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Abstract

The cloud point temperature of poly(N-isopropylacrylamide) was measured in aqueous
solutions containing salt mixtures. Solutions were made with SOi_, a strongly hydrated
anion, I”, a weakly hydrated anion, or both anions together with a common alkali metal
counterion: Li*, Nat, K* or Cs*. Nonadditive behavior was observed when the MI concen-
tration was increased in the presence of 0.2 mol-L™! M,SO,. Although complex changes in
the cloud point temperature were observed with all four metal counter cations, the magni-
tude of the effects differed substantially amongst them. More specifically, SOﬁ‘ was able to
attract cations away from I in each case, but its propensity to do so depended on the rela-
tive strength of the cation—iodide versus the cation—sulfate interactions. When the counte-
rion was stripped away from it, I~ became more hydrated and acted more like a strongly
hydrated anion. A competitive binding model was employed to determine the fraction of
cations bound to SOi_ in the presence of 17, allowing for a qualitative comparison of the
fraction of strongly hydrated I™ ions that was produced with all four cations. K* showed
the greatest relative affinity for SOi_. As such, experiments performed with this cation led
to the greatest fraction of I” that was more hydrated and displayed the strongest nonaddi-
tive behavior. By contrast, Cs* showed the weakest relative affinity for SOi_, resulting in
the least pronounced nonadditivity. This work demonstrates that the identity of the counter
cation plays a critical role in the nonadditive behavior of salt mixtures when both weakly
and strongly hydrated anions are present.

Graphic Abstract
lon Pairing Affinity
M-I B < Cs
v-so IKIEINGT = L > cst

M*=Cs*

Keywords Nonadditivity - Ion-pairing - Competitive binding - Cations - Anions -
Thermoresponsive polymer

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0003-2722-5982
http://orcid.org/0000-0002-8524-0438
http://crossmark.crossref.org/dialog/?doi=10.1007/s10953-021-01125-z&domain=pdf

1444 Journal of Solution Chemistry (2021) 50:1443-1456

1 Introduction

The Hofmeister series ranks anions and cations according to their ability to precipitate
proteins out of solutions [1-3]. The salting-out ability of anions follows the series:

CO:™ > SO;” > S,03” > H,PO; >F > CI” > Br > NO; >1" > SCN~

Much effort has focused on elucidating the molecular level mechanisms underlying the
anion series using both experimental and computational techniques [4-8]. It is well estab-
lished that weakly hydrated anions on the right side of this series partition more favorably
to nonpolar surfaces such as the air/water [9, 10] or hydrophobic polymer/water interfaces
[4, 11, 12]. This accumulation leads to salting-in behavior. By contrast, strongly hydrated
anions on the left side of the series are excluded from the polymer surface, driving precipi-
tation. While the anion series has been extensively studied, mechanisms corresponding to
the cation series have only begun to come into focus more recently [8, 13—15]. The typical
consensus ranking of the cations for salting out polymers or proteins from water is [16]:

N(CH;); > NH} > Cs* > Rb* > K* > Nat > Li* > Ca®* > Mg™*

This series is typically dominated by the interactions of cations with negatively charged
residues on proteins and polypeptides and is not necessarily generic [17-19]. In fact, stud-
ies performed on uncharged polymers containing peptide bonds have shown that strongly
hydrated cations interact weakly but favorably with the amide oxygen, while weakly
hydrated cations are more excluded from the amide moiety [8, 13—15]. Additionally, it
should be noted that ion-specific effects arise not only from the extent of hydration of the
ions and their relative accumulation around the macromolecule, but also from specific
ion—macromolecule interactions. As such, the rank order of ions can depend on the func-
tional groups on the macromolecule of interest as well as its molecular weights [11, 20],
surface charges [21], surface roughness [22, 23] and surface curvature [24].

The additivity assumption, pioneered by Guggenheim, states that salt effects
are equal to the sum of the individual contributions from the cations and the anions
[25-29]. Very recently, however, examples of nonadditivity for single salts have been
reported [15, 30, 31]. For salt series containing a common cation, the ability of this ion
to interact with the polymer depends strongly upon the identity of the anion with which
it is paired. This is because cation—anion pairing both in the bulk aqueous solution and
at the polymer/water interface significantly influences cation—polymer interactions. As
an example, counter anion identity dictates the extent to which guanidium cations inter-
act with polymer surfaces [30]. In another case, when paired with C17, strongly hydrated
cations (e.g., Li* and Ca?*) accumulate together with the anion near the amide oxy-
gen by forming solvent-shared ion pairs [15]. This effect is less pronounced for weakly
hydrated cations (e.g., Na* and Cs*), not just due to their weaker affinity for the amide
oxygen, but also because cations do not readily come to nonpolar surfaces unless they
arrive as a neutral ion pair with their counter anion [29, 32]. Indeed, Cs* and Na™ do not
readily partition to hydrophobic polymer surfaces, in part, because they pair relatively
weakly with C1- compared to more strongly hydrated cations. Moreover, when paired
with 17, weakly hydrated cations like Cs™ preferentially form ion pairs in the bulk solu-
tion. By contrast, Li* does not pair as well with I". As such, Li" is less depleted from
the polymer interface, resulting in a weaker salting-out effect than is seen with CsI [31].
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Polymer solubility in mixed salt solutions has been explored by others [33] as well as
in our own laboratory [34]. The results indicate that substantial nonadditive behavior can
arise. Specifically, the solubility of poly(N-isopropylacrylamide) (PNIPAM) was found to
change in a complex fashion when Nal was introduced into a solution that already con-
tained Na,SO, [34]. PNIPAM is a thermoresponsive polymer which undergoes hydro-
phobic collapse above its cloud point temperature. The nonadditive mixed salt behavior
originates from a competition for Na* between the two anions. Specifically, in the pres-
ence of Na,SO,, salting-out behavior is observed as Nal is added (Fig. la, region I). This
is surprising because weakly hydrated anions like I™ are expected to shed their hydration
water and interact directly with the hydrophobic polymer surface [4, 11, 12]. This favora-
ble surface partitioning of I~ would salt PNIPAM into solution. Instead, the unexpected
salting-out behavior can be attributed to the preferential partitioning of Na* to the coun-
terion cloud around SOi_, leaving I™ more hydrated (Fig. 1b). The more hydrated form
of I” preferentially partitions away from the polymer/water interface, thereby reducing the
solubility of PNIPAM. Upon further increasing the concentration of I~, however, a salting-
in effect occurs (Fig. 1a, region II). This happens because SO,*~ becomes saturated with
excess Na* and additional I~ is driven to the interface. Finally, at high Nal concentrations,
the polymer/water interface becomes saturated with I". Therefore, further increases in Nal
concentration lead to salting-out behavior via a depleted volume effect (Fig. 1a, region III).
The molecular level mechanisms in all three regions have been verified using data taken
by vibrational sum frequency spectroscopy as well as with all-atom molecular dynamics
simulations [34].

Cloud Point Temperature

Nal Concentration

o

Region |

Fig.1 a Schematic illustration of the cloud point temperature for PNIPAM (red curve) as a function of Nal
concentration in a solution containing a fixed Na,SO, concentration. The cloud point temperature curve can
be divided into three concentration regimes, designated by the dashed gray vertical lines. The mechanism
for the decrease in the cloud point temperature in region I is depicted schematically in b, whereby Na*
preferentially partitions into the counterion cloud of SOi’, leaving I” more hydrated. In region II, the cloud
point temperature increases as I” is driven to the polymer/water interface. In region III, the cloud point
temperature again decreases, because of a depleted volume effect. In both a and b, the light blue regions
surrounded by black dashed circles represent ion hydration shells. The molecular level picture in b is not
drawn to scale (Color figure online)
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In the presence of an anion from the middle of the Hofmeister series, such
as Cl7, the cationic Hofmeister series for the salting-out of PNIPAM would be
Na® >Cs* >K* >Li* [15]. This result stands in contrast to the MI/M,SO, systems
explored herein with the same four cations, which is more complex. The cloud point
temperature of PNIPAM is reported as a function of MI concentration in the pres-
ence and absence of 0.2 mol-L™' M,SO, for each cation. In all four mixed salt solu-
tions, the cloud point curves follow the pattern shown in Fig. la. Because of the dif-
ferences in cation pairing affinity with sulfate versus iodide, unusual cation specific
behavior is observed. K* has the greatest relative affinity for SOi_ over I". As such, it
gives rise to the most pronounced dip in region I, while Cs* leads to almost no dip at
all. In region II, the cations compete with the polymer for pairing with 17, resulting in
the greatest salting-in behavior for K*. Finally, salting-out behavior originating from
an excluded volume effect is observed in region III and follows the more usual order:
Cs*>K*>Na*>Li*. This final ordering agrees with previous salting-out trends [31],
because the binding sites for cations with SOi_ as well as I” with PNIPAM are saturated
at high MI concentrations.

2 Experimental
2.1 Chemicals Used

The chemicals used in this study are listed with their full name and accompanied by their
chemical formula. The mass fraction purity is expressed as a percentage in parentheses.
The purities of the chemicals are provided by the suppliers, and all chemicals were used
without further purification. Lithium iodide (Lil, 99.9%), sodium iodide (Nal, 99.5%),
cesium iodide (Csl, 99.9%) and sodium sulfate anhydrous (Na,SO,,>99%) were pur-
chased from Sigma—Aldrich (St. Louis, MO). Potassium iodide (KI,>99%) was purchased
from Acros Organics (Fair Lawn, NJ). Lithium sulfate anhydrous (Li,SO,, 99.7%), potas-
sium sulfate (K,SO,,>99%) and cesium sulfate (Cs,SO,4, 99%) were purchased from Alfa
Aesar (Haverhill, MA). Poly(N-isopropylacrylamide) (PNIPAM) (M,, =186 000 g'mol_l;
M, /M, =2.63) was purchased from Polymer Source, Inc. (Quebec, Canada). Salts and pol-
ymer were dissolved in 18.2 MQ-cm deionized water at the desired concentration. Deion-
ized water was obtained from a NANOpure Ultrapure Water System (18.2 MQ-cm, Barn-
stead, Dubuque, IA) and was purged with nitrogen gas to prevent the oxidation of iodide.

2.2 Sample Preparation

All samples were weighed on an analytical balance (Voyager VP214C, + 0.0001 g,
OHAUS Corporation, Newark, NJ). 50 mL of the stock solution of 10 mg~mL_l PNIPAM
was prepared and aliquoted into 100 pL samples, which were stored in microcentrifuge
tubes. The polymer samples were concentrated into pellets using a refrigerated vacuum
concentrator (Savant SPD111V-P1 SpeedVac Kit, Thermo Fisher Scientific, Waltham,
MA). Appropriate volumes of salt stock solutions and deionized water were introduced
to the polymer pellets to reach a final volume of 100 pL at the desired salt concentration.
The samples were vortexed to ensure homogenous mixing and then stored overnight at
4 °C before measurements were made. Samples for this study could be divided into three
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categories: (1) PNIPAM in water, (2) PNIPAM in single salt solutions (iodide or sulfate
salt), and (3) PNIPAM in mixed iodide/sulfate solutions. The cations employed in this
study include Li*, Na*, K*, and Cs™.

2.3 Cloud Point Temperature Measurements

Changes in the turbidity of solutions containing 10 mg:mL~' PNIPAM at the desired
salt concentration were measured as a function of temperature using an automated melt-
ing point apparatus (OptiMelt MPA 100, Stanford Research Systems, Sunnyvale, CA) at
ambient pressure. In a typical experiment, three capillary tubes, each containing 10 pL of
the sample, were place side-by-side into the apparatus. The capillary tubes were purchased
from Kimble Chase LLC (Vineland, NJ) and had dimensions of 1.5—1.8 mmXx90 mm. A
temperature ramp rate of 1 °C-min~"' was employed in all cases. Built-in data processing
software recorded light scattering curves as a function of temperature. The scattering inten-
sity was low at temperatures below the cloud point temperature of the sample. The inten-
sity increased sharply near the cloud point temperature and eventually reached a constant
value as the temperature was further increased. The cloud point temperature was taken
to be the onset of the light scattering intensity increase relative to the baseline that was
observed at lower temperatures. The cloud point temperature was measured for each solu-
tion condition at least three times, and the mean value was taken. The measurements had a
typical standard error of + 0.1 °C.

3 Results and discussion

Figure 2 displays cloud point temperature (7,,) values for PNIPAM in the presence of sin-
gle and mixed salt solutions with four cations: Li*, Na*, K™ and Cs*. The raw data can be
found in Tables S1-S3 in the Supporting Information. Anion specific effects on the cloud
point of PNIPAM can readily be seen by comparing the shape of the curves for iodide and
for sulfate in Fig. 2a and b, respectively. As MI salt is added to the solution, the cloud point
of PNIPAM initially increases, reaches a maximum and then decreases for all four iodide
salts (Fig. 2a), consistent with previous data [31]. The shape of the cloud point curves can
be explained by the partitioning of I" to the polymer/water interface. Upon saturation, the
introduction of additional MI leads to salting-out behavior via a depleted volume effect.
By contrast, the cloud point temperature of PNIPAM decreases in a nearly linear fashion
for all four cations as the M,SO, concentration is increased (Fig. 2b). This occurs because
SOi_ is strongly depleted from the polymer/water interface with all four salts.

Significantly, titrating MI into PNIPAM solutions that already contain 0.2 mol-L™!'
M,S0O, leads to cloud point temperature behavior that is dramatically different from the
curves with either MI alone or M,SO, alone (Fig. 2¢). In other words, the observed behav-
ior in Fig. 2¢ does not represent the simple additive sum of the effects of the individual
salts. Such nonadditivity is most clearly manifest as a dip in the cloud point temperature at
low MI concentrations. Upon further increase in the MI concentration, the cloud point tem-
perature increases, reaches a maximum and eventually decreases. As can be seen, the cat-
ion identity strongly influences the shape of the individual cloud point temperature curves
by governing the magnitude of the dip, the subsequent rise, as well as the salting-out slopes
at higher concentrations.
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Fig.2 Cloud point temperature
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In order to quantitatively compare the effects of the four cations, the cloud point tem-
perature (7,) can be modeled as a function of MI concentration (c,):

T =T +ac. + Bmax,lcs + Bmax,2cs 1
e 70 ' Kpy+e,  Kpote M

where T}, is the cloud point temperature in the absence of MI, while a is a constant which
correlates to the linear surface tension increment at the polymer/water interface. The third
term, which resembles a Langmuir binding isotherm, accounts for the increase in the cloud
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point due to iodide adsorption to the polymer surface. This term reaches its maximum
value, By, 1, when all the binding sites on the polymer chains are saturated. The disso-
ciation constant, Ky, ;, quantifies the strength of I” binding to the polymer. The first three
terms are sufficient to model the data in Fig. 2a. The fourth term is required to capture
the nonadditivity at low iodide concentrations in mixed salt solutions (Fig. 2¢). This term
is also reminiscent of a Langmuir binding isotherm but originates from enhanced iodide
hydration in the bulk [34]. The values obtained for B, , are negative, which reflects the
decrease in the cloud point temperature of PNIPAM at low iodide concentrations. The dis-
sociation constant K, , arises from the competition for the cations between iodide and sul-
fate, which in turn leaves I more hydrated. In fact, as I~ becomes more hydrated, it is
repelled from the polymer/water interface and leads to a salting-out effect. The equilib-
rium dissociation constants K, ; and Kp , discussed herein represent apparent affinities for
ion—polymer and ion—ion interactions, respectively. These interactions represent averages
over various sites and could involve contact pairing as well as solvent shared pair forma-
tion. Equation 1 was previously employed to model the cloud point data for iodide/sulfate
mixtures with Nat being the common cation [34]. The cloud point temperature shown in
Fig. 2a and ¢ was fit to Eq. 1 and the fitting parameters are summarized in Table 1.

3.1 Salting-Out Order of Alkali Metal Sulfate Salts

As can be seen in Fig. 2b, the salting-out order for sulfate salts is Nat >K* >Cs* >Li*,
consistent with the order of the first data points on the curves in Fig. 2¢c. This result differs
from the consensus direct cationic Hofmeister series Cst >K* >Nat >Lit [16], which
more typically occurs at a charged surface. In the present case, Cs* and Na™ have switched
places. Moreover, reordering of the cationic Hofmeister series at uncharged polymer sur-
faces has been observed previously with chloride [15] and iodide counterions [31]. The
cation-specific effects in these two cases were attributed to the propensity of the individual
cations to form ion pairs at the polymer surface with C1~ and in the bulk solution with I".
By analogy, reordering of the series with sulfate as the counterion should arise from the
balance between cation—sulfate ion-pairing in the bulk and cation—polymer interactions.
Table 2 lists the literature values for the 1:1 dissociation constants (K,) of the four cat-
ion—sulfate pairs in water [35-37]. As can be seen, Li*, Na*, and K™, all have similar inter-
actions with SOi_, but Cs* interacts three times more weakly. Moreover, SOi_ is strongly
excluded from the polymer/water interface. As such, SOi_ does not help partition Cs™ away
from the interface nearly as effectively as it can for the other three cations. Nevertheless,
Cs,50, is not the least effective salt for salting out PNIPAM. That designation goes to
Li,SO,. Indeed, Li*, which is more strongly hydrated, can form weak but favorable inter-
actions with the amide oxygen on the polymer, while Cs™ hardly interacts with the amide
at all [13, 15]. As such, the salting-out order of the four cation sulfate salts stems from a
competition for the cations between the amide oxygen and the strongly excluded sulfate
counterions.

3.2 Region I: Sulfate and lodide Compete for the Cation

For the mixed salt case (Fig. 2c), the magnitude of the dip in region I is reflected in the By, »
value and follows the salting-out order K* >Na* >Li* >Cs* (see Table 1). As noted above,
the salting-out trend found in this region originates from enhanced I~ hydration in the bulk
solution, related to the swiping of cations from I~ by SOi_ [34]. As such, a competitive
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Table.2 L}te.rature values for the Cation identity Dissociation constant K

1:1 dissociation constant (K;) of (mol~L’])

the four cations (Li*, Nat, K¥,

Cs*) with sulfate (SO27) and SO -
with iodide (I7) 4

Li* 0.17¢ 1.85°
Na*t 0.15 2.94¢
K* 0.14 1.41¢
Cst 0.47° 0.75¢

The values are calculated from activity coefficient data obtained from
electrical conductivity measurements at 25 °C and ambient pressure

“Values were obtained from ref [35]
bValue was obtained from ref [36]

“Values were obtained from ref [37]

Fig.3 a Schematic illustration a

of the competition for cations K K
between SOi’ and I". b The / 1 2
fraction of cations bound to SOi" ‘usof'/y <= o —
computed using Eq. 3 and the -

dissociation constants reported

in Table 2 b
0.8
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& L0640 o

[e) —
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=]

2 —————
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.

=S 0.24 ——Li"

s

g K
—4—Cs"

T 0.0y ' ' .

w 0.0 0.1 0.2 0.3

MI Concentration (mol-L™)

binding model [38] can be employed to qualitatively compare the relative fraction of more
hydrated iodide ions in the four salt mixtures. Figure 3a schematically illustrates the competi-
tion for the cations (gray) between sulfate (green) and iodide (purple). Assuming 1:1 binding
stoichiometry of the cation with sulfate as well as with iodide, the binding equilibria are given
by:

K
M* 4+ SO2~ = MSO;
K
M* +1" = MI

where K, and K, represent the equilibrium association constants of the cation with sulfate
and with iodide, respectively. If the concentration of sulfate is [SOi_] and the concentration
of iodide is [I"], then the corresponding binding polynomial, Q, can be expressed as:
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0=1+K,[SO"] + K,[I'] )

where Q is a binding partition function, summing over all possible states of the cations. Q
has a value of 1 when none of the cations are bound to anions. The number of configura-
tions rises as sulfate and iodide become associated with the cations, represented by the
next two terms, respectively. The concentration of more hydrated iodide ions depends on
the ability of sulfate to swipe cations from iodide, which is proportional to the fraction of
cations bound to sulfate:

K801 K,[SO;"]
VSO, 0 1+K,[SO> 1+ K,[17]

3

The fraction of states with sulfate-bound cations fyi50- can be computed using Eq. 3 and
the known dissociation constants, K, for the cation—sulfate and cation—iodide pairs (Table 2).
Since K, and K, represent association constants, they are equal to the inverse of the dissocia-
tion constant values reported in Table 2. The concentration of sulfate is fixed at 0.2 mol-L™" in
this analysis, while the concentration of iodide varies between 0.0 mol-L~! and 0.3 mol-L™",
corresponding to the concentration range at which nonadditivity is most strongly observed in
Fig. 2c. Indeed, SOi_ becomes saturated with M* at higher MI concentrations.

The fraction of cations bound to SOi_ is plotted in Fig. 3b and follows the order
K* >Na" >Li" >Cs", although Na* begins to overtake K* near the end of this range. The
fraction of cations bound to SOi_ agrees with the salting-out ordering found for the B, ,,, ,
values in the four salt mixtures (Table 1). Significantly, the fraction of Cs* bound to SOi_
is considerably lower than the values for the other three cations. In fact, the value for Cs* is
only just over half of its value for the other three cations. This correlates well with the lack of
a dip seen in the Csl/Cs,SO, data in Fig. 2c. This difference between Cs* and the other three
cations, however, does not quantitatively correlate to the B, , values (Table 1). Instead, the
magnitude of the dip changes more evenly across the four cations. The discrepancy between
the binding partition function analysis and the cloud point data points to the limitations of this
competitive binding model to describe the behavior of ions in mixed salt solutions. Specifi-
cally, it only accounts for the first cation—sulfate binding event, and therefore underestimates
the fraction of cations bound to sulfate in the presence of iodide. Once the first cation binds
to sulfate, the subsequent cation—sulfate dissociation constants are undoubtedly weaker. It is,
however, difficult to obtain these values. Nevertheless, the competitive binding model presum-
ably would provide greater quantitative accuracy if these values were known.

Next, the dissociation constant K, , arises from the competition for the cations between
iodide and sulfate, which in turn leaves I more hydrated. Nevertheless, the measured Kp,
values are identical within experimental error for the four cation systems (Table 1). It has been
shown previously with the Na* system that the measured Kp, value is tightly correlated to the
background concentration of Na,SO, [34]. Specifically, the measured K, , value is found to be
approximately half the concentration of the strongly hydrated anions introduced at the start of
the experiment. The identity of the common cation employed in these measurements should
modulate this value, but the results in Fig. 2c¢ and Table 1 indicate that cloud point measure-
ments are not sensitive enough to distinguish such differences. Instead, B,,,,, , is the more sen-
sitive metric of cation specific effects.
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3.3 Region IlI: lodide Preferentially Adsorbs to the Polymer Surface

After SOi_ becomes saturated with cations, the salting-in effect caused by iodide’s pref-
erential partitioning to the polymer/water interface becomes the dominant contribution to
changes in the cloud point data. As can be seen in Table 1, the Ky | values show that I”
binds tightest to the polymer when paired with Na* and K*. Li* gives rise to intermedi-
ate behavior, while I~ binds weakest when Cs™ is the counterion. This is essentially the
opposite order to the one seen for metal cation interactions with I~ (Table 2), for which Cs*
binds most tightly and Na* shows the weakest interaction. These results are consistent with
the notion that iodide—polymer interactions are modulated by I™ interactions with the metal
counterions out in the bulk solution [31].

Next, the saturable increase in the cloud point upon I™ binding to the polymer surface
is quantified by the B, ; value (Table 1). The presence of strongly hydrated SO,>~ ions
helps force I™ out of the bulk solution and toward the polymer/water interface [34, 39]. The
B.x.1 values, which correspond to the extent of loading of I” on the polymer surface, are
larger in each case for the four salt mixtures compared to the simple MI cases (Table 1).
In other words, enhanced 1™ adsorption leads to a more pronounced increase in the cloud
point temperature when sulfate is present. Curiously, even though the presence of M,SO,
causes a substantial increase in the B, | values, it does not give rise to a detectable change
in the Kp; values for the mixed salt cases versus those with just MI (Table 1). This is
analogous to the results in region I where B, , was also more sensitive to specific cation
effects than Kp, 5. In the current case, these results mean that cloud point measurements are
more sensitive to slight changes in I™ loading as opposed to changes in the corresponding
equilibrium dissociation constants. Previously, changes in both the iodide loading as well
as the iodide—polymer dissociation constant value in the presence of Na,SO, were detected
by using vibrational sum frequency spectroscopy measurements [34]. This would indicate
that interfacial water structure is more sensitive to differences in ion affinities compared to
macroscopic phase transition measurements.

3.4 Region llI: Excluded Volume Effect Salts PNIPAM Out of Solution

The salting-out of PNIPAM at high salt concentrations has been shown to correlate with
the surface tension increment of individual salts and is captured by the a coefficients,
which have negative values (Table 1) [4]. The cation-dependent salting-out trend for
I” originates from a competition for this anion between cations in the bulk solution and
the hydrophobic moieties on the polymer surface [31]. The trend is in partial agreement
with the cation—iodide pairing affinity series Cs* >K* >Li* >Na® (Table 2). How-
ever, despite having stronger affinity for I” compared to Na*, Li* switches place in the
series to become the least effective salting-out species, giving rise to the salting-out order:
Cs™ >K* >Na' >Li". This final rank ordering occurs because Li* can form weak but
favorable interaction with the amide oxygen on the polymer, which helps mitigate the par-
titioning of I” away from the polymer/water interface and thereby attenuates the salting out
effect [15, 31].
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4 Conclusion

Using PNIPAM as a model system, we have demonstrated that the identity of the cation
plays a key role in the nonadditive behavior of salt mixtures containing I~ and SOZ_. Spe-
cifically, in region I, the difference in the ion pairing affinity of the cation with SOi_ ver-
sus I” determines the extent to which the cation is partitioned out of the counterion cloud
around I”, which, in turn determines the concentration of more hydrated I”. The cation
pairing affinity to SO}~ follows the order K* ~ Na* ~ Li* >Cs*, which is markedly differ-
ent from the cation pairing with iodide: Cs* >K* >Li* >Na*. Using a competitive bind-
ing model, we have shown that the concentration of I~ with enhanced hydration follows
the series K* >Na*™ >Li* >Cs™. This ordering explains the relatively strong salting-out
behavior seen with K* counterions in region I. Upon increasing the MI concentration, SOi_
becomes saturated with metal counterions and salts I~ out of solution and toward the poly-
mer/water interface (region II). This enhanced driving force is manifest by the larger B, |
values in salt mixtures compared to those in single salt solutions. In region III, after the
polymer surface becomes saturated with 17, the excluded volume effect drives the salting-
out behavior in all four salt mixtures. In this final concentration regime, Cs* operates as the
strongest salting-out agent, because it pairs most effectively with I". The results reported
herein suggest that the behavior of complex electrolyte solutions arises from a complex
balance amongst ion—ion, ion—polymer, and ion—water interactions.
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