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Polymeric microgels are very interesting systems to study polymer-solvent interactions since they react to
changes in the solvent properties by swelling or deswelling to reach a final equilibrium state of minimal free
energy. Accordingly, factors such as pH, temperature, or salt concentration can induce size changes. While the
volume phase transition undergone by ionic microgels with addition of salt is reasonably well understood in
terms of Donnan effects, the origin of these transitions in neutral microgels is devoid of such understanding. In
this paper, the effects of electrolytes on the swelling behavior of neutral thermosensitive microgels are inter-
preted within the Flory-Rehner theory for the swelling of neutral gels, by considering that ionic concentration
affects the entropic contribution to the Flory solvency � parameter; this manifests macroscopically as particle
deswelling. The entropic changes depend on the ability of the electrolyte to disrupt the neighboring water
structure and result in increasing values of � with salt concentration. In this sense, we find a clear correlation
between the deswelling ability of the ions and their chaotropic �structure breaking� or kosmotropic �structure
making� nature as classified in the Hofmeister series.
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I. INTRODUCTION

Gels are cross-linked polymers immersed in a liquid.
Their mesoscopic versions, microgels, exhibit faster kinetics
and the inherent richness of colloidal suspensions. Among
these, those based on Poly-�N-isopropylacrylamide�
�PNIPAM� have received special attention probably because
the volume transition is triggered thermally and temperature
is easy to tune. The mechanism responsible for the water
solubility of these gels is related to the formation of struc-
tured water cages around the isopropyl groups of the poly-
mer �1�, which are the hydrophobic sites of PNIPAM.
Changes in this water structure, as promoted, for example,
by molecular agitation, induce a hydrophobic attraction
among isopropyl groups that results in gel collapse. It is this
hydrophobic interaction through the entropic contribution to
the free energy of the system that is responsible for the
deswelling of PNIPAM gels.

Polymeric macrogels and microgels are thus very interest-
ing systems to study polymer-solvent interactions, since the
system free energy is minimized by dynamically changing
the polymer conformation and the surrounding water struc-
ture, that in the end determine the final equilibrium size.
They can thus be used to access, in a simple way, the effects
of a polymer environment change, as induced by changing
the solvent itself or by dissolving substances that can poten-
tially change such an atmosphere.

The presence of electrolytes in aqueous solutions disrupts
the molecular structure of the pure liquid water �2�. The
structural modifications induced by different electrolytes are

not identical at all; in fact, they can be extremely different
depending on the nature of the dissolved salt. Ions that inter-
act with water stronger than water itself are known as struc-
ture makers or kosmotropes, whereas ions having the oppo-
site effect are known as structure breakers or chaotropes �3�.
According to this feature, ions are commonly ranked in the
so called lyotropic or Hofmeister series. This ion ranking
was first observed in 1888, when Hofmeister studied the ef-
fects of different neutral salts on the solubility of proteins
�4,5�. Since then, a great number of experiments have re-
vealed the same order when studying systems and properties
of a very diverse nature �6�.

A representative Hofmeister series for anions and cations
is given in Table I. Although there is still no general concep-
tual framework available to provide a compelling explana-
tion for why these effects occur, water structure and how
ions modify such structures are key points in understanding
Hofmeister effects; this is inferred from a number of experi-
ments with different techniques. Examples include electro-
chemistry �7,8�, quasielastic neutron scattering �9� and neu-
tron diffraction �10�, vibrational spectroscopy �11,12�, and
nuclear magnetic resonance �13�.

While the effect of electrolyte concentration over the
swelling of ionic macrogels �14–16� and microgels �17� is
reasonably well understood, in the case of neutral gels, de-
spite the existence of experimental evidence showing that
salt concentration can greatly affect the particle equilibrium
size �18–21�, there is little understanding of why this is so. In
this paper, we study the equilibrium swelling behavior of
PNIPAM microgel particles in the presence of different salts
as a function of salt concentration. We find correlation be-
tween the deswelling degree exerted by the different ions and
the Hofmeister series and interpret the results by considering
that the different ions induce a change in the entropic contri-
bution of the polymer-solvent Flory � parameter; for a given
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salt concentration, � increases with the kosmotropic charac-
ter of the ion. Overall, our results indicate that disturbances
in the water structure caused by electrolytes affect the swell-
ing behavior of PNIPAM colloidal gels and could in fact be
the reason for such observations in other neutral microgel
systems.

The rest of the paper is organized as follows. Section II
summarizes the thermodynamic background for understand-
ing the swelling behavior of neutral gels. Section III briefly
introduces the experimental system and methods. Section IV
presents the results. First we describe the temperature vol-
ume phase transition of the PNIPAM particles under consid-
eration and theoretically describe the observations with the
Flory-Rehner theory for the swelling of neutral gels. This
provides information about some of the intervening system
parameters, which we will use to estimate entropic changes
induced by salt concentration, for different salts. Finally, in
Sec. V, we summarize our work and conclude.

II. SWELLING THERMODYNAMICS

The swelling behavior of PNIPAM microgels is well de-
scribed by the classic Flory-Rehner theory �22�. At equilib-
rium, the mixing osmotic pressure ��m� within the particle is
balanced by the elastic osmotic pressure ��e� of the cross-
linked network so that �total=�m+�e=0, or equivalently, the
free energy of the system is minimal. In this case

ln�1 − �� + � + ��2 +
�0

Ngel
�� �

�0
�1/3

−
�

2�0
� = 0, �1�

where � is the polymer volume fraction within the particle,
Ngel the average number of segments between two neighbor-
ing cross-linking points in the network, and � the Flory
polymer-solvent interaction parameter. Equation �1� provides
a means to determine � from �0, Ngel, and �. For isotropic
swelling, � can be related to the particle diameter d as

�

�0
= �d0

d
�3

�2�

with �0 and d0 the polymer volume fraction and particle size
in a reference state, typically taken as the shrunken state.

The Flory � parameter plays a crucial role in the thermo-
dynamic behavior of the gel. It is defined as the free energy
change per solvent molecule �in kBT units� when a solvent-
solvent contact is changed into a solvent-polymer contact

� =
�G

kBT
=

�H − T�S

kBT
=

1

2
− A�1 −

�

T
� , �3�

where kB and T are the Boltzmann constant and temperature,
respectively; A and � have been defined as

A =
2�S + kB

2kB
, �4�

� =
2�H

2�S + kB
. �5�

As can be seen, A is directly related to entropy changes,
whereas � depends on both entropic and enthalpic varia-
tions. The latter is the so called � temperature and corre-
sponds to the temperature at which the second virial coeffi-
cient of the � series expansion in powers of � vanishes;
binary interactions among constituents are then negligible
and only excluded volume effects are important. For T=�,
the Flory � parameter equals �=1/2. Thereby, the solvent is
a good solvent for the polymer when ��1/2 and it is a poor
solvent when ��1/2. The � temperature is analogous to the
Boyle temperature of a van der Waals fluid, where the gas
can be taken as ideal. In fact, the volume phase transition of
a polymer gel is in some sense analogous to the phase tran-
sition of a van der Waals fluid; swollen and deswollen gel
states would correspond to the gas and liquid phases, respec-
tively �23� �see Fig. 1�.

Equation �1� determines the T-� phase diagram for a
polymer gel. The temperature dependence is embodied in the
Flory � parameter, while Ngel and �0 are system properties.
Usually, the interactions between polymer and solvent mol-

TABLE I. Hofmeister series and the encountered experimental
classification based on the deswelling capability of the ions.

Anions Cations Anions Cations

SO4
2−

Kosmotropic PO4H2− Mg2+

F− Ca2+ Decreasing Cl− Ca2+

CH3COO− H+ deswelling

Cl− Na+ effect NO3
− Na+

Br− K+

I− Rb+ ↓ SCN− NH4
+

NO3
− Cs+

Chaotropic ClO4
− NH4

+

SCN−

FIG. 1. Analogy between the shrunken-swollen transition in a
microgel and the liquid-gas phase transition in a van der Waals
fluid.
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ecules lead to positive values of �H and �S �A�0�. In this
case, the system is characterized by an upper-critical solution
temperature above which the polymer becomes soluble. For
PNIPAM, the polymer solvency is governed by order-
disorder processes induced by hydrophobic interactions be-
tween the polymer and the solvent with possible influences
from hydrogen bonding. As a result �H and �S are negative
�A�0� and the system is characterized by a lower-critical-
solution-temperature �LCST�. Figure 2 shows some repre-
sentative T-d isobars �for different � parameters� for a
PNIPAM system. These curves have been obtained from Eq.
�1�, after considering isotropic swelling �Eq. �2�� and the �
definition �Eq. �3��. The isobars are plotted using values of
Ngel, �0, d0, and �H that characterize our experimental sys-
tem �see Sec. IV A�. Since the � parameter depends on tem-
perature, we provide � values at 307 K in order to compare
the curves. Figure 2 shows that the particle size decreases
with increasing temperature, as one would expect for sys-
tems with a LCST. Equivalently, particle deswelling can be
induced by increasing �, i.e., by making the solvent poorer,
as is also shown in Fig. 2.

III. MATERIALS AND METHODS

A. Experimental system

PNIPAM particles were prepared via batch radical poly-
merization under emulsifier-free conditions. The monomers
employed were N-isopropylacrylamide �NIPAM� from
Kodak and methylenebisacrylamide �MBA� from Sigma.
Potassium persufate was used as an initiator, leading to sul-
fate anionic groups at the particles’ surface. Polymerization
was performed in a 250 ml thermostated reactor, round-
bottomed four-necked flask, equipped with a glass anchor-
shaped stirrer, condenser, thermocouple, and nitrogen inlet.
The reaction took place in boiled and deoxygenated water,
under a constant stream of nitrogen. The polymerization tem-

perature was set constant at 70 °C and the stirring rate was
200 rpm throughout the process. The resulting suspension
was cleaned through several centrifugation/redispersion
cycles �15 000 rpm for 30 min at 25 °C�. Further details
about particle synthesis and characterization are available in
Ref. �24�.

All salts employed, NaCl, NaNO3, NaSCN, Ca�NO3�2,
and NH4NO3, were of analytical grade and were purchased
from Merck, Sigma, or Scharlau. Double-deionized water
was used throughout.

B. Dynamic light scattering

Particle sizes were measured by dynamic light scattering
�DLS� using a Zetasizer 3000HS �Malvern Instruments, UK�.
In a typical DLS measurement, the intensity autocorrelation
function is determined and used to obtain the mean diffusion
coefficient D of the particles. The experiments were per-
formed at a scattering angle �=90° using a He-Ne laser with
vacuum wavelength 	=632.8 nm. The mean hydrodynamic
diameter is calculated from the diffusion coefficient by using

the Stokes-Einstein equation: D=
kBT

3�
d , where 
 is the me-
dium viscosity. Temperature was controlled with a precision
of 0.1 K using a peltier chamber that surrounded the sample
cell. The 
=
�T� dependence was obtained from the litera-
ture �25�.

IV. RESULTS AND DISCUSSION

A. Volume phase transition

Figure 3 displays the dependence of the mean hydrody-
namic diameter of the PNIPAM particles with temperature

FIG. 2. Size-temperature phase diagram predicted by the Flory-
Rehner phenomenological theory for the swelling of neutral micro-
gels. The curves correspond to � parameters ranging from �=0.2 to
�=0.8 �at 307 K�. Other intervening parameters are taken equal to
d0=600 nm, Ngel=42, and �0=0.8; these values are those obtained
for the particular PNIPAM system under consideration. The vertical
line corresponds to a constant temperature of 25 °C.

FIG. 3. Experimental mean hydrodynamic diameter versus tem-
perature at 1 mM NaCl. The solid line is the theoretical best least
squares fit. Resultant parameter values are d0=600 nm, A=11.5,
T=307 K, Ngel=42, �2=0.19, and �3=0.81.
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for a salt concentration of 1 mM �NaCl�. The particles are
deswollen at high temperatures because thermal agitation is
able to break the cagelike water structure surrounding the
PNIPAM isopropyl groups. Under these conditions, water is
a poor solvent for PNIPAM. The volume phase transition
temperature TVPT, here considered as the temperature corre-
sponding to the onset of the swelling process, is around
307 K. As in a van der Waals fluid above the critical tem-
perature, the volume transition of our system is continuous,

with no first-order discontinuity in the particle size. The
swelling process cannot be strictly considered a phase tran-
sition then; nevertheless, this term is often used when refer-
ring also to a continuous swelling.

To describe the experimental results with the Flory-
Rehner thermodynamic theory presented in Sec. II, it is con-
venient to rewrite Eq. �1� in terms of the particle diameter
�Eq. �2��, also showing explicitly the temperature depen-
dence �Eq. �3��

T�=0 =

− A�0
2�d0

d
�6

�

ln�1 − �0�d0

d
�3� + �0�d0

d
�3

+ �0
2�d0

d
�6�1

2
− A� +

�0

Ngel
�d0

d
−

1

2
�d0

d
�3� . �6�

As can be seen, Eq. �6� relates T and d by means of A, �, �0,
d0, and Ngel. We should note that in this equation A must be
taken to be negative if the system is characterized by a
LCST. Least square fits of the experimental data to this equa-
tion lead to physically unrealistic values of the parameters
�Table II�. The reason for this result seems to be related to
the volume fraction dependence of �. This fact has been
experimentally observed through solvent activity measure-
ments with a number of different systems revealing a non-
linear � parameter dependence on the polymer volume frac-
tion �26�. In addition, the inability of the original Flory-
Rehner theory to justify the observed discontinuous phase
transitions in neutral gels has been interpreted as a need for
including the � dependence on the Flory � parameter �27�.
The microscopic origin of this dependence is one of the cur-
rent concerns of polymer science. Within the Flory-Rehner
phenomenological theory the gel phase transition is under-
stood on the basis of �, which embodies all the molecular
interactions in the system. � is thus the final cause of such
phase transitions and must be determined empirically for ev-
ery particular case.

The original Flory theory is based on determining the ex-
change free energy involved in juxtaposing pairs of polymer
and solvent segments, and mixed polymer-solvent pairs, in
order to obtain the equilibrium polymer configuration. How-

ever, in a subsequent work published by Erman and Flory
�28�, the authors claimed the inadequacy of treating ex-
change interactions merely in terms of contacts between
molecules and asserted that interactions of higher order must
be considered; they accounted for this by proposing a power
series expansion for � as a function of �

� = �1 + �2� + �3�2 + �4�3 + ¯ , �7�

where �1 is the original Flory parameter in Eq. �3�, and
�2 ,�3 , . . . are temperature independent coefficients. If the
above series expansion is introduced in Eq. �1�, one obtains
an analogous expression to Eq. �6� with additional terms in
�2 and �3. Better results are then achieved when fitting the
diameter-versus-temperature experimental data. Table II
summarizes the values of the fitting parameters obtained
by considering �i� zero-order �=�1�T�, �ii� first-order
�=�1�T�+�2�, and �iii� second-order �=�1�T�+�2�+�3�2

approximations. Different values of �0 �0.6, 0.7, 0.8, 0.9�
have been tested in the fit. In Fig. 3 the black squares are the
experimental points obtained by DLS and the solid line is the
theoretical best fit. The latter is selected among all fits with
similar statistical �2 values �typically around 1.3� based on
how realistic the fitting parameters were; these must fulfill
three main conditions: �i� the values of A and � must be such

TABLE II. Free parameter values resulting from least squares fit of the d-T experimental data. The bold
column corresponds to the best fit.

�=�1�T� �=�1�T�+�2� �=�1�T�+�2�+�3�2

�0 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

A −9.4 −13.6 −20.6 −37.3 −1.6 −3.2 −7.0 −21.0 −0.7 −1.8 −11.5 −25.0

� �K� 300.0 300.9 301.6 302.9 322.5 319.7 316.2 310.0 299.6 303.0 307.0 315.3

Ngel 247 131 65 25 245 113 51 19 148 400 42 14

�2 — — — — 0.70 0.83 1.02 1.16 0.19 0.13 0.19 2.58

�3 — — — — — — — — 0.66 0.77 0.81 −1.19
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that 0��1�1 within all the temperature range studied, �ii�
the � temperature should be close to the experimental vol-
ume phase transition temperature TVPT	307 K, and �iii� the
number of segments per chain Ngel must reasonably match
the value deduced from the cross-linker concentration em-
ployed in the microgel synthesis. For a perfect network,
where each cross-linking monomer forms two junction
points, the number of total chains Nchains will be twice the
number of cross-linking molecules. Since the synthesis
monomer conversion is close to 100% �29�, Nchains can be
calculated from the mass of MBA to be Nchains=2.21�1020.
By dividing the total number of NIPAM molecules by Nchains
we get Ngel=33.

As can be seen in Table II, the zero-order and first-order
approximations provide low and high values of �, respec-
tively, independent of the chosen �0. Only the second-order
approximation for �0=0.8 gives a value of � in agreement
with the experimental phase transition temperature. In this
case, reasonable values of A and Ngel are also obtained. A
further discussion of the resulting parameters is presented
below.

�i� The value of the Flory � temperature,
�= �307.0±0.3� K, is very close to the TVPT indicating that
the phase transition is related to a change in the solvent qual-
ity. The values of A= �−11.5±1.9� and � allow determina-
tion of the entropy and enthalphy changes when a solvent-
solvent contact is replaced by a PNIPAM-solvent contact.
From Eqs. �4� and �5�

�S = �A −
1

2
�kB = �− 1.7 ± 0.3� � 10−22 J/K;

�H = �AkB = �− 4.9 ± 0.8� � 10−20 J.

These quantities agree with the values reported by other au-
thors �30,27,31�. The negative sign of A leads to �S�0 and
�H�0, as expected for a system characterized by a LCST.

�ii� The polymer volume fraction �0=0.8±0.1 implies
that around 20% of the particle volume in the reference state
is occupied by solvent molecules. This also agrees with pre-
vious results in similar systems �32–34� and implies that the
deswollen particle size contains water and is not equivalent
to the collapsed size that by definition has no solvent mol-
ecules.

�iii� The average number of segments between two neigh-
boring cross-linking points, Ngel=42±6, agrees well with the
value gauged from the microgel synthesis.

�iv� A second-order approximation in ���� is required to
describe the microgel swelling. The need of introducing
�2�0 and �3�0 becomes evident by analyzing the
�=��T� relation. The � parameter can be experimentally de-
termined from the d-T data by using Eqs. �1� and �2�, pro-
vided Ngel, �0, and d0 are known

� =
− 1

�0

 1

Ngel
�� d

d0
�5

−
1

2
� d

d0
�3�

+ � d

d0
�3

+
1

�0
� d

d0
�6

ln�1 − �0�d0

d
�3�� . �8�

The � parameter calculated in this way is plotted as a func-

tion of T−1 in Fig. 4. When �→0, the �-dependent terms in
Eq. �7� can be neglected and �=�1, which according to Eq.
�3� should be proportional to T−1. This linear dependence
between � and T−1 is indeed experimentally observed at high
T−1 �low temperatures�, where the particles are swollen
and � is low. Furthermore, as shown in Fig. 4, for high
T−1��→0� the experimental points are well described with
the theoretical solid line corresponding to the �1�T� obtained
using the A and � values that resulted from the d-T fit. Note
also that ��1/2 in this region, as expected for a polymer in
a good solvent.

The linear �−T−1 dependence disappears when T−1 de-
creases below �1/TVPT. The system is rather deswollen in
this temperature range and � exhibits a more pronounced
temperature dependence. This behavior can only be justified
if a dependence on � is introduced in �. Hirotsu interpreted
the d-T curve of a neutral PNIPAM gel undergoing a discon-
tinuous phase transition by introducing a linear � correction
in the � parameter �30�. This author found that �2	0.6; a
value that is higher than that theoretically predicted by
Erman and Flory for a discontinuous transition in a gel of
infinitely long chains, �2=1/3. This suggests that a more
important dependence on � is required when dealing with
real gels. The dashed line in Fig. 4 corresponds to Hirotsu’s
results, which clearly cannot account for our experimental
data. In our particular case there is no value of �2 able to
reproduce, within a linear �-� dependence, the experimental
results, and a second-order � dependence needs to be in-
cluded. The dotted line is the theoretical prediction corre-
sponding to �2=0.19 and �3=0.81, the values obtained in the
d-T fit �Table II�. With these last values, the experimentally
obtained Flory parameters are rather well reproduced.

A microscopic understanding of this second-order depen-
dence is not evident. The �-� relation given in Eq. �7� must
be taken as an empirical series expansion that aims to ac-
count for various many-body molecular interactions but that
lacks a clear physical meaning. According to Erman and
Flory �28�, the �i coefficients are related in some way to the

FIG. 4. Flory � parameter as a function of the inverse tempera-
ture. The points are the experimental � values obtained from the
swelling data. The solid lines correspond to three theoretical
approximations within the Flory theory: �=�1; �=�1+�2�, with
�2=0.6; �=�1+�2�+�3�2, with �2=0.19 and �3=0.81.
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equation of state of the individual components �polymer and
solvent� and their mixture. However, these coefficients are
not directly related to any specific interaction. First- and
second-order �-� dependences have been deduced from ex-
periments with systems based on PNIPAM �27,30,35�. Typi-
cally, the second-order dependences on � are associated to
discontinuous phase transitions, which are not observed in
our case. However, not every set of ��1 ,�2 ,�3� values im-
plies coexistence of swollen/deswollen phases �28� and thus
there are values of this triad giving rise to continuous
changes in the gel size. In addition, the continuous or dis-
continuous character of the phase transition depends not only
on the interaction coefficients, but also on the structural pa-
rameters contained in the Flory-Rehner theory, and on more
subtle variables not contemplated in this theory. In fact, Hi-
rotsu observed differences in the character of the phase tran-
sition of two PNIPAM gels synthesized under the same con-
ditions and with identical nominal compositions �27�. The
only difference was the initiator employed: While sodium
bisulfite �BS� led to continuous transitions, N, N, N�,
N�-tetramethylethylenediamine �TEMED� led to discontinu-
ous ones. This qualitatively different behavior was attributed
to some imperfections of the network, which were believed
to play a decisive role in the phase behavior. Nonetheless,
the concrete effect of these imperfections is not well known
yet. In our case, potassium persulfate is employed as initia-
tor, which is certainly more similar to the BS molecule than
to the TEMED molecule. The particular � -� dependence
thus seems to delicately depend on the particularities of the
experimental system. The synthesis method and the initiator
employed are variables not accounted for in any theory but
which seem to affect the system phase behavior; it is the
complexity of the many-body interactions that has prevented
a microscopic understanding of these effects.

Nevertheless, we conclude that the Flory-Rehner theory
captures the essential physics of the phase transition of neu-
tral PNIPAM microgels, since it reasonably describes the ob-
served swelling curves using logical values of the parameters
involved. We will use the values of these intervening param-
eters to interpret the effects of salt on the system swelling
behavior at a fixed temperature.

B. Salt induced deswelling

We study the effects of six electrolytes on the swelling
behavior of neutral PNIPAM microgels. We chose the fol-
lowing salts: �i� NaCl, NaNO3, and NaSCN, all with the
same cation, and �ii� Ca�NO3�2, NaNO3, and NH4NO3, that
share the anion. This selection allows the effects of different
anions and cations to be analyzed independently.

Figures 5�a� and 5�b� show the PNIPAM particles’ diam-
eter against salt concentration n, for anions and cations, re-
spectively. The measurements are made at T=25 °C�TVPT
and thus the particles are swollen. The following conclusions
can be extracted from these curves:

�i� At low salt concentrations, the particles are swollen.
No great differences among the ions can be detected. It is
only when n	300 mM that particle diameters decrease and

important differences among ions are evidenced. This char-
acteristic is typical of Hofmeister effects—which usually ap-
pear at moderate to high ionic concentrations �3�.

�ii� Although all the ions cause deswelling at roughly the
same concentration; the salt concentration required to reach a
given swelling ratio �0/� depends strongly on the particular
ion. For example, the salt concentration needed to attain a
swelling ratio of 1.5 is about 500 mM in the case of NaCl,
1000 mM for NaNO3, and 2000 mM for NaSCN.

�iii� Differences among anions �Fig. 5�a�� are more pro-
nounced than among cations �Fig. 5�b��. This is also a gen-
eral feature of all Hofmeister phenomena—which are fre-
quently dominated by anion effects �3�.

The results can be summarized by classifying the ions in
terms of their deswelling capacity, which we can quantify
through their swelling ability for n�300 mM �Table I�. The
obtained series exactly agrees with the Hofmeister series: the
more kosmotropic or structure-maker anions have the stron-
ger deswelling effect.

As mentioned before, deswelling processes promoted by
electrolytes have commonly been discussed in terms of a

FIG. 5. Hydrodynamic particle size as a function of salt concen-
tration at T=25 °C. �a� Effect of anions: ��� NaCl, ��� NaNO3,
��� NaSCN. �b� Effect of cations: ��� NaNO3, ��� Ca�NO3�2, ���
NH4NO3. For a comparative analysis, the curve corresponding to
the asymmetric electrolyte, Ca�NO3�2, is plotted versus the ionic
strength of the medium.
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Donnan equilibrium for ions inside and outside the gel. This
explanation, plausible for ionic microgels, cannot justify our
results because there is no reason to think that a Donnan
potential is established in a nonionic microgel. On the other
hand, although the molecular origin of the Hofmeister series
is not completely understood, it is well known that they
emerge from a combination of effects in which water struc-
ture is the cornerstone of the problem. Therefore, it is rea-
sonable to think that the presence of ions above certain con-
centrations modifies the entropic contribution to the Flory
solubility � parameter. Figure 5 will thus be analyzed by
means of the Flory-Rehner theory under the assumption that
ions modify the entropic component �S of the � parameter.

We then calculate �S from the experimental �d ,n� pairs in
Fig. 5, using Eqs. �1� and �3�. In this case, � has been re-
placed by the experimentally found series expansion in �,
with �1 written in terms of �H and �S. We also assume that
only �S changes are responsible for the observed deswelling.
For the rest of the parameters, values resulting from the
d-T fit are employed. Results are presented in Figs. 6�a� for
anions and 6�b� for cations. In the same figures we also plot
�1. Inasmuch as differences among ions are important be-
yond 300 mM, only results corresponding to this concentra-
tion range are displayed.

To understand the entropic change �S, recall that
�S=Ssp−Sss, with Ssp and Sss representing the entropies due
to solvent-polymer and solvent-solvent contacts, respec-
tively. The fact that �S�0 implies, from an entropic point of
view, that the latter are favored over the polymer-solvent
contacts, resulting in the macroscopic deswelling of the par-
ticles. This is why increasing T results in a size reduction.
According to Fig. 6, there are two factors that promote the
increase in �S: �i� salt concentration and �ii� the kosmotro-
pic character of the ion. The results can thus be interpreted
based on the competition between the polymer and the elec-
trolyte for the water molecules. The highly kosmotropic ions
tend to strongly interact with water molecules. As a result,
they are able to seriously disturb the water cage responsible
for the PNIPAM hydration, thus reducing the polymer-
solvent contacts and leading to the polymer collapse. This
effect becomes more pronounced as the number of ions in
the solution increases. Conversely, chaotropic ions, which
interact only slightly with water, have a far more attenuated
effect. Figure 6 shows that in these cases high salt concen-
trations are necessary to get a considerable increase in �S.
Although anions and cations exhibit the same trend, the en-
tropic changes induced by the former are in general slightly
more significant than those provoked by the latter, in agree-
ment with what is typically encountered for Hofmeister ef-
fects �3�. Finally, the values for �S at low salt concentrations
are consistent with the value provided by the d-T fit, as ex-
pected.

Perhaps it is more intuitive to describe the ion effects in
terms of �1 rather than through entropy changes. As can be
seen in Fig. 6, �1�1/2 as expected for swollen phases. It
also increases with salt concentration. Furthermore, for a
given n, the value of the Flory parameter increases with the
kosmotropic character of the ion. This feature can be quali-
tatively understood from Fig. 2. This diagram displays the
microgel phase transition curves for different values of the
Flory parameter. The vertical solid line corresponds to a tem-
perature of 25 °C, at which all d-n curves were measured.
According to this figure, the increase in the Flory parameter
implies a reduction in the particle diameter; this is consistent
with the experiment and equivalent to increasing tempera-
ture. The equivalent effects of temperature and salt concen-
tration can be further emphasized. For example, the change
in the Flory parameter caused by adding 750 mM of the
most kosmotropic anion Cl− is analogous to the change pro-
voked by increasing the temperature by �T=7.0 K. Accord-
ingly, 750 mM of NO3

−, a moderately kosmotropic anion, is
equivalent to a temperature change �T=1.4 K, while the
same concentration of the less structure-maker anion SCN−

would not have any appreciable effect. Regarding cations, a
�T=4.3 K is obtained with Ca2

+ at 750 mM ionic strength,
whereas salt concentrations above 750 mM are necessary to
observe any effect arising from NH4

+, that is far less kosmo-
tropic than Ca2

+. This equivalent increment of temperature
can be used, then, as an estimation of the chaotropic/
kosmotropic character of the ion.

V. CONCLUSIONS

In this work, we provide a plausible explanation for un-
derstanding volume changes induced by salt in neutral

FIG. 6. Experimental changes in the entropy and Flory �1 pa-
rameter with electrolyte concentration. �a� Effect of anions: ���
NaCl, ��� NaNO3, ��� NaSCN. �b� Effect of cations: ��� NaNO3,
��� Ca�NO3�2, ��� NH4NO3. For a comparative analysis, the curve
corresponding to the asymmetric electrolyte, Ca�NO3�2, is plotted
versus the ionic strength of the medium.
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microgels. The increase in ionic concentration above
	300 mM induces deswelling of the particles; the amount is
highly dependent on the electrolyte nature, with a clear cor-
relation between deswelling ability and ion position in the
Hofmeister series. These findings emphasize the entropic in-
fluence of the ions over the polymer-solvent interactions that
control the microgel size. We thus interpret the phase transi-
tions induced by salt as changes in the entropic contribution
to the Flory � parameter within the phenomenological Flory-
Rehner theory for the swelling of neutral gels. As salt con-
centration increases, the entropy gain due to solvent-solvent
contacts rises, implying � also grows, and the particles
deswell; similar trends are found when the kosmotropic char-
acter of the ions in solution is increased. To obtain the

entropy changes, knowledge of some important system pa-
rameters is necessary. A detailed analysis of the particle size
temperature dependence provided this information.
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