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The effect of Hofmeister anions on the lower critical solution temperature (LCST) of two structural
isomers, namely poly(N-isopropylacrylamide) (PNIPAAm) and poly(2-isopropyl-2-oxazoline) (PiPOx), is
studied. Following the preparation of these two polymers with the same molecular weights and chain
ends, their thermal hysteresis and LCST properties are observed in the aqueous and Hofmeister salt solu-
tions. We investigate the effects of the salt type and salt concentration on the LCST for both polymers.
More specifically, the LCST of PiPOx sharply increases as the concentration of SCN™ increases, whereas
that of PNIPAAm slightly increases prior to decreasing again. It is also confirmed that the boundary
between the salting-out and salting-in effects is different for both polymers according to the type of salt
present. Furthermore, Raman spectroscopy and two-dimensional correlation spectroscopy are used to
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examine the conformational changes in both polymers with increasing SCN™ (chaotropes) and Cl™
(kosmotropes) concentrations. Since the interaction mechanism between the polymer and anion is
remarkably different even between isomeric polymers, it is necessary to rationally design the polymer

rsc.li/polymers structure to enhance the anion effect of the thermoresponsive polymer.
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Introduction

Thermoresponsive polymers that exhibit a lower critical solu-
tion temperature (LCST) in aqueous solution have attracted
considerable attention because of their potential application
in controlled drug delivery,"” tissue engineering,®> and hydro-
gel actuators.°® For example, poly(N-isopropylacrylamide)
(PNIPAAmM) is considered a representative example of a thermo-
responsive polymer, and it possesses an LCST of approximately
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35 °C in deionized (DI) water.”'> PNIPAAm possesses a
unique hydrophilic-hydrophobic balance due to the presence
of polar groups, such as amides, and apolar groups, such as
methyl groups or main-chain hydrocarbons. The formation of
hydrogen bonds between water molecules and the polar moi-
eties of PNIPAAm therefore contributes to the negative change
in the enthalpic term of the free energy of mixing."*™'® In con-
trast, the water molecules surrounding the apolar moieties
tend to bind strongly to one another, forming a structured
shell similar to an iceberg; the formation of this hydrated shell
is known as hydrophobic hydration. At temperatures below the
LCST, the favorable enthalpic term is dominant, and the
polymer remains hydrated. However, at temperatures above
the LCST, the unfavorable entropic term enforces phase separ-
ation, causing water molecules to be released from the hydro-
phobic hydration shell to increase their entropy. Phase separ-
ation via this LCST transition leads to the partial dehydration
of the PNIPAAm chains, while PNIPAAm undergoes confor-
mational changes from the coiled to the globular form via
intra- and interchain hydrogen bonding between the amide
groups.

Similar to PNIPAAm, poly(2-isopropyl-2-oxazoline) (PiPOx),
which was first reported as a thermoresponsive polymer by
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Uyama and Kobayashi in 1992,"” possesses an LCST of approxi-
mately 40 °C. Although PNIPAAm is typically synthesized using
a radical polymerization approach, PiPOx is prepared by the
living cationic ring-opening polymerization (CROP) of
2-oxazolines.'®2° PNIPAAm and PiPOx are structural isomers,
in which the constituent atoms of the repeating units of each
polymer are identical, and the two polymers possess the same
isopropyl side-chain. The difference between these two struc-
tures is that the nitrogen atom exists in the main chain of
PiPOx but is present in the side group of PNIPAAm. In
addition, PNIPAAm can form intra- and interchain hydrogen
bonds, whereas PiPOx is not capable of establishing such
interactions, which makes the hydration states of the two poly-
mers distinct.?*™® In addition, it should be noted that PiPOx
has recently attracted particular attention in biological appli-
cations because of its rapid response to temperature changes
and its nontoxic properties.'®?*>”

The Hofmeister series, which was proposed in 1888,
describes the ability of salts to solvate or precipitate certain
proteins in aqueous solution. Salts that tend to stabilize or pre-
cipitate proteins are known as kosmotropes, whereas salts that
tend to denature or solubilize proteins are referred to as chao-
tropes. In water, kosmotropes form thick and tight hydration
shells, whereas chaotropes form thin and loose hydration
shells. In this context, the effects of different salts on poly-
meric structures were also studied.>' More specifically, for
thermoresponsive polymers, it has been determined that the
salt environment of the polymer aqueous solution can control
the LCST. Cremer et al. investigated the effects of these salts
on the LCST of PNIPAAm.** They revealed that three mecha-
nisms could explain the effects of the Hofmeister anions on
PNIPAAm solvation by considering the interactions between
the anions, the polymer, and the hydration water molecules.
Firstly, if the anion is hydrated, it interferes with the hydrogen
bonding between the hydrated amide group and water mole-
cules within the polymeric structure, thereby reducing the
solubility of the polymer. Secondly, the hydration of the anion
increases the surface tension of the cavity surrounding the
main chain and the isopropyl group of the side group, thereby
preventing the hydrophobic hydration of water and reducing
the solubility of the polymer. Thirdly, the anion preferentially
binds directly to the amide group of the polymer rather than
being hydrated by water, which can polarize the polymer and
increase its solubility. The first and second mechanisms
mainly occur in kosmotropic anions that polarize water mole-
cules, which leads to a salting-out effect and decreases the
LCST. The third mechanism mainly occurs in chaotropic
anions that polarize the polymer, leading to the salting-in of
the polymer, which increases the LCST. Furthermore, the LCST
changes caused by the incorporation of Hofmeister ions into
PiPOx were studied by Schubert et al.** They described the
LCST shift of PiPOx using a mechanism similar to that of
PNIPAAmM. However, the LCST change in the Hofmeister salt
solution was only investigated for each of the two polymers
independently and was not compared for polymeric isomers
with the same molecular weight. Moreover, studies on the
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effect of salts on the polymer architecture are limited. In fact,
various factors, such as the hydrophilicity of the side group,
molecular weight, end groups, and solution concentration, of
the polymer may also influence the LCST changes.'***?> we
therefore considered that it was necessary to compare these
two isomeric polymers, namely PNIPAAm and PiPOx, under
the same conditions. To the best of our knowledge, these two
polymers with equal molecular weights and identical chain
ends have never been compared.

Thus, we herein report the synthesis of two isomeric poly-
mers, namely PNIPAAm and PiPOx, with the same molecular
weight and identical chain ends (i.e., methyl and azide
groups). The thermal hysteresis properties and LCST changes
of the two polymers are both observed in CI™ and SCN™ solu-
tions. Subsequently, to further investigate the effect of the
Hofmeister anions on the thermal behavior of the two poly-
mers, the LCST changes are investigated in the presence of
different salt types (i.e., Na,SO,, NaCl, NaBr, Nal, NaSCN, KCl,
and KSCN) and salt concentrations. Furthermore, the expected
conformations of both polymers are analyzed in NaCl (kosmo-
trope) and NaSCN (chaotrope) solutions using Raman spectro-
scopy and two-dimensional correlation spectroscopy (2DCOS).

Experimental section
Materials

The chemicals and solvents employed herein were purchased
from various suppliers and used as received, unless otherwise
noted.  N-isopropylacrylamide (NIPAAm; Sigma-Aldrich,
St Louis, MO, United States; 97%) was recrystallized from
toluene/n-hexane. To synthesize 2-isopropyl-2-oxazoline (iPOx),
isobutyronitrile (TCI, Japan; 98.0%), 2-aminoethanol (TCI,
Japan; >99.0%), and cadmium acetate dehydrate (Sigma-
Aldrich, St Louis, MO, United States; 98.0%) were used. To syn-
thesize the two polymers, methyl p-toluenesulfonate (TCI,
Japan; >98.0%), sodium azide (NaNj; Sigma-Aldrich, St Louis,
MO, United States; >99.5%), methyl-2-chloropropionate (MCP;
TCI, Japan; >95.0%), tris[2-(dimethylamino)ethyl]amine
(MesTREN, TCI, Japan; >98.0%), acetonitrile (Samchun
Chemical Co., Korea; 99.9%), 2-propanol (Samchun Chemical
Co., Korea; 99.8%), diethyl ether (Samchun Chemical Co.,
Korea; 99.9%), n-hexane (Samchun Chemical Co., Korea;
95.0%), N,N-dimethylformamide (DMF; Samchun Chemical
Co., Korea; 99.9%), copper(i) chloride (CuCl; Sigma-Aldrich,
St Louis, MO, United States; 99%), aluminum oxide (Al,O3,
activated, neutral; Alfa Aesar, United States), and sea sand
(Samchun Chemical Co., Korea; 30-50 mesh) were used. For
the characterization of the polymers, chloroform-d (CDCly;
Sigma-Aldrich, St Louis, MO, United States; 100%) and lithium
bromide (LiBr; Sigma-Aldrich, St Louis, MO, United States;
>99%) were used. To measure the cloud points (T¢p), sodium
thiocyanate (NaSCN; Sigma-Aldrich, St Louis, MO, United
States; >98.0%), sodium sulfate (Na,SO,; Sigma-Aldrich,
St Louis, MO, United States; >99.0%), sodium bromide
(Samchun Chemical Co., Korea; 99%), sodium iodide
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(Samchun Chemical Co., Korea; 98.5%), potassium thiocyanate
(KSCN; Sigma-Aldrich, St Louis, MO, United States; 99.0%),
sodium chloride (NaCl; Sigma-Aldrich, St Louis, MO, United
States; 99.5%), and potassium chloride (KCl; Sigma-Aldrich,
St Louis, MO, United States; 99.0%) were used. DI water with a
resistivity of 18.2 MQ cm (Direct-Q® 5UV; Merck Millipore)
was used throughout the experiments.

Synthesis

Chloride-terminated poly(N-isopropylacrylamide)
(PNIPAAm-CI). The procedure employed for the preparation of
chloride-terminated PNIPAAm is as follows. A mixture contain-
ing NIPAAm (12.45 g, 110 mmol), MesTREN (691.20 mg,
3 mmol), and 2-propanol (IPA) (30 g) was deoxygenated by
bubbling with Ar gas for at least 30 min. Thereafter, CuCl
(198 mg, 2 mmol) was introduced under an Ar atmosphere in
a glove box, and the reaction mixture was stirred for approxi-
mately 20 min to allow for the formation of the CuCl/
MesTREN complex. MCP (245.10 mg, 2 mmol) was then added
via a syringe to start the polymerization process, which was
allowed to proceed with stirring at 25 °C under an Ar atmo-
sphere for 15 h. Thereafter, the polymerization reaction was
terminated by exposure to oxygen. Following the subsequent
evaporation of IPA, the obtained product was re-dissolved in
DMF and passed through a neutral alumina column to remove
the copper catalyst. The collected eluents were concentrated
and precipitated in an excess of anhydrous cold diethyl ether/
n-hexane (2:1), and this purification cycle was repeated three
times. Finally, the obtained solid was dried in a vacuum oven
for 24 h to obtain the desired PNIPAAm-CI as a white powder
(Mo xmr = 5554 g mol ™, M, gpe = 7784 g mol ™", M, /M, = 1.16).

Azide-terminated poly(N-isopropylacrylamide) (PNIPAAm-
N;). In a round-bottomed flask, PNIPAAmM-Cl (1.99 g,
0.36 mmol, My, xuvr = 5554 g mol "), DMF (6.85 mL), and NaNj
(74.24 mg, 1.14 mmol) were added. The reaction mixture was
then stirred at 45 °C for 48 h, and after the removal of DMF at
reduced pressure, the remaining liquid was diluted with THF
and precipitated in an excess of anhydrous cold diethyl ether/
n-hexane (2:1). This purification cycle was repeated three
times. The obtained solid was dried in a vacuum oven for 24 h
to obtain the desired PNIPAAmM-N; as a white powder (M, nvr =
5561 g mol ™", M, gpc = 8289 g mol ™", M,,/M, = 1.17). '"H NMR
(400 MHz, CDCl;, 25 °C) § (ppm): 4.03 (broad s; -CH(CH3), on
the polymer side group), 3.68 (broad s; terminal -O-CHj),
2.35-1.49 (broad m; -CH,- on the polymer main chain),
1.17 (strong broad s; -CH(CHj), on the polymer side group).

2-isopropyl-2-oxazoline (iPOx). The monomer was syn-
thesized by a modified Witte-Seelinger cyclocondensation
reaction.”® More specifically, 2-aminoethanol (102.1 g,
1.67 mol) and isobutyronitrile (96.25 g, 1.39 mol) were mixed
in the presence of cadmium acetate dihydrate (9.33 g,
0.035 mol) at 250 °C. The obtained mixture was then stirred at
250 °C for 48 h and subsequently fractionated three times by
distillation.

Azide-terminated poly(2-isopropyl-2-oxazoline) (PiPOx-N3).
Azide-terminated PiPOx was prepared as follows. In a round-
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bottomed flask, methyl p-toluenesulfonate (0.45 g, 0.37 mL,
2.42 mmol) and Ox (14.26 g, 126 mmol) were mixed in aceto-
nitrile (MeCN, 22.5 mL) and stirred at 80 °C for 185 h.
Thereafter, the reaction was quenched by the addition of
sodium azide (0.79 g, 12.12 mmol) in a mixture of methanol/
water (2 mL). Following dialysis for 4 d against DI water, the
resulting sample was freeze-dried to remove water and yield
the desired PiPOx as a white powder (M;, xyr = 5489 g mol ™,
My gpc = 6990 g mol™!, M, /M,, = 1.19). '"H NMR (400 MHz,
CDCl;, 25 °C) § (ppm) 3.48 (broad s; -CH,— on the polymer
main chain), 3.10 (broad s; terminal -N-CHj3), 3.05-2.55
(broad m; -CH(CHj;), on the polymer side group), 1.14 (strong
broad s; -CH(CH3), on the polymer side group).

Characterization

"H NMR spectroscopy. H NMR spectra were recorded on a
Bruker Avance 400 spectrometer at 25 °C and 400 MHz. The
delay time was set to 2.5 s. All polymer samples were prepared
in CDCl;. The chemical shift values (§) are reported in ppm
and were determined using the non-deuterated solvent resi-
dues as internal references.

Gel permeation chromatography (GPC). The molar mass dis-
tributions were measured on a Shimadzu LC-20AD liquid
chromatography system using an Agilent PLgel 5 pm MIXED-D
column (300 mm x 7.5 mm). The mobile phase consisted of
DMF containing 10 mM LiBr. The flow rate was 1.0 mL min™,
and the temperature was 40 °C. The instrument was calibrated
using low-dispersity poly(methyl methacrylate) (PMMA) stan-
dards (Scientific Polymer or Sigma-Aldrich), whose molar
masses varied between 2.0 and 147.1 kg mol~'. The analyte
samples were filtered through a polytetrafluoroethylene mem-
brane with a pore size of 0.45 um prior to injection. The
number-average molecular weight (M, gpc) and polydispersity
(My/My; D) values of the synthesized polymers were deter-
mined by conventional calibration using LC Solution software
with a known refractive index detector calibration constant.

Cloud point (T.,) measurements. Na,SO,, NaCl, NaBr, Nal,
NaSCN, KCl, and KSCN were dissolved in DI water at specific
concentrations. The cloud points (Tp,) of PNIPAAm and PiPOx
were observed in salt solutions (2 mL) containing 1 or 10 wt%
of the polymer. Transmittance plots were obtained using a cus-
tomized setup as described below. A He:Ne laser (Thorlabs,
HNLO020L) with a wavelength centered at 632.8 nm was used as
the beam source. The beam was split into two parts using a
beam splitter to monitor the reference and transmittance.
References were obtained directly in real time using a silicon
photodetector, and the transmittance of each polymer solution
was monitored as a function of temperature. The cell path
length was 10 mm, and the rate of a single heating-cooling
cycle was 1 °C min™". The temperature ramp was controlled
using a water circulator. The value of T, is defined as the
temperature corresponding to 50% transmittance during the
heating process. For the hysteresis tests, three heating cycles
and three cooling cycles were performed at a rate of 0.5 or 1 °C
min~'. In addition, AT, was calculated as the temperature
difference representing 50% transmittance during the heating

Polym. Chem., 2022,13, 4615-4624 | 4617
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and cooling processes. Only the third cycle is shown because
the heating and cooling curves recorded during the three
cycles were identical for all experiments.

Raman spectroscopy. Raman spectra were recorded in the
range of 900-1700 em™* using a Raman spectrometer
(FEX-MD, NOST, South Korea) and a 785 nm laser at a total
scan number of 3 for sample excitation. The laser power was
26 mW, and each measurement had a duration of 10 s. The
polymer signal was not well observed by Raman spectroscopy
at a concentration of 1 wt% (i.e., the polymer concentration at
which T, was measured). Therefore, to increase the Raman
signal intensity of the polymer, the polymer concentration was
increased to 10 wt%, and accurate analysis was possible under
these conditions. The samples were prepared in a glass vial by
dissolving each polymer (total 10 wt%) and the desired salt
(i.e., NaCl or NaSCN) in D,0O. 2DCOS measurements were per-
formed using the 2DShige program to produce synchronous
and asynchronous 2D correlation spectra.

Results and discussion
Polymer synthesis and characterization

The PNIPAAm sample was synthesized by atom transfer
radical polymerization (ATRP) under controlled conditions, as
outlined in Scheme 1a. It has been previously reported that
the ATRP of acrylamides suffers from low conversion, mainly
due to the competitive coordination of the amide group with
the metal catalyst.’’>° However, several groups have reported
that the use of an alcohol-based polymerization solvent can
preserve the terminal halogen atoms while also increasing
the conversion.’”*! Thus, similar protocols were employed
in this study to synthesize the PNIPAAm sample. Initially,
PNIPAAmM-Cl was prepared using an MCP/CuCl/MesTREN
system at 25 °C in IPA; subsequently, the terminal chlorine
atom was transformed into an azide group via a simple
nucleophilic substitution reaction in the presence of excess
NaN; in DMF.

The synthetic process employed to obtain PiPOx is summar-
ized in Scheme 1b. More specifically, the PiPOx samples were
synthesized by cationic ring-opening polymerization (CROP),
which has been demonstrated to provide fine control of the
average molar mass while ensuring a narrow molar mass dis-
tribution.*” Importantly, it is possible to functionalize the end
group of this system because of its living nature.***® Thus, we

o o
a
\)(L 1 o CuCUMeTREN \O)J\rlfjif' NaNs \O)H*IN’
A S — —_— "
ﬂ + \Hl\o 25°C HN” o 45°C HN™ ~0
“ )\ /k

b ° PNIPAAM-CI PNIPAAM-N3

2

—. N;
o Ao

-0 — .
l NaNs O)W/
80°C )
PiPOx-N3

Scheme 1 Synthesis of (a) poly(N-isopropylacrylamide) (PNIPAAm) and
(b) poly(2-isopropyl-2-oxazoline) (PiPOXx).
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used methyl p-toluenesulfonate as the CROP initiator, introdu-
cing the same methyl group at one chain end of both PiPOx
and PNIPAAm. To terminate the reaction, sodium azide was
added to the reaction terminal end of the living PiPOx chain to
obtain the corresponding azide-terminated chain end.
Following the purification of the two polymers, they were
characterized by "H NMR spectroscopy (see Fig. 1). Due to the
presence of a polar C-N bond, the proton signal corresponding
to the b-position of the isopropyl group of PNIPAAm appears
at a more downfield position than that of PiPOx. Comparing
the main chains of the two polymers using the same logic, the
proton signal corresponding to the a-position of PiPOx
appears more downfield than that of PNIPAAm. It was there-
fore confirmed from these NMR spectra that in PNIPAAm, the
side group is partially polar, whereas in PiPOx, the main chain
is polar. In contrast, the proton signal corresponding to the
c-position of the isopropyl methyl groups appears at the same
position in both polymers; therefore, it can be inferred that
the polarities of the two polymers are similar with respect to
the isopropyl group.

Furthermore, the molecular weight of PNIPAAm was deter-
mined by comparing the peak areas of the isopropyl group
(-CH(CHj3;),, 4.03 ppm) with those of the terminal methoxy
group (-O-CHj3, 3.68 ppm) arising from the MCP initiator,
resulting in a M, yvr value of 5561 g mol™" for PNIPAAm. In
the case of PiPOx, the broad peak of the isopropyl group (-CH
(CH3),, 3.05-2.55 ppm) and the peak of the methyl group (-N-
CH3;, 3.10 ppm) at the chain end are used to determine the
M, xur value, which was 5489 g mol ™.

The GPC traces of PNIPAAm and PiPOx in the DMF eluent
containing 10 mM LiBr are shown in Fig. 2, wherein a sym-
metric and sharp peak can be observed. The absence of tailing
or shoulders indicates the lack of premature chain termin-
ation. Based on the GPC results, M, gpc of PNIPAAm was deter-
mined to be 8289 g mol™", while its P was calculated as 1.17.
Similarly, PiPOx was found to possess a M,gpc Of 6990 g
mol " and a P of 1.19.

Moreover, the Fourier transform infrared (FT-IR) spectra
confirmed the conversion of PNIPAAmM-Cl to PNIPAAM-Nj;
through the emergence of a new absorbance peak at

I I I I I I
7.5 7.0 6.5 6.0 5.5 5.0 45

1
4.0 35 3.0
Chemical shift (ppm)

Fig. 1 H NMR spectra of (a) PNIPAAm and (b) PiPOx after purification
in CDCls.
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Fig. 2 GPC traces obtained for PNIPAAmM (red line) and PiPOx (blue line)
in DMF containing 10 mM LiBr.

2120 em™', which corresponded to the terminal azide group
(Fig. S17) (Table 1).

Thermal hysteresis and cloud point (7,) determination

We investigated the coil-globule transition and the associ-
ation/dissociation properties of both polymers upon heating
and cooling in DI water and in aqueous solutions of NaCl and
NaSCN. Although PNIPAAm and PiPOx are structural isomers,
one of the noticeable differences between their properties lies
in their thermal hysteresis behavior. Thus, the thermal hyster-
esis was recorded for both polymers (1 wt%) after three cycles
of heating and cooling at a rate of 1 °C min™". Before compar-
ing the thermal hysteresis, the LCST behavior was determined
from the temperature of the cloud point (Tp) in the solution.
Firstly, the T, values of two polymers were determined in the
absence of salts. As shown in Fig. 3a, the values of T, for
PNIPAAm and PiPOx in DI water are 36.4 and 40.7 °C, respect-
ively. This was attributed to the higher polarity of the PiPOx
main chain (see section Polymer synthesis and characteriz-
ation), thereby leading to a slightly higher LCST.

Returning to the hysteresis, it is noted that this behavior is
mainly due to the kinetically slow dissolution process of
polymer chains from aggregates (i.e., the globular state) during
cooling.””*® As shown in Fig. 3a, PNIPAAm exhibits a distinct
hysteresis (AT, = 2.1 °C) in DI water. As the coil-globule tran-
sition of PNIPAAm is an irreversible process,*”**~>> our results
indicate that intra- and interchain hydrogen bonds are formed
in the globular state. In contrast, PiPOx shows almost identical
transmittance curves during heating and cooling, indicating
that little hysteresis occurs (AT, = 0.5 °C, see Fig. 3a).
Furthermore, we examined the effect of the heating rate on

Table 1 Characterization data of PNIPAAm and PiPOx
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Fig. 3 (a) Transmittance plots of PNIPAAm (dotted line) and PiPOx
(solid line) as a function of temperature obtained upon heating and
cooling in DI water. (b) Transmittance plots of PNIPAAm (dotted line)
and PiPOx (solid line) as a function of temperature obtained upon
heating and cooling in a 1 M NaCl solution. (c) Transmittance plots of
PNIPAAm (dotted line) and PiPOx (solid line) as a function of tempera-
ture obtained upon heating and cooling in a 2 M NaSCN solution. Red
lines; heating cycles, blue lines; cooling cycles. In all experiments, both
the heating and cooling rates were set at 1 °C min™™.

hysteresis (Fig. S21). At a rate of 0.5 °C min™", the AT, values
of PNIPAAm and PiPOx were determined to be 1.9 and 0.2 °C,
respectively. Although the hysteresis decreased slightly when
the rate was reduced, apparent hysteresis was still observed for
PNIPAAm; however, negligible hysteresis was detected for
PiPOx. In the case of the PNIPAAm aqueous solution, stable
and dense aggregates are formed due to the strong polymer-
polymer hydrogen bonding (i.e., N-H---O=C) at temperatures
above the LCST. This results in distinct hysteresis due to the

Sample name Conv.” [%] My theo” [g mol™] DP° My g [g mol™] My cpc” [g mol™] My cpc” [g mol™] M, /M, (P)*
PNIPAAmM-CI 94 5850 48 5554 7784 9033 1.16
PNIPAAmM-N;3 — — 48 5561 8289 9699 1.17
PiPOx-Nj; 98 5774 48 5489 6990 8325 1.19

“ Determined by "H NMR spectroscopy of the crude samples. ? Determined from the initiator/monomer ratio and the conversion. ° Determined
by "H NMR spectroscopy after purification. ¢ Determined by GPC in a DMF eluent containing 10 mM LiBr using a RI detector and a PMMA

standard.

This journal is © The Royal Society of Chemistry 2022
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slow dissolution of the polymer chain aggregates in the
heating-cooling process. It is also known that weak polymer-
water-polymer hydrogen bonds (ie., C=0---H-O-H::-O=C)
are formed in aqueous solutions of PiPOx at temperatures
above the LCST.*! This is attributed to the absence of a sec-
ondary amino group in PiPOx, due to which the hydrogen
bond donor is absent from the polymer chain, thereby prevent-
ing the formation of intra- and interchain hydrogen bonds in
DI water. Therefore, the weak and loose physical polymer-
water-polymer hydrogen bonds of PiPOx formed at high temp-
eratures can be readily dissociated during the cooling process,
resulting in little hysteresis during the heating-cooling
process.>**?

Additionally, the differences in the bond polarities were
examined for the two polymers due to their role in imparting
different hysteresis properties. For this purpose, density func-
tional theory (DFT) calculations were used to probe the electron
densities in terms of the molecular electrostatic potential (ESP)
distributions. As illustrated in Fig. S3,f it was confirmed that
the electron densities of PNIPAAm and PiPOx did not show any
significant differences in the C=0O and N components. In con-
trast, the H atom in the N-H moiety of PNIPAAm possessed a
distinctly stronger positive charge than those of the other moi-
eties, thereby effectively making it the only available hydrogen
bond donor. Since the polarity of the C=0 moiety was similar
for both polymers, it was anticipated that the hydrogen atom of
the strongly polar amide in PNIPAAm will exclusively boost its
propensity to form hydrogen bonds between polymer chains.
This polymer-polymer hydrogen bond was therefore considered
to be the source of the kinetic trap, which is responsible for
impeding additional polymer hydration during the dissolution
stage that takes place upon cooling, ultimately resulting in a
broader thermal hysteresis for PNIPAAm.**~>*

We also investigated the effect of the Hofmeister ions on
the thermal hysteresis of both polymers. More specifically, the
Tcp values of PNIPAAm and PiPOx in 1.0 M NaCl solutions
were determined to be 24.9 and 30.8 °C, respectively. This
result indicates that the T, values of both polymers in NaCl
solution are lower than those in DI water. In addition, as shown
in Fig. 3b, PNIPAAm exhibits a broader hysteresis (AT, = 6.2 °C)
than PiPOx (AT, = 2.3 °C). In a 2.0 M NaSCN solution, the T, of
PNIPAAm was found to be 36.4 °C, which is comparable to that
obtained in DI water, whereas the T, of PiPOx increased to
68.0 °C. A broader hysteresis can also be observed in PNIPAAm
(AT, = 4.7 °C) than in PiPOx (AT, = 2.0 °C) (Fig. 3c), indicating
that the large AT, of PNIPAAm and the small AT, of PiPOx
observed in DI water persist in the presence of both kosmotropic
and chaotropic anions.

Effects of the salt type and concentration on T,

Subsequently, the changes in the T, values of PNIPAAm and
PiPOx upon varying the concentrations of the five Hofmeister
anions (i.e., S0,>7, CI~, Br, I", and SCN~) were investigated
(Fig. 4 and Fig. S4-S67).

In the case of PNIPAAm, T., decreased linearly upon
increasing the salt concentrations for the SO,>~, ClI~, and Br~
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systems, while no such relationship was observed for the I™
and SCN™~ solutions. Instead, upon increasing the concen-
trations of these salts, the T, first increased and then
decreased, representing the turnover. For example, when the
concentration of Nal was increased from 0 to 0.5 M, T,
increased from 36.4 to 37.3 °C prior to decreasing at higher
concentrations; at a concentration of 2.0 M, it reached a value
of 30.2 °C (Fig. 4d). For the NaSCN system, the value of T,
first increased to 40.6 °C at a concentration of 1.0 M and then
decreased to 36.4 °C at a concentration of 2.0 M (Fig. 4e).

In the case of PiPOx, T, decreased linearly upon increasing
the salt concentration in the SO, and CI~ systems. In con-
trast, in the Br~ solution, T, increased from 40.7 to 42.2 °C
upon increasing the NaBr concentration from 0 to 0.75
M. Upon increasing the concentration of this salt further to
1.0 M, T, decreased to 41.7 °C (Fig. 4c). In addition, it was
observed that PiPOx was particularly sensitive to I~ and SCN™,
and as a result, the value of T, increased rapidly even at a low
salt concentration of 0.5 M. Furthermore, as the ion concen-
tration was increased further, T, continued to increase. More
specifically, the T, values of PiPOx in 2.0 M Nal and NaSCN
solutions were 57.9 and 68.0 °C, respectively (Fig. 4d and e).

These results indicate that in aqueous solutions of the
PNIPAAm and PiPOx polymers, kosmotropic anions lead to
salting-out, which results in a linear decrease in T., upon
increasing the anion concentration. As kosmotropic anions are
hard anions that prefer to bind strongly to water rather than to
polymers, a thick hydration layer is formed, which effectively
excludes hydrated salts from the polymer surface (Fig. S77).
These properties of kosmotropic anions are dependent on the
anion itself, thereby accounting for the varying degrees of
reduction observed for T, in the presence of different anions.
In contrast, chaotropic anions lead to salting-in, and the
change in T, is non-linearly dependent on the salt concen-
tration. If excess chaotropic anions are added, a second
salting-out process occurs due to excess ion hydration, thereby
resulting in a maximum T, being observed at a specific salt
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Fig. 4 T, profiles of PNIPAAm (open circles) and PiPOx (closed circles)
in salt solutions as a function of the (a) Na,SO,, (b) NaCl, (c) NaBr, (d)
Nal, and (e) NaSCN concentrations. The concentration of the polymer
was 1 wt%.
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concentration. This turnover behavior results from the satur-
ation of polar sites, such as amide groups, which are capable
of binding anions within the polymer structure. In the same
polymer, it was confirmed that the concentration of the salt
representing the turnover of T, differed depending on the
anion type. In addition, it was observed that the boundary of
the salt transitioning from the salting-out effect to the salting-
in effect was different for the two polymers.

As noted above, PiPOx is particularly sensitive to SCN™.
Although the polar sites of PNIPAAm and PiPOx are identical,
the differences lie in the fact that the polar sites of PiPOx are
present throughout the main polymer chain, whereas in
PNIPAAm, they are present only in the side groups. It is there-
fore considered that the salting-in effect is sensitive to the
location of the polar binding site. Furthermore, upon compari-
son of the T, results obtained for KSCN and NaSCN over the
same concentration range, the T, tendencies of the two poly-
mers were found to be identical, thereby indicating that the
effect of the cation is insignificant (Fig. S6t).

Based on the aforementioned observations, we considered
the fact that a greater salting-in effect (i.e., in the case of
PiPOx) results in greater expansion of the polymer chain,
which can be observed via changes in the bonds constituting
the main chain. Raman spectroscopy and 2DCOS were there-
fore employed to characterize and analyze the conformational
changes of each polymer caused by the binding of anions, as
discussed in the following subsections.

Two-dimensional correlation spectroscopy (2DCOS)

The two polymers investigated here showed the same trend in
the presence of kosmotropic anions; however, because they
showed different responses to the chaotropic anions, 2DCOS
was performed based on the recorded Raman spectra. Typically,
2DCOS is used to interpret the transition of an observed system
upon perturbation, such as a change in the concentration, time,
or temperature. Hence, for the purpose of this study, an increas-
ing concentration of salts was employed as a perturbation factor
to verify the conformational changes of the main chain®** and
non-covalent bonds (e.g., hydrogen bonding and ionic inter-
actions) in the prepared polymers.”>>>>’ As a result, synchro-
nous and asynchronous 2DCOS spectra were obtained from the
1D Raman spectra, and the sequential order of the representa-
tive bands was confirmed.

More specifically, in the synchronous 2DCOS spectrum, the
red peak indicates that the two correlated peaks change in the
same direction (either increasing or decreasing with increasing
salt concentration), whereas the blue peak indicates that the
two correlated peaks change in the opposite direction.
According to Noda’s rule,”® in the synchronous 2DCOS spec-
trum, when two correlated peaks have the same color at the
same location as in the asynchronous spectrum, the peak on
the x-axis changes before that on the y-axis as the salt concen-
tration is increased; when the colors are different, the peak on
the y-axis changes before that on the x-axis. In general, in the
2DCOS analysis of polymers, bonds with a fast sequence are
either a bond constituting the main chain of a polymer that

This journal is © The Royal Society of Chemistry 2022
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undergoes a significant conformational change®** or a polar
bond with non-covalent bonds (hydrogen or ionic interactions)
that increase or decrease significantly.?**>>’

As shown in Fig. S8 and S9,T it was initially confirmed that
the trend of T, at a polymer concentration of 10 wt% was
comparable to the results presented in Fig. 4b and e; hence,
all experiments were performed at a concentration of 10 wt%
to ensure the high sensitivity of the Raman measurements.
The Raman spectrum of each polymer solution was obtained
in the presence of 0-0.250 M NaCl at 25 °C. For PNIPAAm, the
representative Raman bands were observed at wavenumbers of
1633 (C=0), 1205 (C-N), and 938 cm™ ' (C-C) (Fig. S10af).
Upon comparison of the 2DCOS results, it was found that the
sequential order of the bands upon increasing the salt concen-
tration was as follows: C-C < C-N < C=0 (Fig. S10b-S10d7). In
the case of PiPOx, the representative Raman bands were
observed at wavenumbers of 1606 (C=O), 1205 (C-N), and
1090 cm™* (C-C) (Fig. S11at). Upon comparison of the 2DCOS
results, it was found that the sequential order of the bands
upon increasing the salt concentration was as follows: C-C <
C-N < C=0O0 (Fig. S11b-S11dt). For both PNIPAAm and PiPOx,
the sequential order of the bands was identical due to the fact
that these polymers are structural isomers. It therefore appears
that as the concentration of Cl™ increases, CI~ dehydrates the
polymer, interfering with the strong interactions between the
polar amide bonds and water molecules. During this dehydra-
tion process, the vibration of the C=O bond is the first to
change since it is more polar than the C-N bond. This result is
independent of the type of polymer, since the presence of a
polar group, such as an amide, results in kosmotropic anions
promoting salting-out along with the corresponding decrease
in Tcp. Since the measurement temperature (25 °C) of the
Raman spectra is lower than the T, values of the two poly-
mers, the main chain does not completely collapse during the
measurement, and so the C-C bond of the main chain appears
to be the least insensitive of the bonds compared above.

Subsequently, the effects of SCN™ on both PNIPAAm and
PiPOx were analyzed. As shown in Fig. 4e and Fig. S9¢,} the T,
of PNIPAAm showed a tendency to increase and then decrease
as the NaSCN concentration increased. More specifically, at
the concentration before turnover (i.e., 0-1.0 M NaSCN), the
representative bands were observed at wavenumbers of 1633
(C=0), 1205 (C-N), and 938 cm™* (C-C) (Fig. 5a). Upon com-
parison of the 2DCOS results, the sequential order of the
bands upon increasing the salt concentration was determined
to be as follows: C-C < C=0 < C-N (Fig. 5b-d). Beyond the
turnover concentration (i.e., from 1.0-2.0 M NaSCN), the repre-
sentative bands were observed at wavenumbers of 1638 (C=0),
1211 (C-N), and 938 cm™* (C-C) (Fig. 6a). In this case, upon
comparison of the 2DCOS results, the sequential order of the
bands upon increasing the salt concentration was as follows:
C-C < C=0 < C-N (Fig. 6b-d). In the case of PiPOx, the value
of T, continued to increase as the NaSCN concentration was
increased. Accordingly, 2DCOS analysis was performed over
the range of 0-2.0 M, and the representative bands were
observed at wavenumbers of 1606 (C=O), 1205 (C-N), and
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1090 cm™" (C-C) (Fig. 7a), resulting in a sequential order of:
C=O0 < C-N < C-C (Fig. 7b-d); this order is different from that
observed for PNIPAAm. Thus, considering the resonance struc-
ture of the amide bond, it would be assumed that the SCN™
ions bond directly to the N atoms of both polymers, which
bear partial positive charges. As a result, the change in the
C-N bond will be most pronounced upon increasing the
NaSCN concentration. Indeed, in PNIPAAm, C-N bonding
appears to be the most sensitive sequence, indicating that
SCN™ binds to the C-N bond present in the side group of
PNIPAAm to generate the salting-in effect; however, since the
effect is limited to the side group, the increase in T is small,
and the turnover phenomenon is observed. In contrast, for
PiPOx, changes occurred more rapidly in the C-C bond than
the C-N bond, thereby indicating that considerable structural
changes occurred in the main chain. More specifically, the
SCN™ ions appeared to bind to the C-N bonds of the PiPOx
main chain to polarize the main chain, and as a result, the
degree of polymer hydration was increased to form an
expanded conformation. As such, the polarization of the main
chain maximized the salting-in effect of the polymer and
resulted in a sharp increase in the value of T,

Conclusions

Herein, we reported our observations regarding the effect of
Hofmeister anions on the lower critical solution temperature
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https://doi.org/10.1039/d2py00543c

Published on 06 Phupu 2022. Downloaded on 2026-02-13 14:51:07.

Polymer Chemistry

(LCST) of two structural isomers, namely poly(N-isopropyl-
acrylamide) (PNIPAAm) and poly(2-isopropyl-2-oxazoline)
(PiPOx). To ensure a precise comparison, we synthesized these
two polymers with the same degree of polymerization and the
same functional groups at both chain ends. Subsequently,
their thermal hysteresis and LCST properties were observed in
aqueous solution and in the presence of various Hofmeister
salts (i.e., Na,SO,, NaCl, NaBr, Nal, NaSCN, KCl, and KSCN). It
was found that PNIPAAm exhibits a distinct hysteresis,
whereas PiPOx shows little or no hysteresis upon heating and
cooling. These observations are associated with the corres-
ponding abilities of the two polymers to form intra- and inter-
chain hydrogen bonds; PNIPAAm is able to form such bonds,
whereas PiPOx is not. In addition, we observed the effect of
the salt concentration on T, for both polymers. For the chao-
tropic anion (SCN™), the LCST increase was more remarkable
in PiPOx than in PNIPAAm. More specifically, the cloud point
(Tcp) of PiPOx was 40.7 °C in deionized water but 68.0 °C in a
2.0 M NaSCN solution. This can be accounted for by consider-
ing that in PiPOx, the polarization of the main chain occurs
through the direct binding of the chaotrope to the polar region
of the polymer. From the results of Raman spectroscopy and
two-dimensional correlation spectroscopy, it was confirmed
that as the concentration of SCN™ increased, the PiPOx chain
showed a more expanded structure, and thus, the C-C bond
present in the main chain reacted sensitively; this accounts for
the increase in the LCST at higher concentrations of SCN™. In
contrast, for PNIPAAm, the polarization of the polymer
through SCN™ binding mainly occurs in the side groups.
Therefore, only minimal conformational changes were found
to occur in the main chain, resulting in relatively insensitive
changes of the C-C bonds present in the main chain. As a
result, the LCST remained relatively constant, even at higher
SCN™ concentrations. Furthermore, upon increasing the con-
centration of Cl”, both polymers showed the same sequential
order due to T., decreasing in both cases. Based on these
results, the effect of the Hofmeister anions on the two iso-
meric polymers was confirmed; Cl™ causes a salting-out effect
regardless of the type of polymer, while SCN™ causes a salting-
in effect, wherein the degree of this effect depends on the
polymer architecture. The results presented herein therefore
suggest that, to increase the sensitivity of thermoresponsive
polymers to ions, it is necessary to structurally design the
main chain of the polymer to allow direct ion binding. This in-
depth exploration of thermoresponsive polymer solutions and
the ion-polymer relationship during the phase transition
process is therefore essential to provide a more theoretical
basis for further applied studies.
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