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ABSTRACT: The LCST phase-transition of aqueous PNIPA solutions in rising concentrations of the
strong chaotropic salt KSCN was studied microcalorimetrically by DSC and apparently for the first time
by ITC. An endothermic (entropy driven) binding of KSCN onto PNIPA was observed, explained by
electrostatic perturbation of hydrophobic hydration by adsorbed ions. A good fit was found for the one-type-
of-sites binding model, and the binding affinity increased with rising temperature from 15 to 20 °C but
decreased at 25 °C. DSC measurements emphasized the lowering and broadening of the endothermic peak of
PNIPA phase-transition with rising KSCN concentration, explained by reduced cooperativity of coil-to-
globule collapse with increased heterogeneity along the polymer chain, caused by salt adsorption. A hysteresis
was observed between heating and cooling DSC peaks, which decreased asymptotically with rising KSCN
concentration, further supporting that binding occurs. This work provides new insights into the mechanisms
of chaotropic salt effects on polymers and biopolymers in aqueous solutions.

Introduction

Many aspects of the physical interactions of macromolecules
such as proteins, polysaccharides and synthetic polymers, with
aqueous salt solutions are still unclear, after numerous studies.
The classical Hofmeister series' ranks various salts according to
their relative ability to promote the unfolded, solubilized state of
proteins (a salting-in effect), versus stabilizing of the native state
and promoting protein grecipitation (a salting-out effect).>™*
Beyond protein stability,” there are important implications for
these ion-specific effects with regards to enzyme activity,*”’
self-assembly,'” and other protein interactions."

A typical Hofmeister series of anions is:

SO, 2>HPO; 2>Cl” >Br~ >1" >SCN~

This order (left to right) generally shows decreasing salting out
(except for net positively charged proteins, i.e., below their
isoelectric point, for which this order reverses at low salt
concentrations).'”> '* The ions left of the chloride are called
kosmotropes and are strongly hydrated, while those on the
right are called chaotropes, and are weakly hydrated. Several
mechanisms have been suggested to explain the origin of ion
specific effects on macromolecules. The preferential interactions
theory,">~"” which focuses on the relative strength of polymer—
salt and polymer—water interactions, and on excluded volume
effects,'®!” is widely accepted as the foundation, but many
questions remain, particularly regarding the impact of salt-water
interactions. A complementary mechanism focusing on water—
ion interactions, suggests that the origin of ion specificity is the
differences in charge density of the ions, which affects their
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strength of hydration.”**' Tons of high charge density, whose
interaction with water is more favorable than water—water
interactions, are kosmotropes, and they reduce the entropy of
adjacent water molecules compared to bulk water entropy. On
the other hand, ions of low charge density interact more weakly
with water than water—water bonds, hence their hydration is less
favorable, and they disrupt adjacent water molecule hydrogen
bonding, and increase their entropy compared to bulk water.”*!
While the above mechanism focuses on electrostatic forces,
another mechanism proposed for explaining ion specificity, and
particularly chaotropic ion interactions, is based on electrody-
namic dispersion forces. These forces intensify with the increasing
ion polarizability, which, for a given charge, tends to increase
with ion size, but depends also on its shape,”* and its specific
electronic configuration.'* Ion—water affinity plays a major role
in Hofmeister, or lyotropic phenomena,®’ and thus various
properties related to this affinity were used in attempt to explain
the mechanisms leading to the order observed, e.g., partial molar
volume,? molar surface tension increment,”*** and free energy of
hydration.'>**% It is commonly assumed that the contributions
from different ions are additive and that approximatel;/ the same
sequence holds for various systems and properties.”'>> A similar
series is observed for cations but their effect on stabilizing
macromolecules is generally opposite and smaller than that of
anions® as they interact with the oxygen of the water, whose
charge density is lower than that of a water hydrogen,” and there
is much less polarizability variation in cations than in anions.'?
A similar ranking was found to hold when salts were compared
in their ability to shrink or swell macromolecules such as synthetic
polymers and gels.'*>#*2® Many aspects of salt effects on nonionic
polymer solutions and gels were investigated, particularly regard-
ing n-substituted acrylamides,”” 2° predominantly poly(N-iso-
propylacrylamide) (PNIPA).**~3 PNIPA is a polyvinyl poly-
mer, containing both a hydrophilic amide and a hydrophobic
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isopropyl in its side groups.*® The great research attention drawn
by PNIPA in linear and gel forms, is related both to its thermo-
sensitivity*®>® which is important in a plethora of biomedical
and other applications, and to its unique structure containing
both hydrophilic (amide) and hydrophobic (isopropyl and back-
bone) groups, making PNIPA an important model system for
studying cold denaturation/renaturation of proteins.*** It is
noteworthy that PNIPA is an isomer of polyleucine and poly
isoleucine where the amide group is rather in the backbone. The
temperature response of PNIPA is characterized by a lower
critical solution temperature (LCST) behavior; i.e., the polymer
is water-soluble below its LCST phase transition temperature
(~32 °C) while at higher temperatures the solution becomes
cloudy as the polymer collapses and aggregates. Cross-linked
PNIPA hydrogels display a significant reversible volume-phase
transition at this LCST.*'~>" PNIPA phase transition was
investigated by many experimental techniques such as: UV-
turbidometry,”"** static light scattering,****** NMR spectros-
copy,>*> FTIR,**%5 and calorimetry.* >

Cosolutes such as salts, sugars, and surfactants affect
PNIPA phase transition. For salts, this effect follows Hofmeister
series. 77934 Analogous effects with hydrophilic polymers like
polyacrylamide® and dextran® have been studied by Livney and
co-workers. A relationship was quantified between the anion
radius and its effect on the osmotic pressure of the polymer
solution, as well as on the swelling of its gel.

The main mechanisms proposed thus far for chaotropic and
kosmotropic anion effects on macromolecules may be summar-
ized as follows:

(1) Kosmotropic anions strongly attract,” coordinate,
and polarize” water molecules. Thus, enthalpically,
they are worse cosolvents for amide-rich polymers, as
the polarization decreases the hydrogen bond donation
capacity of the hydration water. Because an amide
group can accept three H-bonds and donate only
one, kosmotropic anions decrease H-bonding of their
hydration water with such polymers.®® Entropically,
kosmotropic anions are worse cosolvents for the poly-
mer due to the large size of their hydration cluster,
decreasing the entropy of mixing with the polymer.®®

(2) Both kosmotropes and chaotropes may interfere
with hydrophobic hydration of PNIPA by increas-
ing the surface tension®>®~7! of the “polymer—
water interface”, though to different extents.

(3) A third effect that involves only chaotropic anions is
related to their ability to bind directly to amides.””
The ion specificity has been shown to relate to the
number and position of vicinal methyl groups at-
tached to the amide.”* By applying '*’I NMR com-
petitive binding technique Oh et al.”* and Song
et al.,”” measured the binding affinity of various
anions to poly(vinylpyrrolidone) (PVP) in aqueous
solutions, and showed that the intrinsic binding
constant of SCN™ (at 298 K) on PVP is of the largest
magnitude followed by other anions according to
the Hofmeister series: SCN™ > I~ > Br~ > NO;~
> Cl7, while kosmotropic anions, F~ and S0, 2,
resulted in apparent negative intrinsic binding con-
stants. They also demonstrated that the binding of
the chaotropic anions was not significantly influ-
enced by the countercation.

39,67

The following model has been proposed by Cremer and co-
workers®*®7! to describe ion effects on PNIPA phase transition.
The model comprises a constant (The cloud point temperature
at zero salt concentration), a linear term (suggested to correlate
with the surface tension increment of chaotropic salts), and a
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Langmuir isotherm expression, to capitulate the chaotropic
anion adsorption effect:

T :T0+C[M}+(BmaxKA[M])/(]+KA[M]) (1)

Here, Ty is the LCST of PNIPA in water; [M] is the molar
concentration of salt; ¢ (°C/M) is a constant, which is negatively
proportional to the surface tension increment o (dAy/d[M] of
chaotropes, where Ay is the surface tension difference between
the salt solution and pure water); K, (M™') is the binding
constant of the anion to polymer and B, (°C) the asymptotic
increase in LCST due the anion binding at saturation.

A Langmuir binding isotherm approach has been previously
proposed by our group to describe the binding of chaotropic
anions to nonionic polymers, e.g., of SCN™ to Dextran,*® and of
I on PAAM® based on salt concentration differences evaluated
during osmotic pressure equilibrium measurements. Yet, the
mechanisms leading to salting-in of macromolecules at low
concentrations of chaotropic anions, and salting-out effects at
high concentrations remain largely obscure.

The main objective of the present work was to study the
concentration dependent salting-in and salting-out effects of a
strong chaotropic salt on the phase transition of PNIPA. Parti-
cularly we were interested in obtaining evidence for the adsorp-
tion of the anion onto the polymer, and in studying its
mechanism. For these purposes, we investigated the interactions
between KSCN and PNIPA in aqueous solutions, using high
sensitivity microcalorimetric techniques, ITC and DSC. This is
apparently the first report of an ITC study of the interaction
between a chaotropic salt and PNIPA.

Experimental Section

Materials. PNIPA (M, = 98000 Da, M,/M, = 2.5, atactic)
was purchased from Polymer Source, Inc. Analytical grade
KSCN was purchased from Riedel-de Haen and used as re-
ceived. All solutions were prepared with purified deionized
water with resistivity of at least 18 MQ.

Methods. Isothermal Titration Microcalorimetry (ITC). ITC
is the most direct method to measure the enthalpy change during
a binding reaction at constant temperature.”® For the following
binding interaction

Ka
L+M=—=ML

where L is the ligand, M is the macromolecule, and K4 is the
association constant of each binding site (assuming one affinity
class of independent sites):

Ka = (2)

(The square brackets indicate molar (M) concentrations; thus
K has units of M)

During a typical ITC titration, the ligand solution is placed in
the syringe, and injected stepwise into the cell containing the
macromolecule solution while stirring.”® The measured heat
absorbed or released following injection 7 is the area under the
ith peak in the raw plot of heat flow vs time, e.g., in Figure la
(top). This heat is the measured enthalpy change, A#; ,,, between
consecutive injections i — 1 and /. In the first injections, as the
molar ratio [L]/[M] is low (and if the affinity (or Kj4) is high),
practically all added ligand is bound to the polymer, and peak
areas are large and similar.

As titration progresses, Ah;,, gradually decreases until ulti-
mately all binding sites are saturated. Further injections show
small peaks due to heat of ligand dilution, Ah;q4; and other
nonspecific effects, Ah,-,ns.% (Therefore, an ITC titration of a
macromolecule with a ligand usually leads to a typical sigmoidal
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Figure 1. Raw ITC plots obtained at 15 °C: (a) Titration of 0.1 M KSCN solution into 0.5% (0.044 M NIPA) PNIPA solution; (b) titration of 0.1 M
KSCN solution into water (blank I); (c) titration of water into 0.5% PNIPA solution (blank II).

curve, when the integrated enthalpy change per mole of ligand is
plotted vs the molar ratio [L]/[M]). The apparent enthalpy
change following the ith injection due to the studied association
(corrected for ligand dilution and nonspecific effects) Ah; ,, is
obtained by:

Ah[,u = Ahi,m _Ahi,dil _Ahi, ns — A[Li] Vet AH, (3)

The sum (Ah; gy + Ah; ) is obtained by blank titration of the
ligand into buffer (and if significant, another blank may be
measured—that of injecting buffer into the macromolecule
solution). A[L/] is the change in bound ligand concentration in
the ith injection, V. is the cell volume, and AH, is the apparent
molar association enthalpy change. To calculate AH,, as well as
n, the number of binding sites on M, the following equations are
used:”®

Ahija = nM],, Vet AH Y 4)
[M];o is the total concentration of M in the sample cell, and Yis
the root of the quadratic equation:

yi2 —yi(1+ 1/(”KA[M]mt) + [Li]lo[/(n[M}lo[)
+n[Li] i [M]oy =0 ©)

In which y; is the degree of saturation, defined as
Vi = A[Lf]bound/[M]tot (6)

[L;]co is the total concentration of ligand added until injection 7.
A nonlinear model-fitting using the MicroCal Origin analysis
software, according to eqs 4—6 (“one-type-of-sites”) yields n, Kx
and AH, based on a titration experiment.

By normalizing the molar concentration to the standard state
concentration of 1 mol/L, K turns dimensionless, and the AG
of binding can be obtained from the normalized K according to
the expression

AG = —RT In K (7)

where R is the gas constant (8.314 J/(K mol)) and T'is in kelvin.”®
The entropy change may then be calculated from the funda-
mental Gibbs equation:

AG = AH —TAS (8)
Characterization of Binding of SCN~ and PNIPA. VP-ITC

(MicroCal) was used to study the binding interactions between
the chaotropic salt KSCN and PNIPA. We measured the

enthalpy change during the addition of KSCN to PNIPA
solution, as a function of KSCN concentration at different
temperatures. The reaction cell (Ve = 1.43 mL) was filled
with degassed PNIPA aqueous solution ([NIPA] = 44.2 mM,
0.5 wt % /wt) or with water (blank). To obtain the stoichiometric
binding ratio between the salt and the amide groups, we
expressed PNIPA concentration in terms of monomer units
(M, = 113 Da). 0.05 M salt (KSCN) solutions were injected
(1 step of 3 uL and 27 more steps of 10 uL each) into the polymer
solution. The duration of each injection was 20 s. The injector
stirred the solution at 310 rpm to ensure complete mixing
within a few seconds. The system was re-equilibrated for 180 s
before the following injection. Such an interval was found to be
sufficient to equilibrate the system. Each experiment was
performed in duplicate. Calorimetric data analysis was carried
out using Origin 5.0 software (MicroCal). The system
temperature was set to 15, 20, or 25 °C, i.e., below the phase
transition of PNIPA. ITC titration was performed as follows: (1)
titration of a PNIPA solution with KSCN solution, (2) titration
of water with the same KSCN solution (blank I), (3) titration of
the PNIPA solution with water (blank II). Appropriate subtrac-
tions of these two blanks were preformed in order to explore the
possible direct binding interaction between the salt and the
polymer.

Differential Scanning Microcalorimetry. The LCST phase
transition of aqueous PNIPA solutions was studied using a
VP-DSC microcalorimeter (Micro-Cal Inc., Northampton,
MA). KSCN concentrations were varied in the range of 0—
2 M. Solutions of 0.5—1 wt % PNIPA were prepared by
dissolving the polymer in pure water or in salt solutions at a
low temperature (4 °C). Degassed solutions were transferred to a
sample cell (0.5 mL) with a calibrated syringe. The thermograms
were measured at heating and cooling rates of 0.5 °C/min.
Polymer-free solutions (water or salt solutions at same salt
concentrations) were used in the reference cell. The LCST was
determined from the onset temperature (7,s() of the endother-
mic peak, determined as the intersection of the tangent of the
endotherm’s maximal rising slope, and the baseline® (Figure 2).

Debye Length Calculation. Debye length (denoted « ') was
calculated by the following expression’’ (eq 9):

_ eoe, KT
k7' =4/ 9
2NA€21 ( )

where [ is the ionic strength of the electrolyte. As KSCN is a
monomonovalent salt, 7 is simply the molar concentration,
converted to mol/m°.
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Figure 2. Typical Micro-DSC curve of a PNIPA LCST phase transi-
tion endotherm. T, was obtained from the intersection of the
maximal slope tangent and the baseline. T, is the temperature at the
maximum point.

& is the permittivity of free space: &y ~ 8.85 x 10™'% Amp? s*
kg 'm~.

&, 18 the dielectric constant, which in water at 20 °C is 80.1.

k is the Boltzmann’s constant, 1.38 x 10~ J/K.

T is the absolute temperature in kelvin.

Ny is Avogadro’s number: 6.022 x 10%* mol .

¢ is the elementary charge: 1.602 x 107" C.

Statistical analysis was performed using JMP statistical ana-
lysis software (SAS Institute Inc.).

Results and Discussion

Isothermal Titration Calorimetry (ITC) Experiments. To
test the conception that a strong chaotrope exerts its salting-
in effect by binding to the polymer and, if so, to gain better
understanding of the binding mechanism of KSCN to PNI-
PA, we employed isothermal titration calorimetry, which
apparently has not yet been applied for studying this inter-
action.

Herein, we employed the commonly used “one-type-of-
sites” model (eqs 4—6), which assumes all binding sites have
similar affinity to the ligand, a reasonable assumption in the
case of KSCN and the relatively simple homopolymer
PNIPA.

Binding takes place only if the total free energy decreases,
regardless of the actual enthalpy change due to direct
molecular contact between the associating chaotropic
anions®>’® and the PNIPA amide nitrogen groups. The free
energy of binding can be very small as a result of a fragile
balance between favorable and unfavorable contributions
and in this case, solvent effects may play a dominant role in
the energy balance.

Figures 3 presents an ITC plot of a titration of PNIPA
with KSCN obtained at 20 °C, after subtraction of two blank
titrations (of KSCN into water, and of water into PNIPA
solution, as shown in Figure 1 for 15 °C, and detailed in the
methods section).

The titrations were done in duplicate at 15, 20, and 25 °C.
The results obtained at 15 and 20 °C are described in Table 1.
The titrations performed at 25 °C resulted in highly scattered
data, which did not resemble a typical binding sigmoidal
plot, and the model fit was not achievable, presumably due to
too low a calorimetric signal.

Itis evident from the plot in Figure 3, and from the data in
Table 1 that the binding enthalpy is endothermic, suggesting
an entropically driven process. Endothermic ion binding
processes have been observed with ITC,”* though in these
cases the ligands were kosmotropic cations, e.g., Ca>" and
Cd>", and the entropy gain was explained by the release of
their (highly ordered) hydration-sphere water as well as,
hydration water of the binding-partner, and possibly by
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Figure 3. ITC titration curve showing the binding of KSCN to PNIPA
at 20 °C. Line is a one-type of sites model fit (MicroCal Origin). Curve
fit parameters are in Table 1.

disruption of ordered hydration shell surrounding the non-
polar residues of the peptide.®® The low y* values support a
good fit of the one-type-of-sites model in Figure 3. The
negative free energy change resulting from the model fit
suggests a spontaneous binding in this KSCN concentration
range (0—9 mM) at a 0—0.25 KSCN/NIPA molar ratio range.
Even though SCN™ is small enough to distinguish the
different local functional groups of PNIPA, the good fit
obtained for the one-type of sites model was in line with
our hypothesis, which was based on the homopolymeric
structure of PNIPA, and on the notion that the amide
nitrogen is likely to be the only favorable binding site for
the SCN™ anion, as had been suggested by Von Hippel
et al.”> The amide group can be described in terms of two
resonant states: '

>N— (‘j= = >N+=(‘: -0~

This resonance provides the amide nitrogen with a partial
positive charge and the carbonyl with a partial negative
charge enabling the chaotropic anion to bind at or near the
nitrogen. Collins*"® suggested that weakly hydrated ions
(chaotropes) are “pushed” onto weakly hydrated surfaces or
nonionic polymers as water—water interactions are more
favorable than ion and polymer hydration. This binding
process is further explained by Collins based on the assump-
tion that the amide nitrogen acts as a chaotropic cation,
which forms “inner sphere” (or nearest neighbor) ion pairs
with chaotropic anions, driven by the rejection of the water
favoring water—water bonds.*

We propose the following mechanism to explain the
entropically driven binding interaction we observed bg ITC:

On the basis of the ion-pairing mechanism,’®’® it is
reasonable to assume that the chaotropic SCN anion is
“pushed” by the water onto the slightly positive nitrogen of
the PNIPA amide so as to free the hydration water molecules
of both the ion and the amide. However, this mechanism
alone cannot fully account for the endothermic binding we
observed with the ITC, as the release of hydration water from
the vicinity of chaotropic ions to the bulk should decrease
entropy. Moreover, the binding of the SCN™ anion to the
amide should be somewhat exothermic, and so are the
formed hydrogen bonds of the released water molecules.
Therefore, we propose that an additional mechanism, whose
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Table 1. Values of the Binding Parameters Obtained by ITC

T (°C) n Ka (M AH (cal/mol K SCN) AG (cal/mol K SCN) AS (cal/(K mol KSCN)) %> of model fit
15 av 0.09 615 34.8 —3660 12.8 0.50
15std error 0.02 137 23.9 129 0.5
20 av 0.11 1486 16.4 —4251 14.6 0.25
20 std error 0.02 98 9.2 37 0.1

entropic effect is more dominant, takes place immediately
following the ion binding to the amide. At these tempera-
tures, below the cloud point of PNIPA, the nonpolar back-
bone and isopropyl groups are hydrophobically hydrated,
and it is widely accepted that this hydration is highly ordered
(Frank and Evans icebergs®' or water cages). At the salt
concentrations used in the ITC experiment (~4 mM), the
Debye length in the solution is about 5 nm, which is ~20
times larger than the distance between the amide nitrogen
and the isopropyl or the polymer backbone (each ~2.5 A
away). Therefore, when an SCN™ anion adsorbs onto the
amide nitrogen, its electrical field can most probably disturb
the hydrophobic hydration water near these nonpolar
groups, resulting in increased entropy. The potassium coun-
terion has a very slightly chaotropic nature as its charge
density is not as low as that of KSCN, so it might be also
binding to the amide oxygen, but to a much lesser extent. It is
more likely to move (approximately within the Debye length
radius) around the bound SCN™, thereby intensifying the
disordering effect on the hydration of the hydrophobic
groups in this vicinity. As KSCN concentration increases,
the Debye length decreases and this effect vanishes. Thus,
approaching saturation is gradual (as seen below in Figure 6)
as it does not necessarily reflect a complete coverage of the
accessible sites but rather a diminished entropic driving force
for binding. Therefore, in this case, we propose that both
mechanisms (ion pairing and disturbance of the hydrophobic
hydration by bound ions) prevail, leading to an increase in
the overall entropy, thus facilitating a spontaneous endo-
thermic binding process. When ITC titrations were per-
formed at higher KSCN concentrations (0.1, 0.15, 0.3 M in
the syringe), above 0.15 M no sigmoidal binding curves were
obtainable (not shown). That is possibly because at the
higher chaotropic salt concentrations, the change in the
endothermic signal due mainly to breaking of hydrogen
bonds of disturbed cages became too weak to be detected.
The slight increase in the binding constant from 15 to
20 °C, and then the decrease toward 25 °C (as no binding was
observed) is an intriguing observation. We hypothesize that
the increasing temperature initially decreases AG, but as the
temperature continues to rise, the balance between the two
mechanisms described-above is shifted, and the cages be-
come weaker and less ordered due to thermal motion, there-
by decreasing the relative importance of this ion disturbance
effect, thus reducing the entropic driving force. Complete
understanding of this observation may require further study.
An additional mechanism may become important at higher
temperatures, apgroaching the cloud point of PNIPA. Wu
and Wang (1998)*? determined the temperature dependence
of the average radius of gyration (Ry) of PNIPA in pure
water, observing a_decrease from (R,) ~ 1.9 x 102 nm at
20 °C to 1.75*10*> nm at 25 °C. They interpreted this
temperature-dependent change in the average (R, as a
change from expanded coil conformation at 20 °C, to
a “crumpled coil” conformation at 25° and eventually to a
globule above the LCST. This change in the radius of
gyration was accompanied by a decrease in A,, the second
virial coefficient of PNIPA-aqueous solution, representing a
decrease in the solvent quality of the salt solution for the
polymer. Therefore, one can expect that the number of sites

accessible for SCN™ binding decreases as temperature in-
creases approaching coi14g10bule transition for this system.
Krasovitski et al.,2004,* employed static light scattering
(SLS) measurements of PNIPA aqueous solutions without
and in the presence of SCN™ anions (247 mM NaSCN),
showing that the radius of gyration, (R,), of the polymer in
the chaotrope solution (32.8 4 0.3 nm) increased compared
to its value in pure water (30.4 £ 0.3 nm) at the same
temperature (18 °C). By using a Zimm plot they calculated
R, and A, the second virial coefficient, and concluded that
the presence of SCN™ tended to reduce the free energy of
mixing and significantly increase the second virial coeffi-
cient, A, (for PNIPA in the SCN ™ solution, 4, was 1.18 x
1073, and in water, 4, was 6.67 x 1074 cm3m01/g2). These
measurements indicated that the presence of SCN™ turns the
aqueous-chaotrope solution into a better solvent for PNIPA
compared to pure water in the low concentration range
studied, where the preferential binding is the dominant
effect. This may also increase the osmotic pressure difference
between a ternary (water—polymer—salt) solution and a
respective polymer free binary solution, across a membrane
impermeable to the polymer only. In this manner, Livney
et al. showed an increase in the osmotic pressure of a Dextran
solution with the addition of NaSCN compared to the
osmotic pressure of the macromolecule in pure water.®® They
similarly showed an effect of iodide on polyacrylamide, and
by measuring the equilibrium ion concentrations on both
sides of the membrane, they derived a Langmuir binding
isotherm.® A similar improvement in solvent quality due to
preferential adsorption of the anion onto the polymer, may
serve to explain the increase in the LCST of the polymer at
low KSCN concentrations observed using Micro DSC, as
described in the next section.

Effect of Increasing KSCN Concentration on the LCST
Phase Transition of Aqueous PNIPA Solution, As Measured
by Micro DSC. To study the effect of rising KSCN concen-
trations on the LCST of PNIPA, we employed a micro
differential scanning calorimeter (Micro DSC). Figure 2
shows an endothermic peak obtained during heating a pure
PNIPA solution in water. Figure 4 describes the effect of
KSCN concentration on the measured heating endotherm of
0.5% PNIPA solutions during heating. When PNIPA is
heated in pure water, the phase transition occurs as a sharp
transition due to the cooperative collapse of long segments,
and probably the entire polymer chain.’® This cooperativity
is related to the cooperative hydration® of this homopoly-
mer. As salt concentration increases, the DSC peaks became
shorter and broader. A somewhat similar behavior was
observed by Schild and Tirrell for NaSCN and PNIPA >
We propose that the bound ions interfere with the coopera-
tivity, hence the higher the salt concentration is, the less
cooperative is the collapse process. The length of unper-
turbed segments decreases, and their size distribution hetero-
geneity increases, resulting in decreasing peak height and
increasing width.

Microcalorimetric measurements were performed at sev-
eral PNIPA concentrations. The peak shape was found to be
independent of polymer concentration (not shown). The
results shown in Figure 5 describe the phase transition onset
temperatures obtained at 0.5, 0.75, and 1 wt % PNIPA with
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Figure 4. Microcalorimetric DSC endotherms for aqueous PNIPA
solutions (0.5%wt) in presence of different KSCN concentrations.
(The key shows the NIPA:KSCN molar ratio and KSCN molar
concentration).
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Figure 5. Effect of KSCN molar concentration on LCST onset tem-
perature of PNIPA solutions (triangles, 0.5 wt % PNIPA; circles,
0.75 wt % PNIPA; squares, 1 wt % PNIPA). The lines are a model
fit based on Zhang et al.®®

rising KSCN concentration. At all PNIPA concentrations
adding KSCN first increased the LCST up to a maximum
(~0.4 M KSCN), (showing a “salting-in” behavior). Above
this concentration, the LCST decreased with increasing salt
concentration. Further to our discussion of the possible
effect of the Debye length on the binding, it is noteworthy
that at the concentration of maximal salting-in, ~0.4 M, the
Debye length is about 5 A, and at ~0.8 M, where the
onset temperature is back to around its value in pure water,
Debye length is ~3.4 A, i.e., only slightly more than the
distance between the amide and the centers of the
nearest hydrophobic groups (~2.5 A). (In fact, the Debye
length is even shorter, taken that the local ion concentration
near the polymer is actually higher than the average). There-
fore, the hydration cages are at the limit of the range of the
bound ion influence, which could explain the dimini-
shed binding-induced salting-in effect beyond this concen-
tration.

The lines in Figure 5 represent model fits based on eq 1.
By subtracting the linear contribution (7, + C[M]) and
plotting the temperature increase of the LCST compared
to LCST in pure water, AT, vs KSCN concentration, a
Langmuir shape binding isotherm is obtained,®® (see Figure 6
as an example, at 0.5 wt % PNIPA). This Langmuir-curve
shape provides an additional evidence for the binding of
KSCN onto PNIPA, thus corroborating the ITC results
shown above. Table 2 presents the values of the model
parameters obtained by fitting the model at different poly-
mer concentrations.
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Table 2. Values of C, B, and K4, (Eq 1) Obtained for KSCN, by
Fitting the Model of Cremer and Co-Workers,*>**®"! at Different

PNIPA Concentrations
PNIPA con- C (°C/M) Binax (°C) Ka M)
centration (% wt) (std. err) (std error) (std error)
0.5 —15.8(0.4) 30.8(1.7) 0.92(0.04)
0.75 —14.2(1.1) 21.9(3.1) 1.2(0.1)
1.0 —13.2(0.7) 21.6 (2.1) 1.2(0.2)

The lower binding constants obtained from this model fit,
compared to the values obtained by ITC are partly due to the
fact that the ITC results were obtained at constant low
temperatures, where the binding is optimal. In contrast, the
DSC-based Langmuir curves represent experiments done
during heating to the phase transition temperature, where
the polymer collapses, and the binding is much weaker, due
to the reasons discussed above. Nevertheless, the binding
constants we obtained here (0.92—1.2 M~ ") were within the
same order of magnitude as those obtained by Zhang et al.%*
(2.8 M~ ! for M,, = 30070 Da, and 4.3 M~! for 121 000 Da,
while the polymer used here was 39200 Da). This is a
reasonably good agreement, given the different methods
used, and the fact that the cations were different
(potassium vs sodium). Likewise, differences in the values
of Bax and C obtained in the two studies are reasonable
given these experimental differences.

The constant ¢(M) was shown® to correlate with the
surface tension increment o> for chaotropic anions, hence
it has been proposed®® to explain the salting-out, or decrease
in PNIPA phase transition temperature at higher KSCN
concentration (Figure 5). The increase in surface energy
around hydrophobic groups would indeed favor poly-
mer—polymer interactions. However, further study has to
be performed to test the validity of the surface tension
mechanism, because there are considerable uncertainties®>
regarding reliability of surface tension increment data in the
literature. Moreover, any solution property, which is linearly
dependent on salt concentration, would correlate with ¢. The
salting-out effect of KSCN at high concentration may even
be the result of mere competition over available hydration
water. Table 1 shows that the negative values of ¢ slightly
decreased in absolute value with increasing polymer concen-
tration, however this was not statistically significant. Zhang
et al.®? also observed small insignificant changes in the value
of ¢ with increasing PNIPA concentration in the presence of
another chaotrope (NaClQOy).

Table 2 also shows that the magnitude of the Langmuir
asymptote Bp.x decreased and that of the binding
constant K slightly increased, when the polymer concentra-
tion increased from 0.5% to 0.75%, though no further
significant changes were observed from 0.75% to 1%. Zhang
et al.®? also observed an increase in K and decrease in By
with increasing PNIPA concentration in the presence Na-
ClO,.

Figure 7 shows a heating—cooling cycle of 0.5% PNIPA
(A) in pure water and (B) in a 0.242 M KSCN solution.
Cooling commenced immediately after heating to 50 °C (the
holding time at the collapsed state may affect hysteresis,
however this was not varied in this study). The transition
midpoint temperature (Tyy) during the cooling process was
about 2 °C lower than that during the heating process,
indicating hysteresis. Such a hysteresis phenomenon was
previously observed in binary aqueous PNIPA solutions by
static light scattering, SLS®?* and also by microcalorimetric
DSC experiments in K>SO, solution made by Paz et al.>” As
can be seen in Figure 8 the hysteresis (ATy) decreased
sharply with increasing KSCN concentration in all PNIPA
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Figure 7. MicroCal DSC thermograms of (A) 0.5% PNIPA in water
and (B) ternary solution containing 0.242 M KSCN (solid lines refer to
heating, and dashed lines refer to cooling).

concentrations studied and reached a magnitude very close
to zero at about 0.6 M KSCN.

The effect of KSCN on hysteresis was not significantly
affected by changes in polymer concentrations. Moreover,
the curves exhibited a saturation effect, by decreasing toward
an asymptote with increasing salt concentration. This is most
likely another expression of the binding saturation process.
Interestingly, in the above-mentioned study®’ the hysteresis
was found to decrease by the addition of a strong kosmo-
tropic salt, Na,SOy. The effect was explained there based on
the notion that the sulfate ions cause a relative stabilization
of the so-called crumpled coil stage (partial intrachain
collapse®**) due to the salting-out effect of the salt. It was
further suggested that this stabilization causes a smaller
extent of interchain penetration above LCST, resulting in a
smaller extent of hysteresis.”’

Zeng et al.,% showed rheological evidence that during
PNIPA phase separation a reversible network is created,
apparently due to physical association of the hydrophobic

Shechter et al.
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Figure 8. LCST hysteresis dependence on KSCN concentration
(triangles, 0.5 wt % PNIPA solutions; circles, 0.75 wt % PNIPA
solutions; squares, 1 wt % PNIPA solutions).

side groups of the collapsed polymer chains. We propose that
in the case of a chaotropic salt, such as KSCN, the presence
of bound ions diminishes segment—segment attraction both
on the intrachain and on the interchain level, thereby assist-
ing the globule-to-coil transition and the dissociation of
aggregates and making the rehydration during cooling easier
than in pure water, thereby decreasing the hysteresis (AT},)
with salt addition. Thus, both a kosmotropic and a chao-
tropic salt decrease hysteresis, but they do so via two very
different mechanisms.

Conclusions

The LCST phase transition of aqueous PNIPA solutions in the
presence of the strong chaotropic salt KSCN at rising salt and
polymer concentrations were studied by two complementary
microcalorimetric methods, ITC and DSC.

Our main findings in the current work were as follows:

(1) The ITC observation of the endothermic binding of
KSCN onto PNIPA at constant temperatures pro-
vides strong support to the notion of binding of
KSCN (more likely, the SCN™ anion) to PNIPA
amide based on the good fit found for the one-type-
of-sites binding model. We suggest that this weak
endothermic binding is driven by the increase in
entropy due to disturbance of the hydrophobic
hydration (“cages”) of the isopropyl and the back-
bone effected by the electrostatic field of the bound
anion (and its more freely moving vicinal counter-
ion) at low salt concentration (long Debye length).
The observed increase in binding affinity from15 to
20 °C and then the decrease at 25 °C are suggested to
be mainly due to the opposite effects of 7 and AS,
because as temperature rises, the entropy of the
“cages” increases and becomes less different from
that of bulk water, hence diminishing the entropic
gain of disrupting the cages.

(2) Our DSC results emphasize the gradual change in
shape of the endothermic peak of PNIPA phase
transition, which becomes lower and broader with
rising KSCN concentration, in addition to the fact
the peak first shifts to higher temperatures (salting-
in) and then to lower temperatures (salting-out). We
propose that the broadening of the peak is due to
increased heterogeneity of local domains due to
inhomogeneous adsorption of the salt on the poly-
mer, and consequently reduced cooperativity of the
chain collapse.

(3) Another unique observation is the hysteresis of the
DSC endotherms upon heating and cooling PNIPA
solutions, which was found to decrease in its extent
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upon rising KSCN concentration, approaching an
asymptote. This result further supports the conclu-
sion that binding of KSCN to PNIPA occurs.

We conclude that an entropically driven adsorption is a major
mechanism in the salting-in effect of chaotropic salts, of which
KSCN is one of the strongest, on phase transition of PNIPA,
which in some respects may serve as a model for protein behavior
in aqueous systems.
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