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Abstract. Effect of sodium fluoride, sodium trichloroacetate, and sodium thiocyanate on the
stability and conformation of poly(N-isopropylacrylamide), in bulk solution and at the gold-
aqueous interface, is investigated by differential scanning calorimetry, dynamic light
scattering, quartz crystal microbalance, and atomic force microscopy. The results indicate a
surface partitioning of the weakly hydrated anions, i.e., thiocyanate and trichloroacetate, and
the findings are discussed in terms of anion-induced electrostatic stabilization. Although
attractive polymer-ion interactions are suggested for thiocyanate and trichloroacetate, a salting-
out effect is found for sodium trichloroacetate. This apparent contradiction is explained by a
combination of previously suggested mechanisms for the salting-out effect by weakly hydrated

anions.



1. INTRODUCTION

Stimuli-responsive polymers undergo a change in conformation and interaction in response
to an external stimulus and are of great importance in numerous areas, such as biomedical
engineering and the fabrication of smart surfaces." > > * Since the earliest report in 1967,
poly(N-isopropylacrylamide) (PNIPAM) has drawn enormous attention because of its abrupt
phase transition, which is reminiscent of protein folding and denaturation.’ Furthermore,
PNIPAM has a phase separation temperature in the proximity of human body temperature,
rendering it a promising candidate for drug delivery and other biomedical applications.% 7
Regarding thermo-responsiveness, PNIPAM shows lower critical solution temperature (LCST)
phase behavior, meaning that water miscibility decreases with increasing temperature.® 1% !
Below the phase separation temperature, PNIPAM adopts a swollen coil conformation, while
a drastic decline in hydrophilicity and coil size occurs upon crossing the phase separation
boundary.

Presence of 1ons, particularly anions, can also influence the stability of PNIPAM in aqueous
solutions; this effect is widely known as the Hofmeister effect.!® 1314 1> This phenomenon not
only depends on the ionic strength of the solution, but also relies on other ionic properties, such
as size, polarizability, hydration energetics, and the partition coefficient. In other words, it is
“ion-specific.”!® ! 18 The Hofmeister effect of anions on uncharged polymers, such as
PNIPAM, can be divided into two distinct types:'? 20-21-22. 23,24

(1) Strongly hydrated anions, e.g., fluoride (F°), decrease the polymer stability in solution (a
“salting-out” effect) and produce a linear drop in the phase separation temperature as a function
of salt concentration. Such anions are effectively repelled from the polymer surface, and the
LCST depression mainly stems from their “water withdrawing power,” meaning that they can

compete with the polymer for hydration water.?> 26



(i1)) Weakly hydrated and highly polarizable anions, e.g., thiocyanate (SCN-), promote
polymer stability in solution (a “salting-in” effect) and raise the phase separation temperature
in a nonlinear manner. The stabilization effect originates from preferential partitioning and
accumulation of anions at the polymer surface because of the loose bulk hydration and favored
interactions with the polymer surface.?”-2%-2° The anion-polymer association can be of different
natures, e.g., dispersion forces resulting from the high polarizability of the anions or columbic
interactions with partially positive sites on the polymer backbone.** 3" 3 For many polymers,
including PNIPAM, this salting-in effect is limited to relatively low salt concentrations, after
which a linear salting-out effect is observed.?* ¥

In the present study, we target two important obscurities in the Hofmeister effect for weakly
hydrated anions. First, the accumulation of anions to promote polymer stability is not yet fully
understood, although an abundance of studies have been performed to determine why such
anions have an affinity for the polymer surface. Previous studies suggested an electrostatic

stabilization mechanism;** 3> 3

nevertheless, further experimental proof is still needed. Our
objective is to ascertain the association of weakly hydrated anions with PNIPAM by studying
the structural properties of PNIPAM in saline solutions. Second, we investigate the behavior
of a PNIPAM solution in a system where a salting-out effect is observed by a weakly hydrated
anion to better understand the turning point (i.e., the salting-in to salting-out transition), which
is another enigmatic aspect of the Hofmeister effect of weakly hydrated anions.

The Hofmeister effect of three sodium salts on the PNIPAM stability, in bulk and at an
interface, is investigated. Sodium fluoride (NaF) and sodium thiocyanate (NaSCN) are selected
because these salts have strong salting-out and salting-in effects, respectively. Sodium
trichloroacetate (NaTCA) is chosen as the third salt. Trichloroacetate (TCA") is a weakly

hydrated bulky anion with a significant binding tendency toward proteins and hydrophobic

entities.>” 3% 3 The effect of the salts on the PNIPAM stability is inspected using four different



techniques. Differential scanning calorimetry is performed to obtain the phase separation
temperature of the solutions and the enthalpy and entropy of dehydration. Dynamic light
scattering is employed to determine the effect of the salts on the hydrodynamic coil size of
PNIPAM and aggregation temperature. A quartz crystal microbalance with dissipation is used
to monitor the conformational changes of the PNIPAM film in the presence of the salts. Finally,
atomic force microscopy colloidal probe measurements are conducted to scrutinize the

interactions between the PNIPAM films in the salt solutions at various temperatures.

2. EXPERIMENTAL SECTION
2.1 Materials

PNIPAM (number average molecular weight (M;) of 475000 g/mol and polydispersity index
(PDI = My/M,) of 1.3) and mono thiol-terminated poly(N-isopropylacrylamide) (PNIPAM-
SH, M, = 8000 g/mol, PDI = 1.3) were purchased from Polymer Source Inc. (Dorval, Canada)
and used as received. NaF (> 99%), NaTCA (= 97%), NaSCN (> 98.5%), and gold-coated
silicon wafer (99.999% Au, layer thickness of 1000 A) were supplied by Sigma-Aldrich. Gold-
coated barium titanate glass microspheres (coating thickness: around 20 nm) were purchased
from Cospheric LLC (Santa Barbara, USA). Degassed ultra-pure Milli-Q water with a
resistivity of 18.2 MQ-cm and organic content below 5 ppb was used. All PNIPAM solutions
were prepared using a nutating mixer at 5 °C for 24 h.
2.2 Methods

Differential scanning calorimetry (DSC). To analyze the phase separation thermodynamics
of the solutions, DSC (Nano DSC, TA Instruments, New Castle, USA) was employed.
Measurements were carried out using 0.1 wt% solutions of PNIPAM in pure water and in 200
mM salt solutions. The solutions were thermally stabilized at 10 °C for 30 min and then heated
from 10 to 50 °C at a heating rate of 0.2 °C/min. To avoid bubble formation, the measurements

were conducted under a constant pressure of 3 bar. The endothermic peak maximum was



considered to be the phase separation temperature (Tps). The raw heat data were normalized to
the monomer molecular weight and concentration to obtain the molar heat capacities. The
molar enthalpy of the phase separation (AH) was determined by integrating the area under the
peak, and the molar entropy of the phase separation (AS) was calculated according to AS = AH
/ Tps. Three measurements were conducted for each solution. (Analysis of the raw heat data is
provided in the Supplementary information, Section S1.)

Dynamic light scattering (DLS). The apparent hydrodynamic diameter of PNIPAM in the
salt-free and 200 mM saline solutions at various temperatures between 20 and 40 °C was
determined using a DLS apparatus (Zetasizer Nano-ZS, Malvern Instruments, Worcestershire,
UK). In brief, this technique measures time-dependent fluctuations in the scattered light
intensity resulting from Brownian motion of the polymer coils. By fitting the time correlation
function to the measured intensity fluctuations, the diffusion coefficients of the polymer chains
are found. The diffusion coefficient is inversely related to the coil size and can be converted
into the hydrodynamic diameter using the Stokes-Einstein equation.** Measurements were
performed using 0.1 wt% dilute solutions of PNIPAM in pure water and 200 mM saline
solutions. The PNIPAM concentration was optimized to minimize the overlap between the
polymer coils in solution (well below the overlap concentration, which was estimated to be
around 0.9 wt%), while a satisfactory scattering intensity was measured. Before starting the
measurements, the solutions were thermally stabilized for 30 min at 20 °C. For each solution,
the measurements were repeated once, and each experimental run consists of 3 x 12
consecutive measurements. The standard analysis software of the instrument (Zetasizer
software) was used for data analysis and obtaining the size distribution from the fitted
autocorrelation function. The Z-average hydrodynamic diameter obtained from cumulants fit

was used here.



Quartz crystal microbalance with dissipation (QCM-D). The conformational change of
the PNIPAM film in the salt solutions was monitored using QCM-D (Q-Sense E1, Biolin
Scientific, Gothenburg, Sweden). A gold-coated sensor chip (fundamental frequency of 4.95
MHz) was repeatedly rinsed in acetone, washed with copious Milli-Q water, and ultimately
plasma-cleaned (PDC-32G plasma cleaner, Harrick Plasma) for 5 min in air under a constant
pressure of 500 mTorr. The sensor was immediately placed in the flow module of the apparatus,
and the measurement was started at 20 °C under a 100 pL/min steady flow of degassed Milli-
Q water. After obtaining a stable baseline for all the harmonics (1% to 11" overtones), the bulk
shifts of the frequency and dissipation values were measured for each salt solution at various
temperatures. In brief, at each constant temperature, the buffer was changed from water to a
200 mM saline solution and then switched back to water. After obtaining the bulk shifts, a 0.1
wt% solution of PNIPAM was flowed over the bare sensor for 24 h at 20 °C to obtain a polymer
layer formed by physically adsorbed PNIPAM chains on the gold surface. The cell was then
rinsed with Milli-Q water to remove any loosely adsorbed polymer chains until a stable
baseline for all the overtones was reached. The same experimental procedure as used for
measuring the bulk shifts was applied on the polymer-coated sensor to study the effect of
changing the solvent from water to the saline solutions at various temperatures. To obtain the
polymer response, the measured bulk shifts were subtracted from the data. Herein, the third
overtone data are used for the analysis and discussion. All measurements on the bare sensor
and the polymer-coated sensor were repeated three times and showed very good
reproducibility. It should be noted that the same experiments were performed on the thiol-
terminated PNIPAM; nevertheless, the shifts in frequency and dissipation after bulk subtraction
were not large enough to provide reliable trends. Accordingly, only the results of the high
molecular weight PNIPAM sample are provided and discussed here. (QCM-D data of the low

molecular weight sample are available in the Supplementary information, Section S2.1)



Atomic force microscopy (AFM). To inspect the interactions between the PNIPAM layers
in different salt solutions and at different temperatures, AFM colloidal probe measurements
(NanoWizard 3, JPK Instruments AG, Berlin, Germany) were carried out. A tipless rectangular
cantilever (HQ:CSC38/Cr-Au, MikroMasch) with an approximate length of 250 pm, width of
32.5 um, thickness of 1 pm, and normal spring constant of 0.09 N-m ' was used. The accurate
normal spring constant of the cantilever (with no particle attached) was obtained using the
thermal noise method.*! A gold-coated spherical particle (Cospheric LLC, Santa Barbara,USA)
with a diameter of 20 £ 0.1 pm (measured using a Nikon Eclipse LV100ND optical microscope
and the Infinity Analyze image processing software) was glued to the end of the cantilever
using a small amount of a two-component epoxy adhesive (Araldite 2000 Plus).**** A gold-
coated silicon wafer (root mean square roughness below 2.5 nm over a 1 pm x 1 pum area,
obtained from AFM imaging) was used as the flat substrate. To ensure stability of the PNIPAM
layers during the measurements, PNIPAM chains were chemically grafted at one end to the
gold surface using gold-thiol chemistry.** The cantilever with the attached gold-coated particle
and the substrate were plasma-cleaned for 5 min and then immersed in a 0.1 wt% solution of
thiol-terminated PNIPAM for 2 h. After rinsing with copious water, the samples were
immediately used for the measurements. During the force measurements, the temperature of
the solution was controlled with an accuracy of £0.1 °C using a BioCell (JPK Instruments).
Two syringe pumps (Aladdin syringe pump, World Precision Instruments, Sarasota, USA)
were used to exchange the solutions in the AFM BioCell. When exchanging the solution or
changing the cell temperature, the system was subjected to 15 min of stabilization time. For
each measurement condition, 25 force curves were collected at various surface positions, which
were equally separated over an area of 5 um x 5 um. The force measurements were conducted
with an approach and retraction velocity of 300 nm/s, where the contribution from

hydrodynamic forces could be neglected.*> The standard software of the instrument (JPKSPM



Data Processing) was used to process the raw data and analyze the force curves, as described

in detail elsewhere.*¢

3. RESULTS AND DISCUSSION

Before discussing our findings, a general prelude on some aspects of PNIPAM hydration and
phase transition is useful.!"> - 4% Below the phase separation temperature, PNIPAM chains
adopt a swollen random coil conformation and are highly hydrated, with a water content of
around 90%.*’-°° Regarding the structure of water molecules surrounding the PNIPAM chains,
two types of hydration structures were previously suggested. (i) Water molecules that are
hydrogen-bonded to the amide groups and (i) water molecules neighboring the hydrophobic
backbone and isopropyl side groups, generally referred to as “hydrophobic hydration.” Upon
heating the solution to the phase separation temperature, the PNIPAM coils abruptly shrink
and adopt a collapsed conformation, while tending to aggregate because of attractive inter-
chain interactions. The hydrogen-bonded water molecules are almost unaffected by the phase
transition, and a collapsed PNIPAM coil still contains nearly 60% water.!% 3! 32 Accordingly,
it is the hydrophobic effect that dominantly governs the phase separation of PNIPAM.!'% !
Compared to the bulk structure, water molecules in the hydrophobic hydration shell form
stronger hydrogen bonds (favorable enthalpic term), but possess a lesser degree of freedom
(unfavorable entropic term). The balance of these two contrary factors determines the stability
of PNIPAM in water at different temperatures. Below the phase separation temperature, the
favorable enthalpic term keeps PNIPAM in the solution. Upon passing the phase separation
temperature, the entropic term prevails and water molecules escape from the hydrophobic
hydration cage to acquire a higher entropic state. Knowing the determining role of the
hydrophobic effect, the next step is to assess it in the salt solutions.

Ions can influence the hydrophobic effect of water on small nonpolar solutes.> 3% 3% 3

Considering the surface exclusion of strongly hydrated anions, such ions could affect the



hydrophobic effect by changing the enthalpy and entropy values of hydrogen bond formation
in the bulk. As mentioned above with respect to pure water, formation of hydrogen bonds at
the hydrophobic surfaces is enthalpically favorable but entropically costly. The combination of
these two factors provides a net positive contribution to the free energy. The situation is
reversed in strongly hydrated salt solutions, where the ion-water interaction is relatively
stronger than the water-water interaction. Accordingly, the formation of hydrogen bonds in the
hydrophobic hydration layer in the saline solutions is enthalpically costly but entropically
favored. However, the net contribution to the free energy is even more positive than that of
pure water, providing a relatively stronger hydrophobic effect in such saline solutions.
Regarding the surface affinity of weakly hydrated anions, the hydrophobic effect can be
affected in two manners. On the one hand, the anions can modify the hydrophobic effect by
changing the energetics of hydrogen bond formation. On the other hand, the accumulation of
the anions at the surface constrains the space for water molecules; therefore, the number of
water molecules in the hydrophobic shell decreases (surface effect). After becoming acquainted
with these principles, henceforth, we discuss our findings on the Hofmeister effect of salts.

3.1 DSC measurements in bulk solution: The DSC data of 0.1 wt% PNIPAM in pure water
and saline solutions are presented in Figure 1 and Table 1. In agreement with former studies,
PNIPAM undergoes a sharp endothermic phase separation in aqueous solutions at around 32
°C, which is accompanied by an increment in the system entropy. Considering hydrophobic
dehydration as the primary driving force for phase separation, the enthalpy and entropy changes
thus correspond to the transfer of water molecules from the hydrophobic hydration shell to the
bulk solution.> '° The adsorbed heat resulting from the phase separation correlates to
breakdown of the more strongly hydrogen-bonded water structures that surround the

hydrophobic groups (which are often referred to as the “ice-like” structures). On the other hand,

10



the observed positive entropy change of the phase separation indicates a higher degree of

freedom for the water molecules that are transferred to the bulk solution.

NaSCN
200 mM

Water

NaTCA
200 mM

NaF
200 mM

B A

Molar heat capacity (kJ/mol-K)

20 25

Temperature (°C)

30 35

Figure 1 DSC thermograms of 0.1 wt% PNIPAM solutions

Table 1 DSC data of 0.1 wt% PNIPAM salt-free and saline solutions; the enthalpy and

entropy change per monomer unit are reported.

Sample Tpeak (°C) AH (kJ/mol) AS (J/mol-K)
NaSCN 200 mM 33.52 (x0.06) 3.85 (+£0.08) 12.60 (£0.25)
Water 32.27 (x0.01) 4.16 (£0.10) 13.60 (+£0.35)
TCA 200 mM 31.06 (£0.03) 4.11 (+0.02) 13.50 (+£0.10)
NaF 200 mM 27.75 (£0.01) 4.42 (£0.07) 14.70 (£0.25)
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With respect to the effects of the salts, 200 mM NaF lowers the phase separation temperature
by 4.5 °C, whereas 200 mM NaSCN increases the phase separation temperature by 1.25 °C, in
accordance with the hydration power of their constituent anions. Despite the poor hydration
power of TCA", 200 mM NaTCA shows a salting-out effect and leads to a decrement of the
phase separation temperature by 1.2 °C. Besides the phase separation temperature, the salts
also affect the enthalpy and entropy change of dehydration. Compared to the salt-free solution,
200 mM NaF increases the enthalpy and entropy changes, while the values are relatively
smaller in the NaSCN solution. The former observation supports the idea of having a stronger
hydrophobic effect in the strongly hydrated salt solutions. On the other hand, the latter result
implies that accumulation of the weakly hydrated anions at the polymer surface can interfere
with hydrophobic hydration. Unlike the two other salts, 200 mM NaTCA has a negligible effect

(i.e., within the range of the experimental uncertainties) on the phase separation energetics.

Regarding the strong affinity of TCA™ to accumulate at hydrophobic and polymer surfaces,
attenuation of the hydrophobic hydration and then a decrement in the enthalpy and entropy
values is anticipated, which is an effect similar to that in the NaSCN solution. This may suggest
an intensifying effect on the hydrophobic hydration to counterbalance the surface-related effect
so that the enthalpy and entropy values remain almost the same. Thus, we will further
investigate the idea of the strong association between TCA™ and PNIPAM in the following

sections.
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Figure 2 Hydrodynamic diameter (Z-average) of PNIPAM as a function of temperature in the

saline and salt-free solutions

3.2 DLS measurements in bulk solution: Figure 2 illustrates the effect of temperature and
salts on the apparent hydrodynamic diameter of PNIPAM in solution. At temperatures well
below the phase separation point, PNIPAM has a hydrodynamic diameter of ~41 nm, which is
in agreement with the previously suggested scaling law between the hydrodynamic diameter
and the molecular weight of PNIPAM.>” Within the experimental uncertainties, the salts
generally appear to have an insignificant effect on the hydrodynamic coil size. Additionally,
all of the samples show a considerable increment in the apparent hydrodynamic diameter near
their phase separation temperatures. We suggest that this is not a real change in the coil size,
but is probably a result of stronger inter-chain interactions, and thus slower diffusion, when
approaching the phase separation temperature. This speculation is further supported by

additional DLS measurements conducted on solutions with lower and higher concentration of
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PNIPAM. (See the supplementary information, Section S3) For the salt-free and all the saline
solutions, there is a good correlation between the temperatures at which the apparent
hydrodynamic size (from DLS) and the heat capacity (from DSC) begin to increase (compare
Fig. 1 and 2).

Another interesting finding is the formation of nano-sized PNIPAM mesoglobules after the
phase separation temperature in water, whereas macroscopic segregation of the polymer-rich
and water-rich phases occurs in all of the saline solutions. Although this topic is beyond the
scope of our paper, it is worth a brief discussion. As reported, PNIPAM chains of specific
molecular weights and at certain concentrations may form meso-stable, nano-sized globular
aggregates after the collapse temperature.!'> °® There is still a disagreement about the
stabilization mechanisms, but two explanations have gained more acceptance.’® ° First,
PNIPAM chains form aggregates to minimize their hydrophobic surface area, but the hydrated
hydrophilic parts can stabilize the globules and hamper macroscopic flocculation. Second, the
globules are partially charged, either because of the presence of an ionic initiator in the
PNIPAM chain or ion adsorption from solution, and are thus electrostatically repelled from
each other. To investigate if the PNIPAM mesoglobules in the salt-free solution are charged,
zeta potential measurements were conducted as a function of temperature, in which an average
zeta potential of around -12 mV was obtained for the mesoglobules. (See the supplementary
information, Section S3) Accordingly, the observed cessation of mesoglobule formation in all
of the saline solutions suggests that the electrostatic stabilization mechanism plays an important

role in mesoglobule stability, even though the other mechanism can still contribute.
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Figure 3 Subtracted dissipation (ADwater to salt) and frequency shifts (AFwater t0 sait) for changing

the solvent from water to the saline solutions at various temperatures.

3.3 QCM-D study of a physically adsorbed PNIPAM film on the gold surface: Figure 3
depicts the dissipation and frequency shifts resulting from changing the solvent from water to
the saline solutions at various temperatures. (The comprehensive analysis of PNIPAM physical
adsorption on the gold surface and the testing durability of the prepared film are available in
the Supplementary information, Section S2.2) During a QCM-D measurement, the drive
generator output repeatedly ceases and the subsequent decay of the sensor oscillation is
monitored. Accordingly, the dissipation (damping) factor (D) is determined as the energy

dissipated per oscillation divided by the total energy stored in the system. A soft film attached
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to the sensor is deformed during oscillation and hence can provide a high dissipation value. In
contrast, a rigid polymer layer follows the oscillation with no significant deformation and thus
has a small damping factor. Accordingly, the dissipation value can provide semi-quantitative
structural and conformational information about the swelling and collapse of the polymer film.

The oscillation frequency (F) is sensitive to the total mass coupled with the sensor, which in
the present case includes the physically adsorbed PNIPAM chains, the associated water
molecules (hydrodynamic water content) and the adsorbed and trapped ions. Considering the
polymer chains to remain intact on the surface with no desorption, the subtracted frequency
shift corresponds to variation in the solvent content of the PNIPAM layer, as well as adsorption
of the ions. With respect to the former, dehydration of PNIPAM chains gives rise to a positive
frequency shift, and vice versa. Regarding the latter, adsorption of ions to the polymer surface
or the bare gold surface can give rise to a negative frequency shift. In addition to the anion-
polymer association, one can expect adsorption of sodium cations to the bare gold surface,
regarding the partial negative charge present on the gold surface. ¢!+ ¢

First, we investigate how changing the solvent from water to a saline solution can alter the
dissipation factor of the PNIPAM film at various temperatures. By doing so, a change in the
dissipation factor value (ADwater o sait) 1S detected, which can be either positive (the film
becomes softer and more dissipative) or negative (the film becomes more rigid and less
dissipative). As a general observation in Figure 3, the PNIPAM film is more responsive to the
addition of salts at low temperatures than at high temperatures. The salts provide almost no
change in the dissipation factor (AD = 0) at 35 and 40 °C, indicating a fully collapsed state at
these temperatures. In accordance with the DSC and DLS results, the collapse of the PNIPAM
film commences at temperatures around 30 °C because the polymer film response to a change

in the temperature or addition of the salts is notably weaker than that observed at 20 and 25 °C.

This can also be seen from the subtracted dissipation shifts resulting from heating the PNIPAM

16



film in the salt-free solution. (See the Supplementary information, Section S2.2) It should be
considered that polymers confined at the solid-liquid interface typically have a lower collapse
temperature than that in bulk solution because of the entropic restriction imposed by the
conformational confinement.®® % 5 Regarding the effect of the salts at 20 and 25 °C, the
observed trend of the Hofmeister series (NaSCN > NaTCA > NaF) is similar to that of the DSC
and DLS results, though with an important distinction. Changing the solvent from water to the
NaF solution is accompanied by a negative AD, meaning that the PNIPAM film becomes
relatively rigid and partially collapses. In contrast, changing the solvent from water to either
the NaTCA or NaSCN solutions provide a positive AD value, which suggests swelling of the
PNIPAM film from surface partitioning of the anions. Therefore, although 200 mM NaTCA
produces a salting-out effect on the phase separation temperature of PNIPAM (inferred from
the DSC and DLS measurements), our QCM-D findings imply the surface affinity of TCA™ and
a swelling of the polymer film. However, the AD values are relatively smaller for NaTCA than
NaSCN at all temperatures, and we suggest that this is another indication of an alternative
destabilizing effect in the NaTCA solution.

The situation is more complicated in case of the frequency shifts (AFwater to sait). According to
Figure 3, changing the solvent from water to each of the saline solutions is associated with a
negative frequency shift; however, the effect is evidently larger for the NaTCA and NaSCN
solutions than the NaF solution. Moreover, it can be seen that the frequency shifts become
considerably smaller by increasing the temperature, and a plateau is found for each saline
solution at 35 and 40 °C, where the PNIPAM layer is in fully collapsed state. The observations
can be discussed in terms of swelling/collapse of the PNIPAM layer, as well as density of the
solution within the layer.

With respect to the NaF solution, the dissipation data indicated partial conformational

collapse of the PNIPAM layer; however, the salt solution within the layer has a relatively larger
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density than pure water, thus can give rise to a negative frequency shift. At 35 and 40 °C where
the PNIPAM layer is fully collapsed, a smaller amount of the solvent is coupled with the layer,
which can explain the relatively smaller frequency shifts. The notably larger frequency shifts
found for the NaTCA and NaSCN solutions can be reasoned in the same manner. The
dissipation data revealed that the PNIPAM film swells in both the solutions, meaning that more
solvent is coupled with the oscillating sensor. The solution densities are also larger than pure
water, which can contribute to a negative frequency shift. Furthermore, the preferential
accumulation of the weakly hydrated anions within the PNIPAM layer can produce a negative
frequency shift. The latter effect can be more clearly identified at high temperatures, i.e., 35
and 40 °C, where the PNIPAM layer is fully collapsed in all the salt solution; but the frequency
shifts are considerably larger in the NaTCA and NaSCN solutions.

3.4 Surface forces between PNIPAM layers: The force curves measured between the
grafted PNIPAM layers at 20 and 40 °C in the various salt solutions are provided in Figure 4
and Table 2. Before discussing the results in more detail, a brief recapitulation of the possible
interactions between two polymer-coated surfaces in the aqueous solution would be
appropriate.®® When the surfaces are approaching each other, the dangling chains from one
surface can begin to interact with the chains from the other surface and with the bare opposite
surface (if the surfaces are not fully covered by the polymers). Depending on the surface
affinity of the polymer, the surface coverage, and the solvent quality, these interactions will
manifest themselves as either attractive bridging forces or steric repulsions.®’- 68 6% 70. 71, 72,73
Based on the QCM-D measurements, we know that PNIPAM has a strong affinity for the gold
surface at all the investigated temperatures; hence, attractive chain-substrate bridging is likely
in our system. With respect to PNIPAM chain-chain interactions, we postulate steric repulsive
forces at 20 °C, where PNIPAM is fully soluble in water, and attractive inter-chain interactions

at 40 °C, where PNIPAM is partly dehydrated and insoluble in water.
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Figure 4 Approach (blue line) and retract (red dotted line) force-distance curves between two
PNIPAM layers in the salt solutions at 20 °C (top row, hydrated state) and 40 °C (bottom row,

collapsed state); insets show the contact point in the approach step.

Table 2 Statistical data of the AFM measurements

souion | Adhion By [ Adheion B
NaSCN 200 mM | 2.55 (+0.55) 6.70 (£0.60)
TCA 200 mM 2.40 (£0.41) 6.10 (£0.81)
NaF 200 mM 4.55 (+0.82) 12.45 (£1.50)

After contact has been reached, a soft repulsive region corresponding to the compression of
the polymer layers is predicted, regardless of whether the initial interactions were attractive or

repulsive. The determining factor here is the solvent quality, which controls the polymer chain
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conformation. The more the polymer chains are swollen and stretched in the solution (good
solvent condition), the more long-range this repulsive force will be. The repulsive double layer
forces—resulting from the ions adsorbed to the gold substrate or the polymers—can be present;
nonetheless, such forces are extremely short-ranged because of the small Debye length (0.68
nm) in the 200 mM saline solutions. Moreover, the repulsive hydration force of the sodium
cations at the gold surface is likely; however, it tends to be more short-ranged (~ 1-2 nm) than
repulsive compression of the polymer layers.”* Ultimately, we do not expect van der Waals
forces between the gold surfaces to be of significant magnitude, considering the roughness of
the gold surfaces and the presence of a polymer layer.”> With this in mind, we discuss the
obtained force-distance profiles in each salt solution.

The approach force curve for 200 mM NaF at 20 °C exhibits an attractive jump-in, after
which a repulsive force starts at surface separation of around 13 nm. This repulsion can be
ascribed to the compression of the polymer layers. The retraction force curve also demonstrates
a relatively strong adhesion between the two surfaces. Because PNIPAM is fully soluble in
water at this temperature, the strong attractive forces observed in the approach and retrace
curves are chiefly correlated to the PNIPAM-gold bridging forces. As mentioned above, the
amount of the adsorbed polymer on the surface determines if the sum of bridging and steric
forces is attractive or repulsive. Accordingly, a purely repulsive force profile is obtained at
high surface coverage, whereas at low surface coverage only attractive bridging force will exist.
Herein, a rough estimation based on the QCM-D data can be made to assess the amount of
PNIPAM grafted to the gold surface. According to the adsorption curve and by using the
Sauerbrey equation (See the Supplementary information, Section S2.1), the adsorbed
hydrodynamic mass is estimated to be nearly 370 ng/Cm?. As previously reported’®, the water
content of a PNIPAM film obtained by grafting-to method is approximately 70%. Accordingly,

the grafting density of PNIPAM chains on the gold surface is estimated to be around 0.1
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chain/nm?, which together with the estimated radius of gyration of the PNIPAM chain’’,
suggest a relatively low grafting density, thus can explain the observed purely attractive
bridging force. By increasing the solution temperature to 40 °C, the jump-in becomes even
more pronounced, while the adhesion energy is almost tripled. Such an increment is mainly
due to the presence of PNIPAM-PNIPAM inter-chain interactions at the collapsed state, which
can be caused by either hydrophobic interactions or hydrogen bonding between the chains.
Accordingly, both PNIPAM-gold and PNIPAM-PNIPAM bridging forces can contribute to the
attractive jump-in and adhesion between the surfaces. One can also argue that the PNIPAM
chains in bad solvent condition (above the phase separation temperature) are less swollen than
in good solvent condition (below the phase separation temperature) thus chain-surface bridging
is more likely. The onset of repulsive compression region is decreased to around 10 nm, which
can be attributed to partial collapse and shrinkage of the polymer layer upon heating.

The force-distance curves in the 200 mM NaSCN differ greatly from those in the 200 mM
NaF solution. At 20 °C, a purely repulsive force profile with no attractive jump-in is found at
the separation distance of around 15 nm, and the adhesion energy is significantly smaller than
in the NaF solution. Therefore, the PNIPAM-gold bridging forces are evidently weaker in the
NaSCN solution, which can be explained in two ways. On the one hand, the QCM-D data
indicated that 200 mM NaSCN promotes swelling of PNIPAM, which can hamper chain-
substrate bridging. One the other hand, one can argue that accumulation of the anions within
the layers can attenuate the attractive interactions through either electrostatic repulsive forces
or weakening of the hydrophobic interactions. Heating the solution to 40 °C significantly
changes the force-distance profile. An attractive jump-in is detected along with a notable gain
in the adhesion energy. This again indicates the presence of PNIPAM-gold and PNIPAM-
PNIPAM interactions. Nevertheless, the obtained adhesion energies are almost 50% smaller

than that in the NaF solution, meaning that the chain-surface and chain-chain interactions are
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considerably weaker in the NaSCN solution. This observation affirms that even the collapsed
PNIPAM layer is associated with the weakly hydrated SCN™ anions, in accordance with the
QCM-D findings. Moreover, the separation distance at which the repulsive force kicks in is
decreased to around 10 nm upon heating, indicating vertical collapse of the PNIPAM layer.

The force profiles in 200 mM NaTCA appear quite similar to those in the NaSCN solution.
The attractive jump-in is not observed At 20 °C; moreover, the adhesion energy and repulsion
distance values are quite comparable to those in the NaSCN solution. The force curves at 40
°C also represent the similarity in the interactions. Thus, despite the observed salting-out effect
by 200 mM NaTCA, the AFM measurements ascertain accumulation of TCA™ within the
PNIPAM layer, weak attractive PNIPAM-gold and PNIPAM-PNIPAM interactions, and
PNIPAM film swelling in such a solution. Another intriguing observation in the NaTCA and
NaSCN solutions at 40 °C is a weak repulsion force before the jump-in. While Figure 4 only
illustrates a single representative force curve for each case, this is a notable observation. We
observed this repulsive force in nearly all of the 25 force-distance measurements in NaTCA
and almost half of the measurements in NaSCN (see the Supplementary information, Figure
S13). Such a repulsive force can be considered as further evidence for surface partitioning of
the weakly hydrated anions within the PNIPAM film and possible electrostatic repulsions
between the PNIPAM films that result from the adsorbed anions. This repulsion could also
occur at temperatures below the phase separation temperature, i.e., 20 °C, but not plainly
distinguishable from the purely repulsive approach force curve.

Concisely, the observations from the AFM measurements affirm surface partitioning of the
two weakly hydrated anions, both below and above the phase separation temperature. The
relatively weak PNIPAM-gold and PNIPAM-PNIPAM interactions together with the observed
repulsive force at 40 °C apparently stem from the inter- and intra-chain electrostatic repulsions

within the polymer film. The appreciably stronger attractive bridging forces in the NaF solution
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can be reasoned in two ways. On the one hand, the attractive forces between the two
hydrophobic surfaces are relatively larger in strongly hydrated salt solutions. On the other hand,
the chance of polymer-substrate bridging will be larger for a less swollen PNIPAM film.

3.5 Further discussion of results: The first objective of this study was to ascertain the
surface partitioning of the weakly hydrated anions and thereupon scrutinize the following
effects on the properties of PNIPAM in solution. This was chiefly addressed by our AFM and
QCM-D results, which demonstrated that the conformation and interaction of PNIPAM in the
two weakly hydrated salt solutions are utterly distinguishable from those in the NaF solution.
Accordingly, either of the poorly hydrated anions could adsorb to the PNIPAM surface and
produce a stabilization effect, regardless of whether the overall Hofmeister effect is a salting-
in or salting-out effect. With respect to the stabilization mechanism, the observed swelling of
the PNIPAM film could indicate the presence of inter- and intra-chain electrostatic repulsions
within the polymer film. The relatively weak attractive PNIPAM-gold and PNIPAM-PNIPAM
interactions further support this claim; nonetheless, it could also indicate the solvent-mediated
attenuation of the hydrophobic interactions in such salt solutions. The weak repulsive force
before the jump-in, observed at 40 °C in the NaSCN and NaTCA solutions, also strengthens
the electrostatic stabilization hypothesis. To picture it more simply, the polymer film is in a
hydrophobically collapsed state, but the weakly hydrated anions can be found within it, which
could then produce electrostatic repulsions and some degree of swelling.

The second objective of the study was to address the salting-out effect by a weakly hydrated
salt, i.e., a 200 mM NaTCA solution. In this instance, TCA™ is strongly adsorbed to the
PNIPAM surface and has a stabilizing facet, even though it has an overall salting-out effect.
Now the following question arises: what is the origin of the salting-out effect? Several
arguments can be advanced to rationalize it. First, the poorly hydrated anions cannot be further

accommodated at the polymer surface above a certain salt concentration; in other words, the
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polymer-water interface becomes saturated. Henceforth, the anions in the bulk solution might
compete with the polymer for the hydration water and thus produce a salting-out effect.?’ 2!
Although the idea of surface saturation seems rational, we strongly doubt that the observed
difference between the phase separation temperatures in the 200 mM NaSCN and 200 mM
NaTCA solutions is solely caused by this effect. Both the anions are poorly hydrated; therefore,
there should not be a significant difference in their abilities to withdraw water molecules from
the polymer. Second, TCA  may have a relatively strong salting-out effect at the PNIPAM
hydrophobic surface.!” * This idea was partly discussed in the DSC results section, where we
reasoned that the accumulation of TCA™ at the PNIPAM surface should reduce the phase
separation enthalpy and entropy values (surface effect), whereas the change in water hydrogen
bonding energetics may have a salting-out effect. Therefore, this might be the reason that the
total enthalpy and entropy change values are almost the same as that in pure water. Such a
destabilization mechanism has been formerly suggested in terms of the change in surface
tension at the polymer/water interface.'> 1%

Finally, it has recently been discussed in some MD simulation studies that strongly attractive
cosolutes, e.g., perchlorate and urea, could induce a compact and collapsed polymer network
through collective binding and a following weak cross-linking effect.’® 7% 3% As argued by the
authors of those studies, such a partially collapsed state would have quite a different structure
and different properties from those of the collapsed state found for purely repulsive cosolutes
(strongly hydrated ions) because the polymer coils are highly saturated by the attractive
cosolutes. Regarding the weak hydration and considerably strong binding affinity of TCA™ to
macromolecules, such a cross-linking-like effect could be the main source of the observed
salting-out effect. The PNIPAM film showed identical properties in both the NaSCN and
NaTCA solutions, all suggesting the accumulation of anions within the film and a subsequent

stabilization effect. However, a notable difference in their corresponding phase separation
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temperatures was detected. Such a huge difference in the specific ion effect most likely
originated from the suggested cross-linking effect, rather than the surface tension and saturation
effects. Our argument regarding the accumulation of TCA™ in the PNIPAM film is in agreement
with this view. Adopting this picture, we could also explain the relatively smaller dissipation
values (relatively more rigid conformation) for the PNIPAM film in the NaTCA solution
compared to that in the NaSCN solution, which was partially discussed in the QCM-D results
section. Considering the PNIPAM chains are partially involved with each other through
physically crosslinked sites, a relatively more rigid and less dissipative structure is expected,

even though the layer is swollen.

4. SUMMARY AND CONCLUSION

In the present work, we investigated the Hofmeister effect of three sodium salts on PNIPAM,
both in bulk aqueous solution and at the gold-water interface. Addition of 200 mM NaF
(strongly hydrated anion) demonstrated all the generic features of a merely destabilizing salt.
For PNIPAM in the bulk phase, the addition of NaF led to a large decline in the phase
separation temperature (salting-out effect) and a notable gain in the enthalpy and entropy
changes of dehydration. While the former mainly correlates to the surface exclusion and water-
withdrawing power of the anion, the latter is suggested to represent a stronger hydrophobic
effect. QCM-D studies of the physically adsorbed PNIPAM layer on the gold surface
confirmed conformational collapse and shrinkage in the NaF solution. AFM force
measurements indicated considerably strong PNIPAM-gold and PNIPAM-PNIPAM attractive
interactions. Addition of 200 mM NaSCN (weakly hydrated anion) represented all the
characteristics of a stabilizing salt. In the bulk phase, the addition of NaSCN increased the
phase separation temperature and reduced the enthalpy and entropy values. The former is

attributed to the anion-polymer association, while the latter is most probably due to the spatial
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interference of the anions with water molecules in the hydrophobic hydration shell. QCM-D
studies demonstrated swelling of the PNIPAM film in the NaSCN solution, which implies
accumulation of the anions within the film. AFM based force-distance measurements revealed
relatively weak attractive forces, which further reinforce the idea of having a polymer film
saturated with the anions. Finally, studies of the effect of 200 mM NaTCA (weakly hydrated
anion) revealed features of both a stabilizing and a destabilizing salt. In the bulk solution, a
decrement in the phase separation temperature was found, whereas the enthalpy and entropy
values remained essentially constant. Although the former implies a pure destabilization effect,
the latter raised the suspicion of simultaneous salting-out and salting-in effects. This
speculation was bolstered by the QCM and AFM measurements, which demonstrated a swollen
film conformation in the NaTCA solution and weak chain-substrate and chain-chain
interactions, quite similar to the findings in the NaSCN solution. Therefore, the salting-in facet
of NaTCA is evidently of the same nature as that in the NaSCN solution, resulting from the

interplay between the polymer and anions.
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