absence of protons at 73.8−79.7 ppm suggests the complete
conversion of the alkynyl groups (Figure S4).
All of the polypeptoids modified with mercaptoacetic acid

can readily dissolve in alkaline solution. Due to the presence of

Scheme 1. Synthetic Pathways of Polymerization of NPG-
NCA and Allyl-NCA Monomers and Subsequent Radical
Thiol Additiona

aReaction conditions are described in the text.

Figure 1. Representative 1H NMR spectra of (a) PNAG46-COOH; (b) PNAG46-NH2; (c) PNAG46 in DMSO (* indicates DMSO).

Table 1. Molecular Parameters of Homopolypeptoids

samples
feed ratioa

(NCA/initiator) nb
Mn

b

(kg/mol)
Mn

c

(kg/mol)
dispersityc

(Đ)

PNPG41 40 41 3.8 2.8 1.21
PNPG83 80 83 7.8 4.1 1.27
PNPG107 110 107 10.7 4.9 1.16
PNAG21 20 21 1.8 4.8 1.31
PNAG46 40 46 4.4 4.5 1.13
PNAG55 60 55 5.8 5.2 1.10
PNAG79 80 79 7.6 6.2 1.09

aFeed molar ratio of NCA/initiator. bCalculated from 1H NMR
spectra. cDetermined from GPC; n represents the average DP of
PNPG or PNAG.
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carboxylic acid groups on the side chains, the polymers are
expected to show pH-responsive behavior in aqueous solution.
The desired pH value was adjusted by HCl or NaOH solutions.
At pH ≥ 4.5, a clear solution of PNPG41-(COOH)2 is obtained
at a concentration of 2 mg/mL over the entire experimental
temperature window (Figure 3a). As pH is decreased to 4.2, the
solution appears cloudy at ambient temperature. This is due to
the increasing content of protonated −COOH moieties that
decrease the solubility of the polypeptoid.33 Note that the
poly(L-glutamic acid) analog was reported to show a pKa of
∼4.3.34 Upon heating, the polymer solution shows phase
transitions from cloudy to clear. Figure 3a shows the
transmittance increases from 0% to 100% as the temperature
increases from 20 to 80 °C. We defined the cloud point (CP)
as the temperature at the transmittance of 50% during the
heating process, which was determined to be 35 °C in this case.
During the cooling process, reversible phase transition is
observed. The transmittance recovers completely to 0%,
resulting in the CPcooling of 33 °C. This indicates a typical
UCST behavior. The CP determined in the cooling ramp is
slightly lower (2 °C) than that in the heating ramp. The
hysteresis is possibly due to the overcooling during
dehydration.35 We have previously reported that pegylated
polypeptoids show LCST behavior due to the presence of
oligo(ethylene glycol) (OEG) groups.30 Unlike previous
results, herein we incorporated the carboxylic acid groups on
the side chains, which largely enhance the polymer−polymer

interactions via inter- and intrachain hydrogen bonding
between amide groups on the backbone and −COOH groups
on the side chain.36 Upon heating, the phase transition
occurred driven by thermally controlled reversible hydrogen
bonding. This is not unexpected as the thermal-responsive
property is dependent on many effects. It was previously
reported that the zwitterionic groups can lead to the cluster
formation that largely influences the thermal-responsive
properties of the polypeptoid system.37 Furthermore, the
transition of cis backbone conformation to a mixture of cis
and trans conformation is also related to the phase transition
behavior.38 FTIR was further used to explore the influence of
hydrogen bonding on phase transition behavior (Figure S6).
The characteristic band of −COOH at ∼3400 cm−1 (νOH) is
significantly reduced at high temperature, indicating the
hydrogen bonding formation between the polymer with water
molecule. Further decreasing pH to 4.0 results in a turbid
solution in the absence of the UCST behavior, due to the
increased protonation degree of the −COOH groups.
Interestingly, the UCST behavior is pH-responsive with
extremely narrow transition of ΔpH = ∼0.2.
To quantify the percent protonation/deprotonation of the

−COOH groups, we performed zeta-potential (ζ) measure-
ment. The ζ percent based on the ζ (= −23.1 mV) of the
solution at pH ≥ 7 is plotted as a function of pH (Figure S7).
An abrupt increase is observed as pH ranges from 4 to 5. The
percentages of ζ are observed to 6% and 97%, suggesting nearly
complete protonation and deprotonation at pH 4.0 and 4.5,
respectively. At pH 4.2, the ζ percent of 72% shows that the
same amount of −COOH group is deprotonated. This
indicates the slight variation in ζ percent can lead to the
different thermal-responsive property. It is noteworthy that the
previously reported poly(N-(2-carboxyethyl)glycine) with
pendant COOH groups exhibit excellent water solubility.39

Distinct from the reported one, PNPGn-(COOH)2 contains
additional thioether groups on side chains with branched
architecture, which are generated by thiol−yne click chemistry.
The difference in structure varies the hydrophilic−hydrophobic
balance of the system. All of these features result in the pH-
dependent UCST-type thermoresponsive behavior in the
polymer. Note that the polypeptoids barely show CD signals.
This is due to the lack of chiral center, suggesting the absence
of the secondary structure (data not shown).
The influence of the concentration on the solution properties

of PNPG41-(COOH)2 samples was investigated. Generally,

Figure 2. FTIR spectra of PNAG46, PNAG46-NH2, and PNAG46-
COOH.

Figure 3. (a) Plots of transmittance as a function of temperature for aqueous solutions (2 mg/mL) of PNPG41-(COOH)2 at different pH. Filled
symbol: cooling ramp; open symbol: heating ramp. (b) Plots of transmittance as a function of temperature for aqueous solutions of PNPG41-
(COOH)2 at pH = 4.2 at different concentrations.
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increasing the concentration results in lower CP (Figure 3b),
which is different from the most reported UCST system.16,19

The deviation is likely due to the charge state of the polymers.
Considering the pH-sensitive property, slight variation of
protonation degree may change the solubility of the polymer.
We further investigated the addition of salt on the solution
behavior of the polypeptoids. A typical plot of CP of PNPG107-
(COOH)2 as a function of NaCl concentration show that the
CP remains consistent as the NaCl concentration is increased
from 0 to 100 mM (Figure 4a). This suggests that the solution
is relatively stable to the salt, despite the presence of ionic
groups. We also incorporated CaCl2 at a concentration up of 50
mM into the system. Interestingly, the complex solution lacks
UCST behavior over the entire experimental window. We
attribute this to the coordination of −COOH groups in the
polymer with Ca2+ ions, which disrupt the hydrogen bonding of
the system (Figure S8).40 This further confirms that the
hydrogen bonding plays a vital part in the thermal-responsive
property of the system. Moreover, the phase transition is
recovered after 8 times heating and cooling run between 20 and
80 °C, suggesting good stability of the polypeptoid solution
(Figure 4b).
We further systematically studied the temperature effect on

the solution properties of PNPGn-(COOH)2 samples. A family
of PNPGn-(COOH)2, with n ranging from 41 to 107 were
prepared. We plotted the CP of PNPGn-(COOH)2 solutions
versus DP of PNPG. It is observed that increasing the DP
results in decreased CP (Figure 5). It was reported the longer
polymer chain enables less hydrophobic residues exposed in
aqueous media.30 More of the deionized −COOH groups
embedded in the longer polymer chain can reduce the
aggregation of the polymers and increase the solubility of the
polymer in aqueous solution. To probe the influence of the side
chain architecture, we investigated the temperature effect on
the solution properties of PNAGn-COOH. Interestingly, the
PNAGn-COOH samples exhibit UCST-type behavior as well.
Plotting the CP of PNAGn-COOH solutions versus DP of
PNAG shows a similar tendency. Note that the CP of PNPGn-
(COOH)2 is ∼18 °C higher than that of PNAGn-COOH at DP
of ∼40 as the concentration and pH is fixed. This is possibly
due to the stronger hydrogen bonding in the PNPGn-
(COOH)2, suggesting that the molecular architecture plays a
vital role on the CPs.
To systematically investigate the charge state on the solution

behavior of the polymer, the polypeptoids were further

modified with cysteamine to obtain PNPGn-(NH2)2 and
PNAGn-NH2. The obtained polymers are expected to show
pH-responsive behavior due to the presence of amine groups
on the side chains. In this case of PNAGn-NH2, the polymers
are well soluble at pH ≤ 12.9 at a concentration of 10 mg/mL
over the entire measurable temperature (Figure 6). Interest-
ingly, unlike the reported poly(N-(2-aminoethyl)glycine) with
pendant NH2 groups with good water solubility,39 the samples
exhibit reversible phase transition from clear to cloudy upon
heating with increasing pH to 13.2. This suggests a typical
LCST behavior, consistent with the positively charged
polypeptoids. It is conceivable that the pH effect on the
solution behavior is extremely important. The incorporated
amine groups on the side chains behave as the hydrogen bond
donor and form strong interaction with water, which results in
the LCST-type behavior. It is known that the UCST behavior is
ascribed to the strong polymer−polymer and solvent−solvent
interactions. Instead, the strong polymer−solvent interaction
generally leads to the LCST behavior.11,17 In this case, the
hydrogen bonding between the amine groups and amide
groups in PNAGn-NH2 is relatively weak as compared to
PNAGn-COOH, which results in the LCST behavior rather
than UCST behavior. FTIR was used to determine the
influence of hydrogen bonding on the phase transition behavior
(Figure S6b). Similarly to positively charged polypeptoid, the
broader characteristic band of amine groups at ∼3460 cm−1

(νNH2) at low temperature, indicative of the hydrogen bonding

Figure 4. (a) Plots of CP as a function of NaCl concentration for PNPG107-(COOH)2 solution at a concentration of 0.5 mg/mL at pH 4.2. (b)
Transmittance of PNPG41-(COOH)2 aqueous solution at a concentration of 0.5 mg/mL at pH 4.2 vs 8 heating and cooling cycles between 20 and
80 °C.

Figure 5. Plots of CPs as a function of DP for Bn-PNPGn-(COOH)2
and Bn-PNAGn-COOH at a concentration of 0.5 mg/mL at pH 4.2.
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forming between the polymer and water molecule. As pH is
increased from 13.2 to 13.6, the CP of PNAGn-NH2 decreases
from 54 to 22 °C (Figure 6b). Further increasing pH to 14.0
results in the turbid solution without exhibiting the LCST
behavior. We presume that this is due to the increased
deprotonation degree of the polymer that reduces the solubility
of the polymer. To confirm this, we performed zeta-potential
(ζ) measurement. The ζ percent based on the ζ (= 20.4 mV) of
the solution at pH ≥ 7 is plotted versus pH (Figure S7). An
abrupt increase is observed in the pH range of 13−14. As pH
increases from 13.2 to 13.6, the ζ percent decreases from 88%
to 49%, suggesting increased deprotonation degree of the
polymer. Further decreasing pH to 14.0 results in the ζ percent
of 10%, consistent with the previous conclusion. Note that the
PNPGn-(NH2)2 with branched side chains lacks both LCST
and UCST behavior in the experimental window, confirming
the importance of the molecular architecture.
The solution property of PNAGn-NH2 was further system-

atically investigated. Decreasing the concentration results in the
lower CP and incomplete recovery of transmittance of the
solution, suggesting high concentration is essential for the
LCST behavior (Figure S9). We also investigated the stability
of the polypeptoid solution at a concentration of 10 mg/mL.
The heating and cooling cycles were performed for 8 times
between 20 and 80 °C. The phase transition is entirely
recovered, suggesting good stability to temperature (Figure
S10). Similar to the polymer with pedant carboxylic acid
groups, the influence of salts on the CP is barely visible (Figure
S11). Further, we synthesized a series of PNAGn-NH2 with
different DP. All the samples show LCST-type behavior. A plot
of the CP versus DP for the PNAGn-NH2 shows that the CP
decreases with increasing DP, which is likely due to less
solubility of longer molecular chains, irrespective of the
presence of ionized groups (Figure 7).41 Note that this differs
from the results of polypeptoids with −COOH groups on the
side chain. We attribute it to the different molecular
interactions of the systems.

■ CONCLUSION

In conclusion, a family of ionic polypeptoids were synthesized
by a combination of ROP and thiol−ene/yne click chemistry.
The polypeptoids prepared in this work show reversible LCST-
type or UCST-type behavior in aqueous media, which is fairly
distinct from the previously reported positively and negatively
charged polypeptoids and pegylated nonionic polypeptoids.
The thermoresponsive behavior is highly dependent on the

side-chain charges. Further, the phase transition of the
polypeptoids in both cases is pH-sensitive due to the presence
of charge. A systematic study of the influence of the
temperature and pH on the solution properties of the
polypeptoids was performed. We propose the hydrogen
bonding interaction plays an extremely critical part on the
solution behavior.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bio-
mac.8b00240.

Additional 1H/13C NMR data, FTIR spectra, GPC data,
details of CPs, and turbidity measurements (PDF).

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: jingsun@qust.edu.cn.
*E-mail: zbli@qust.edu.cn.
ORCID
Jing Sun: 0000-0003-1267-0215
Zhibo Li: 0000-0001-9512-1507
Funding
This work was supported by National Natural Science
Foundation of China (51503115, 21674054, 51722302, and
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