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Effects of Hofmeister Anions on the LCST of PNIPAM as a Function of Molecular Weight
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The effect of a series of sodium salts on the lower critical solution temperature (LCST) ofNpoly(
isopropylacrylamide), PNIPAM, was investigated as a function of molecular weight and polymer concentration
with a temperature gradient microfluidic device under a dark-field microscope. In solutions containing sufficient
concentrations of kosmotropic anions, the phase transition of PNIPAM was resolved into two separate steps
for higher molecular weight samples. The first step of this two-step transition was found to be sensitive to the
polymer’s molecular weight and solution concentration, while the second step was not. Moreover, the binding
of chaotropic anions to the polymer was also influenced by molecular weight. Both sets of results could be
explained by the formation of intramolecular and intermolecular hydrogen-bonding between polymer chains.
By contrast, the hydrophobic hydration of the isopropyl moieties and polymer backbone was found to be
unaffected by either the polymer’s molecular weight or solution concentration.

Introduction the specific conditions, a surface tension effect, direct anion
binding, and the polarization of water molecules directly
hydrating the amide moieties of the polymer (Figure 1). Sodium
salts of the chaotropic anions were found to depress the LCST
by increasing the surface tension between the hydrophobic
portions of the polymer (isopropyl group and hydrocarbon
backbone) and adjacent hydration waters. There was also a
modest salting-in effect caused by the binding of chaotropic

2- 2- - - - - - anions. These two mechanisms could account for the behavior
€O = SO7 = HPO = F = Cl _> Br _N03 g of the ions from CI to SCN. On the other hand, the

I >Clo, > SCN kosmotropes (C&-, SQ2~, H,PO,~, and F) behaved differ-

] ently. In this case, no salting-in effects were observed. Rather,
The ions on the left are strongly hydrated and referred to as the anions were found to weaken the hydrogen bonding between
kosmotropes, while the species on the right are more weakly the pendent amide groups and the bound hydration waters via
hydrated and called chaotropes. Recently, considerable efforty polarization effect. In the presence of a sufficient concentration
has gone into understanding the ordering of this series and itsyf 5 kosmotropic salt, the dehydration of the hydrophilic amide
underlying meaning:!41*20 Although it was originally sus-  groups would actually occur separately from the removal of
pgcted that the series had to do with the ordering of bulkwater, hydrophobic hydration waters from the rest of the polymer. In
this turns out not to be the case. Therefore, mechanisms t0act, the phase transition was resolved into two distinct steps.

explain the behavior of specific systems need to take into The first step was correlated with the dehydration of the amide,
account the direct interactions of the ions with the macromol- \yhile the second involved the loss of water molecules which

ecule and its first hydration shell.

In water, PNIPAM behaves as a thermoresponsive polymer
which aggregates and falls out of solution above its lower critical
solution temperature (LCSP}):22 This behavior follows the
Hofmeister serie$3-25 Our laboratory has recently elucidated
the mechanism of the phase transition for PNIPAM in the
presence of salsThis was made possible by the development

Protein stability, enzyme activity, macromolecule crystal-
lization, as well as protein and polymer folding can be strongly
influenced by the type of salts present in the aqueous soltition.
In fact, the ability of ions to influence a broad range of physical
properties typically follows a recurring trend called the Hofmeis-
ter serie$16 The typical order of the series for anions is

were hydrophobically hydrating the polymer.

It is known that changing the molecular weight of PNIPAM
does not strongly affect its LCST unless the degree of poly-
merization is low enough that the end group structure becomes
significant3132 We wondered, however, if changes in the
molecular weight would affect the salt dependence. Four
of a temperature gradient microfiuidic appar&®is® in samples were prepared with number average molecular weights
combinatign with dgrk-field microscopy, Wﬁipc):h allowed the "an9ng from 6.980 to 360 000 Da. The_results showed that the

molecular weight of PNIPAM does influence salt effects.

LCST of PNIPAM to be determined with extremely high- Specifically. it found that th trati fk oD
temperature precision. The experiments were conducted on; pecimically, itwas found that the concentration of kosmotropic

PNIPAM samples with a relatively narrow molecular weight '9"S required to resolve the phase transition into two distinct
distribution (polydispersity index 1.40). The number average steps |n;:reasg(l1)IW|';h %ecreasllngﬂ:nolecg(ljar We('jghf;[' olln f‘i]Ct’b.'t
molecular weightM,, of these samples was 121 000 Da. Itwas V&S Not possibie 1o decoupie the amide and hydrophobic

found that three basic interactions were involved depending upondehydratlon §teps at any s_alt cqncentratlon for the lowest
molecular weight sample we investigated. Moreover, molecular

T Part of the special issue “Kenneth B. Eisenthal Festschrift”. weight also influenced the behavior of PNIPAM in the presence
*E-mail: cremer@mail.chem.tamu.edu; bergbreiter@mail.chem.tamu.edu. of chaotropic anions. In this case, it was found that the binding
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Figure 1. Three basic interactions among anions, PNIPAM, and hydration waters are involved in the Hofmeister effect: (a) The hydrophobic
hydration of the molecule is associated with surface tension and can be modulated by salt; (b) direct binding of the anion to the amide group of
PNIPAM; (c) hydrogen bonding of the amide and its destabilization through polarization by the anion, X

constant of the anions increased with increasing molecular
weight and polymer concentration, while the salting-in effect Rectangular capillary
decreased with increasing molecular weight and polymer

concentration. By contrast, neither the molecular weight of the l
polymer nor its solution concentration affected the phase

transition when triggered by the loss of water molecules involved
in hydrophobic hydration.

Experimental

Preparation and Fractionation of PNIPAM. PNIPAM was Area taken
obtained by free-radical polymerization of its monomer using for measurement
2,2-azoisobutylnitrile (AIBN) as an initiator in methanol at
70 °C under a positive pressure ob.Nrhe purified PNIPAM
was fractionated by redissolving it in acetone (10 g/L) and Cold Hot
through stepwise precipitation by the addition of hexaé3. Figure 2. Schematic diagram of the linear temperature gradient used
This gave rise to four polymer fractions with weight average obtain light-scattering curves. The PNIPAM solution inside the
molecular weights Nl,) of 4.75 x 10, 1.70 x 10F, 5.58 x capillary tube shows no light scattering at low temperature (white region

. - . inside the tube) but scatters light strongly above the lower critical

.104’ and 1'78X.104 g/mol as determllned by static "gh.t Scatterlng solution temper?‘;\ture (purple region insid%};he tube). Data were taken
in methanol. Light-scattering experiments were carried out using i sjices (red vertical lines) from the middle of each tube, and the
a Brookhaven Instruments BI-200SM goniometer, a BI-9000AT scattering intensity was averaged over a G3% line at each
digital correlator, and a Melles Griot helium neon laser. temperature.
Molecular weight analysis of light-scattering data was performed
using Brookhaven Instruments’ Zimm Plot Software. The cover glass acting as both the sample stage and the heat
fractionated samples described above were analyzed by gelconductor was mounted on top of two parallel brass tubes
permeation chromatography in tetrahydrofuran. This analysis (1/8 in. wide K & S Engineering, Chicago, IL), through which
was carried out with a Viscotek -MBMMW-3078 mixed bed hot and cold antifreeze solutions could be individually flowed
column using a Viscotek gel permeation chromatography using standard water bath circulators (Fisher Scientific, Pitts-
instrument. The instrument was equipped with multiple detectors burgh, PA). Rectangular borosilicate capillary tubes (VitroCom,
including a Model VE 3580 RI detector and OmniSEC software. Inc.) with dimensions of 2 cnx 1 mm x 100 um (length x
The results indicated that the polydispersity index (PDI) of the width x height) were used as sample containers and placed
four fractions used in these studies were 1.32, 1.40, 1.82, andparallel to the temperature gradient. Light scattering from
2.55, respectively, based upon polystyrene reference standardspolymer solutions was monitored via a CCD camera (Micromax
The M, values for these four fractions were determined to be 1024, Princeton Instruments) using dark-field optics under an
3.60 x 10°, 1.21 x 10°, 3.07 x 10% and 6.98x 1C® Da, inverted microscope (Nikon, TE2000-U). Two different polymer
respectively. It should be noted thislt, = M,/PDI. solutions with previously measured LCSTs served to calibrate

Preparation of Polymer Solutions.All inorganic salts used  the slope of the gradient in each experimefit3® The first
in these experiments were purchased from Aldrich. Low- control solution was a 10 mg/mL sample &, 500 000 Da
conductivity HO, produced from a NANOpure Ultrapure Water PNIPAM in H,O with a known LCST of 30.9& 0.05°C, and
System (Barnstead, Dubuque, 1A) with a minimum resistivity the second was a 10 mg/mL samplévyf 500 000 Da PNIPAM
of 18 MQ-cm, was used to prepare the polymer and salt in 0.7 M KCI with a known LCST of 22.6 0.05°C .34 Six
solutions. Stock solutions of PNIPAM were prepared by rectangular capillary tubes could be fit side-by-side undea
allowing the polymer to dissolve overnight in,@ at 4 °C. objective. The temperature along the capillary tubes was
Aliquots of these solutions were added to water or inorganic determined by counting pixels in a linescan drawn along the
salt solutions at the desired concentration. The final polymer direction of the gradient in the corresponding CCD images. The
concentration for all experiments was 10 mg/mL except for the scattering intensity at each temperature was determined by
concentration dependence experiments. In that case, the conaveraging data from a 63@m long slice (50 pixels) perpen-
centration of theM, 121 000 sample was set to 2, 5, 10, and dicular to the linear temperature gradient (Figure 2). LCST
15 mg/mL to study the effect of polymer concentration on the values were taken as the initial break poiatsf these light-
LCST behavior. scattering intensity versus temperature curves. The measurement

Fabrication of a Temperature Gradient Device and of the LCST at each salt concentration was repeated at least
Measurement of LCSTs. Fabrication of our temperature eight times, and the mean value was taken. The measurements
gradient device has been described previobisly3° Briefly, a had a typical standard error &f0.05 °C. It should be noted
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Figure 3. Light-scattering curves for PNIPAM with different molecular
weights in 0.3 M NaSQ, solutions. The two-step phase transition can
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be visualized for PNIPAM withM, of 360 000, 121 000, and 35
30700 Da.
i . 30 S~
that the phase transition of PNIPAM was completely reversible
under all conditions which were explored. 25| \‘\ Y
v

Results - o,

Sodium salts of Cg~, SO2, H,PO,~, F, CI-, Br, NO; ™, 20 4
I-, ClO,~, and SCN were employed to investigate specific 35 () M, 30,700
ion effects on the LCST of PNIPAM because they are
representative of the entire Hofmeister series. Fo?CQ2, e
H.PO,~, and F, the phase transition of PNIPAM was resolved 30
into two distinct steps in the presence of sufficient concentrations
of the respective sodium salts. The first step was the salting- 25 ~__
out of the amide group, and the second involved the dehydration ’\q\.
of the hydrophobic portions of the polynmeRepresentative data 20
in Figure 3 at 0.3 M Ng50O, clearly reveal that the presence of (@) M 6,980
a two-step LCST is dependent on the chain length of the 15— — .
polymer. In fact, the two-step transition only occurred at a 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
sufficiently high molecular weight of the PNIPAM. .

Plots of the temperature for the onset of the lower and higher Salt Concentration (M)

phase transition steps versus,8@ concentration are shown  Figure 4. LCSTs of 10 mg/mL PNIPAM with different molecular

in Figure 4 for the four PNIPAM samples. At low salt weights in NaSOy: (a) M, 360 000, (b) 121 000, (c) 30 700, and (d)
concentration, only a single LCST was observed and is 6980 Da. The dots®) represent the initial slope, the upward pointing
designated by a filled circle in the plot®). As the salt triangles &) designate the lower temperature step in the two-step phase
concentration was raised, the phase transition was resolved int ransition, and the downward pointing trianglery @re for the higher

¢ b he | | | iah emperature transition. The unfilled larger circles are used for the point
two separate steps for all but the lowest molecular weight \yere the phase transition widens without explicitly splitting into two

sample. The appearance of the lower s@pand upper step,  separate steps. This designates the crossover of the transition from a
v, of the two-step transition required higher salt concentrations single-step to a two-step process.

as the molecular weight was decreased. An open cifzlés o N S

used to denote the concentration where the transition first beginsinitial transition. The other kosmotropic anions, €Q HPO;~

to resolve into two distinct steps. At the lowest molecular weight @nd F', behaved similarly with molecular weight. Their LCST
employed, 6980 Da, only a single phase transition could be values as a function of salt concentration are provided in

found over the entire concentration range investigated. Figure 5. The abstracterivalues for all of the kosmotropes are
The LCST versus salt concentration data for each step of thegiven in Table 1. ) )
two-step transition can be fit by a simple linear equation To investigate the polymer concentration effect in the
presence of kosmotropic anions, the 121 000 Da sample was
T=T,+ c[M] (D) investigated at 2, 5, 10, and 15 mg/mL in the presence ¢f Na

SOy, and the data are plotted in Figure 6. Again, the LCST
whereTy is the LCST of PNIPAM in the absence of salt and versus salt concentration data for each step of the two-step phase
[M] is the molar concentration of the kosmotropic salt. The transition were fit to eq 1. For the lower temperature step, the
constantg, has units of temperature/molarity, and the individual slope of the salt concentration dependence became progressively
steps are associated with distinct slopes. In all cases, it wassteeper at higher polymer concentration, while the upper step
found that the lower stepa, of a given two-step transition  was found to be insensitive to the polymer concentration. The
displayed steeper salt concentration dependence than its correabstracted values for each step are provided in Table 2.
sponding single-step transitior®, seen at lower N&SO, For the chaotropic anions (GIBr—, NOs;~, I7, SCN-, and
concentrations. On the other hand, the higher temperature phas€l0,~), only a single LCST was observed, independent of the
transition stepy, showed shallower salt dependence than the polymer’s molecular weight or the salt concentration employed.
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Figure 5. LCSTs of 10 mg/mL PNIPAM with different molecular weights in (a) 88, (b) NaHPQO,, and (c) NaF. The molecular weight is
labeled on each figure. The symbols have the same meaning as in Figure 4.

TABLE 1: Fitted c¢ Values from the LCST versus Salt 35
Concentration Curves of PNIPAM with Different Molecular
Weights for the Kosmotropic Anions 5"
< 30 ™
¢ (°C/mol) ~ \ﬁ
) — - o =
Anion Mhn (g/mol) initial first step second step 5 3 a -
70 463 - - g SN
coz~ . o %“‘H ¥
121 000 —49.7 —57.4 —-19.2 Q. Q‘\x
360 000 -50.8 —61.3 -19.7 € 2] ° 2 mgmL SaTs
6980 -33.7 - - ® * 5 mgimL RN
o 30 700 —35.5 - - = * 10 mg/mL LS
SOy X
121 000 —36.2 —45.6 —20.0 * 156 mg/mL 4
360 000 —38.0 —50.0 —20.3 15 == : ; . . . -
6980 —224 - - 0.00 0.05 010 0.15 0.20 0.25 0.30 0.35
HPO- 30 700 -22.7 - - .
2 121 000 -23.1 -30.1 -16.6 Salt Concentration (M)
360 000 —23.6 —30.9 —16.8 . .
6980 ~17.0 _ _ Figure 6. LCSTs ofM, 121 000 Da PNIPAM with polymer concen-
- 30 700 —16.9 — — trations of 2, 5, 10, and 15 mg/mL in BBO,. The symbols have the
121 000 —17.9 - - same meaning as in Figure 4.
360 000 —18.8 - -

_ equilibrium association constant of the chaotropic anion with
Figure 7 shows the LCST values of PNIPAM for all four the polymer. Bnax is the increase in the phase transition
molecular weights as a function of salt concentration. The datatemperature due to direct ion binding at saturation. The
in Figure 7 can be modeled by eq 2, which includes a constant, abstracted values far, Ka, andBmax for the chaotropic anions

a linear term, and a Langmuir isothérm are listed in Table 3.
B K, [M] Subtracting the linear contributiorif{ + c[M]) from the
T=T,+M] + max A @) concentration versus LCST curves in Figure 7 and replotting

1+ KA[M] the residual data revealed Langmuir-like binding isotherms for
the chaotropes (Figure 8). From this figure, the molecular weight
To is again the LCST of PNIPAM in the absence of salt, and dependence of the binding of the anions can be readily observed.

[M] is the molar concentration of the salls is the apparent It should be noted that Clbound weakly enough that deviation
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TABLE 2: Fitted c Values from the LCST versus NaSO,
Concentration Curves for a M, 121 000 Sample of PNIPAM
at Different Polymer Concentrations

subtraction of the linear contribution to the curves, the data were
replotted to reveal the shapes of the binding isotherms
(Figure 9b). The abstractedKa, andBnax values as a function

¢ (°C/mol) of polymer concentration are listed in Table 4. Significantly,
Anion My (g/mol) Concn (mg/mL) initial firststep secondstep  the binding constanta, increased with increasing polymer
2 332 -368 2207 concentration, whileByax decreased with increasing polymer
sor w5 RE Ol R oA el
15 375  —46.2 _192 Finally, the abstracted linear slopesyalues) for all of the

salts were correlated to the known hydration entrofi$n(aq)
from linear LCST versus concentration behavior was not and surface tension increment)(values of the anions
observed. The Br, NO; ™, and I binding to PNIPAM showed (Figure 10). As can be seen, the correlation betwegalues
relatively weak molecular weight dependence. On the other and surface tension increments is remarkably good for all of
hand, SCN and CIQ-, which bound most tightly to the the chaotropes. Moreover, the correlation betweeand o
polymer, showed the most significant dependence on molecularextended quite well to the upper stemp, of the two-step phase
weight. Specifically,Ka increased with increasing molecular transition for the kosmotropes. On the other hand cthialues
weight, while Bmax was attenuated with increasing molecular for initial step, ®, and first stepa, in the two-step transition
weight (Table 3). of the kosmotropes were well correlated to the entropy of

The polymer concentration’s effect on the LCST behavior hydration,AS,yq,, of the anions. In fact, the correlations were

of PNIPAM in the presence of NaClQvas investigated with  found to be equally good at all molecular weights. This confirms
the M, 121 000 sample at 2, 5, 10, and 15 mg/mL. The results the notion that the specific anion effects involve surface tension
are shown in Figure 9a. The data were fit to eq 2. After and direct anion binding for the chaotropes (Figure 1a artd b).
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Figure 7. LCSTs of 10 mg/mL PNIPAM with different molecular weights in a salt solution with chaotropic anions at concentrations from 0 to
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1.0 M: (a) NacCl, (b) NaBr, (c) NaNg) (d) Nal, (e) NaSCN, and (f) NaClOThe curves were fit to eq 2.
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TABLE 3: Fitted Values of Ka, Bmax, and ¢ Abstracted from phase transition step. In other words, the hydrophobic moieties’
the LCST versus Salt Concentration Curves of PNIPAM at propensity to remain hydrated appeared to be independent of
Different Molecular Weights in the Presence of Chaotropic whether another polymer chain was nearby or not
Anions o . )
: . — - The phase transition of PNIPAM as a function of molecular
anion  Mn(g/mol)  Bmax(°C) ~ Ka(M™Y)  c(*C/mol) weight appears to be at least somewhat reminiscent of the
6980 - - —10.3 denaturation of globular proteins. It has been shown that the
cr- 30 oo - - T denaturation of sufficiently small proteins can occur as an all-
360 000 _ _ ~10.3 or-none transition. In other words, the protein molecule dena-
6980 2.1 2.5 -8.1 tures completely or not at all at equilibrivlfhHowever, this is
Br 30700 13 2.3 =75 not the case for larger proteins, whose thermally induced
' 121 000 1.4 2.6 -7.4 : -
360 000 15 34 75 denaturation can typically be more complex. The absence of
6980 17 28 —74 an all-or-none transition for larger proteins, of course, is
NOs- 30 700 1.0 2.0 -7.0 normally interpreted in terms of their domain structuies.
%gé 888 ii 5513 —573-?1 has been reported for PNIPAM that the eajlobule transition
6980 57 33 :2'9 apparently also occurs according to a “domain” mecharifsm.
- 30 700 23 43 _og Domains of PNIPAM appear to contain90 monomer units.
121 000 2.1 4.3 —2.9 In the present case, only the fraction with the lowest molecular
36%&28 522 g% __131’% weight (M, 6980 Da,~60 monomer units) underwent an all-
- 30 700 48 39 ~119 or-none transition. The other fractions behaved more like large
ClO, 121 000 3.6 5.1 —-12.6 proteins in the sense that the phase transition could be resolved
360000 2.6 7.7 —12.7 into two independent steps corresponding to the dehydration
6980 6.0 2.0 —23 of different structural domains.
SCN- 30 700 4.8 2.8 —2.7 Chaotropic Ani Chaotropi . h two infl
121 000 31 43 57 pic Anions. Chaotropic anions have two influences
360 000 2.6 6.9 -3.1 on the LCST of PNIPAM. First, the surface tension of the

hydrophobically hydrated moieties increases with added salt
On the other hand, the kosmotropes modulate the LCST of (Figure 1a). Second, the anions can shed their hydration shells
PNIPAM through surface tension changes and the polarization and directly bind to the polymer (Figure 1b). As shown in
of water molecules at all of the molecular weights tested Tables 3 and 4, the values do not change with the molecular
(Figure 1a and c). It should be noted that the ability to polarize weight or concentration of PNIPAM, within experimental error,
the hydration waters of the pendent amide groups is related tofor any of the anions. This is consistent with the results obtained

the entropy of hydration of the aniofs. for the upper step of the two-step transition for the kosmotropic
ions. On the other hand, direct ion binding (putatively involving
Discussion the amide groups) does depend upon the molecular weight and

PNIPAM concentration. For the most strongly chaotropic anions,

Kosmotropic Anions. Table 1 provides the molecular weight  c|0,~ and SCN;, a clear trend can be seen Bfay andKa.
dependence of the values for the initial Slope, as well as the Name|y, the value OBmax falls with increasing molecular
upper and lower steps in the two-step phase transition at higheryeight, while the value oK rises. The same trend is observed
ion concentrations. As can be seen, thealues for the initial as a function of polymer concentration. The molecular weight
step and the lower step decrease with increasing moleculareffect is presumably caused by increased intramolecular interac-
weight of PNIPAM. The effect is most pronounced forNa  tions, while the concentration dependence is caused by inter-
COs and NaSQ,. Itis believed that the decoupling of the amide  molecular interactions. Such opposite behavioKgfandBuax
dehydration from the hydrophobic dehydration manifests itself could perhaps appear to be counterintuitive since one might
in the formation of partially collapsed structures which scatter expect a largeKa value to be associated with a stronger salting-
less light than fully collapsed PNIPARIMoreover, ithas been i effect (largemBmay). These results, however, can be understood
reported that molten globular and crumpled coil structures may py considering a multiple binding site model as described
occur in PNIPAM of very high molecular weight (1 10" Da) below.
even in the absence of salt for very dilute polymer soluti{8. For a PNIPAM chain havingn apparently independent
In the present experiments, such partially collapsed states areyinding sites, the number of anions bound may range from 0 to
apparently stabilized at a lower molecular weight by sufficiently n_ Therefore, the average binding numbermust lie between

high concentrations of strongly hydrated ions. It should also be g andn. The value fow is related to the equilibrium association
noted that the initial step and the lower step in the two-step constantKa, by the following equatiof?

phase transition were also sensitive to the concentration of

PNIPAM. Namely, the phase transition temperature was more n[M]K ,
rapidly depressed in N80, with increasing PNIPAM concen- V= m
tration (Table 2). In sharp contrast with these results, the slope A
for the upper step of the two-step phase transition was found to

be independent of both the molecular weight and the concentra-Where M is the molar concentration of anion. In this model,
tion of PNIPAM. n is related toBmax in eq 2, whilev is correlated to the actual

temperature increase in the LCST observed at any given

From a molecular point of view, it appears that hydrogen . . . S .
bonding between amide moieties becomes more facile with salt concentration due to direct anion binding. Accordingly,

either increasing molecular weight or concentration. The former |ncrea§|ggntleads to s I?rge:jvt?lue f(Bmax'. The frgcuo]? I(I)f
presumably occurs intramolecularly, while the latter should be occupied sitesy, can be found by rearranging eq 3 as follows
the result of increased intermolecular interactions. By contrast,

©)

intramolecular and intermolecular influences are not as important vy=Y= (M] __ M (4)

for hydrophobic hydration, which is associated with the upper N~ 1K, +[M] Kp+[M]
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Figure 8. The residual LCST data for the chaotropic anions from Figure 7 after removing the linear portion of the LCST versus concentration
curves. The lines represent Langmuir isotherm fits to the data points.
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Figure 9. (a) LCSTs ofM, 121 000 Da PNIPAM with the polymer concentrations of 2, 5, 10, and 15 mg/mL in NaCl@ curves were fit to
eq 2. (b) The residual LCST data after removing the linear portion of the LCST versus concentration curves from Figure 9a. The lines represent
Langmuir isotherm fits to the data points.

As can be seen from eq 4, a higher fraction of occupied sites is As was also found for experiments with kosmotropic anions,
correlated with a larger value féta. This can also be expressed the amide side chains should have increased opportunities to
in terms of the equilibrium dissociation constaKip where undergo hydrogen bonding with increasing chain length and
Ko = 1/Ka. Either way, stronger binding is related to a higher polymer concentration. These effects should be intramolecular
fraction of bound chaotropic anions. and intermolecular, respectively. Chaichain interactions may
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TABLE 4: Fitted Values of Ka, Bmax, and ¢ Abstracted from
the LCST versus NaClQ, Concentration Curves for a M,
121 000 Sample of PNIPAM at Different Polymer
Concentrations

anion My, (g/mol) concn (mg/mL) Bmax(°C) Ka (MY ¢ (°C/mol)

2 5.6 2.4 -12.6
_ 5 4.3 3.9 -12.4
ClO, 121000 10 3.6 5.1 -12.6
15 2.6 7.5 -11.9

J. Phys. Chem. C, Vol. 111, No. 25, 2008923

This is, at least in part, related to a multivalency effect, whereby
a given anion has greater opportunities to interact with the
polymer. Analogous effects for proteitigand binding have
already been hypothesized upon increased interactions between
the receptor site.

It should be noted that the reasoning for the direction of
change folKa andBpmax for the strongest chaotropes should also
apply to the weaker chaotropes such as,BM¥O;~, and I. In
fact, the apparent value df, increases in all cases with

affect both the number of available binding sites as well as the increasing molecular weight. The magnitudeBgf,, however,

apparenkp value. In factn should be reduced on electrostatic

is down by a factor of 24 for the weaker binding anions at

grounds. This is because the proximity of the amides will be identical molecular weights compared with that of ¢giGnd
closer, making anion binding to neighboring amide moieties SCN~. This makes the trends more difficult to discern within
more costly. Such an effect will increase with increasing the signal-to-noise limitations of our experiments.

molecular weight or polymer concentration since these chain

chain interactions become more pronounced. Moreover, reducingcgnclusions

n will also reduceBnax This is exactly what is found by
increasing either the molecular weight or the concentration of

The effects of molecular weight and concentration on the

PNIPAM for the strongest chaotropes (Tables 3 and 4). On the mechanisms of specific anion interactions with PNIPAM were

other hand, the apparent value K{ should be increased for

investigated. It was found that amide dehydration in the presence

single anion binding to more closely interacting polymer chains. of kosmotropes was more facile at higher molecular weight and
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Figure 10. (a) Plot of hydration entropy of the anions versufor PNIPAM with different molecular weights. (b) Plot of the surface tension
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polymer concentration. This was consistent with increased
chain—chain interactions of both intramolecular and intermo-

lecular origin. Moreover, the apparent association constants with
the chaotropes increased as a function of molecular weight and

Zhang et al.
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Biopolymers2006 81, 136.

(17) Zhang, Y. J.; Cremer, P. 8urr. Opin. Chem. Biol200§ 10, 658.

(18) Bostfan, M.; Williams, D. R. M.; Ninham, B. WPhys. Re. Lett.

PNIPAM concentration on largely similar grounds. In stark 2001 87, 168103.

contrast with this, the slope of the LCST change versus salt
concentration for hydrophobic hydration of the polymer was

(19) Omta, A. W.; Kropman, M. F.; Woutersen, S.; Bakker, Fscience
2003 301, 347.
(20) Batchelor, J. D.; Olteanu, A.; Tripathy, A.; Pielak, G.JJ.Am.

not altered by modulation of either the polymer’'s molecular cpem. soc2004 126 1958.

weight or concentration in the presence of either kosmotropes

or chaotropes.
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