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Abstract: This study reports for the first time the effect of different sodium halide salts (NaClO4 , NaI, and Na2 CO3)

in the low concentration range (in the range of 10−7 –1 M) on the swelling behavior of photo-crosslinked, surface-
immobilized poly(N -isopropyl acrylamide) (PNIPAAm) terpolymer layers. PNIPAAm terpolymer (consisting of N -
isopropylacrylamide, methacrylic acid, and 4-methacryloxybenzophenone) was synthesized via free radical polymeriza-
tion. The PNIPAAm terpolymer layers were prepared on gold substrates via spin coating and crosslinked and surface
attached via UV radiation. The swelling behavior of the layers in monovalent (NaClO4 and NaI) and divalent (Na2 CO3)

solutions was monitored by surface plasmon/optical waveguide spectroscopy. The terpolymer layers did not swell sig-
nificantly at very low salt concentrations (10−7 –10−5 M), whereas an increase in swelling upon the addition of salt up
to 10−2 –0.1 M depending on the salt was observed. Further increase in the salt concentration up to 1 M led to collapse
of the terpolymer PNIPAAm layers due to the reduction in solvent quality of the salt solution. The full collapse of the
terpolymer PNIPAAm layers with 1 M salt solution was observed only when divalent kosmotropic Na2 CO3 salt was
used.

Key words: Salt effect, poly(N -isopropylacrylamide), surface plasmon resonance spectroscopy, stimulus-responsive
hydrogel

1. Introduction
Stimulus-responsive hydrogels, or “smart” hydrogels, are crosslinked, water-swollen polymer networks that alter
their water content by undergoing significant swelling and contraction in response to changes in surrounding
aqueous medium such as temperature [1,2], pH [3,4], ionic strength [5], pressure [6], and magnetic [7] and electric
fields [8]. Owing to this responsive behavior, these materials can be used in many fields such as drug delivery
systems [9,10], separation materials [11], actuators [12], sensors [13], and chromatographic support [14]. The
swelling behavior of surface-attached hydrogel layers is quite anisotropic compared to the bulk hydrogels as
the swelling is only allowed in the direction perpendicular to the substrate while being forbidden in the lateral
direction [15–17]. This reduces the swelling degree and hinders the full collapse of hydrogels. Changes in the
lower critical solution temperature of stimulus-responsive hydrogels are also observed due to the constraints
when immobilized on solid substrates in the literature [2,6,18–20].

The effects of temperature, pH, crosslinking density, and ionizable groups on the swelling behavior of
surface-attached N -isopropylacrylamide (NIPAAm)-based hydrogel layers were studied in detail by different
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research groups using ellipsometry [20,21], surface plasmon resonance spectroscopy (SPR) [6,17–19,22], neutron
reflection [23], and atomic force microscopy (AFM) [23,24] in the literature. The local and global dynamic
properties of swollen poly(N -isopropyl acrylamide) (PNIPAAm) gels immobilized on solid surfaces were char-
acterized using fluorescence correlation spectroscopy (FCS) [25] and dynamic micro light scattering [26,27].
Harmon et al. studied the effect of pH and temperature on the swelling of N-isopropylacrylamide-based copoly-
mer and terpolymer thin layers [18,19]. They found that the volume phase transition temperature changes
between 25.3 and 44.9 ◦C for 200 nm films depending on the pH of the solution. They also found that the
swelling behavior of the hydrogel layers changes as a function of dry film thickness [18,19]. Beines et al.
studied the temperature-induced volume phase transition of NIPAAm-based terpolymer thin layers containing
methacrylic acid and sodium methacrylate [22]. Refractive index gradient, which was not present in free acid
gels, was found in the swollen hydrogel films containing sodium methacrylate [22]. Neutron reflectivity studies
of the photo-crosslinked PNIPAAm layers by Vidyasagar et al. showed that water is expelled discontinuously
at low crosslink densities but continuously at high crosslink densities [23].

Besides temperature and pH, the salt-induced swelling behavior of PNIPAAm brushes and thin gel films
was studied by several research groups [17,22,28–33]. Ishida et al. studied the NA2SO4 salt-induced changes
in grafted PNIPAAm layers using quartz crystal microbalance (QCM-D) with dissipation and AFM and used
high salt concentrations in the range of 0.1 to 1 M [29]. They found that the critical concentration for brush
collapse was at 0.11 M salt concentration where a significant change in the frequency dissipation data obtained
by QCM-D was seen [29].

Naini et al. studied the effect of different sodium halides (NaI, NaBr, and NaCl) at 0.25 M on the
temperature-dependent behavior of PNIPAAm brushes using the laser temperature-jump technique and found
that the transition temperature was affected according to the halides’ order in the Hofmeister series [30].
The effect of specific anions (SCN− and CH3CO−

2 ) on the equilibrium thermoresponse of PNIPAAm brushes
was studied using in situ ellipsometry, quartz crystal QCM-D, static contact angle measurements, neutron
reflectometry (NR), and AFM [31,32]. It was found that the shift in transition temperature was in line with the
Hofmeister series where transition temperature was shifted to lower temperature by kosmotropic acetate ions
and higher temperature by chaotropic thiocyanate ions [31,32]. Koenig et al. studied the effect of NaCl salt on
the thermoresponsive behavior of PNIPAAm brushes using QCM and ellipsometry and found that transition
temperature was shifted to lower temperatures by the addition of NaCl salt due to the interaction of the ions
with the amide groups and the hindrance of hydrogen-bonding formation [33]. The concentration of salts used
in all the studies was in the range of 0.01–5 M. To the best of our knowledge, there are only two studies that
examined the effect of very low salt concentration (in the range of 10−7 –1 M) on the swelling behavior of
PNIPAAm thin layers. In these studies NaCl was used as a salt and its effect on the swelling behavior was
characterized via SPR [17,28] and light micro-photon correlation spectroscopy (µPCS) [28]. It was found that
the thickness of PNIPAAm layers increases at intermediate NaCl concentrations and then decreases as the NaCl
concentration increases [17,28].

To date, as explained above, the salt-induced swelling behavior of PNIPAAm thin layers in the very
low concentration range (in the range of 10−7–1 M) was only studied using NaCl salt [17,28]. The effect
of different sodium halide salts in the Hofmeister series in the very low concentration range was not studied
before in the literature. In order to fill this gap in the literature, the salt-induced swelling behavior of photo-
crosslinked PNIPAAm terpolymer thin films in different sodium halides (NAI, NAClO4 , and Na2CO3) in the
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concentration range from 10−7 to 1 M was investigated using SPR/optical waveguide spectroscopy (OWS) in
the present study. The stimulus-responsive terpolymer used in this study consists of NIPAAm, methacrylic
acid (MAA), and 4-metharcyloxybenzophenone (MABP). NIPAAm gives the responsive character. MAA as
an ionic monomer prevents the “skin barrier” [34] (thin, dense outer layer), which forms during collapse and
slows down the gel collapse. The MABP was incorporated in the polymer backbone as a crosslinking unit.
The thin terpolymer layer was prepared on benzophenone functionalized gold surfaces via spin coating and
crosslinked and surface attached via UV irradiation through benzophenone groups on the gold surfaces and
polymer backbone.

2. Results and discussion
In the present study, the effect of different salt solutions (NaClO4 , NaI, and Na2CO3) on the swelling behavior
of photo-crosslinked PNIPAAm terpolymer layers was studied using SPR/OWS spectroscopy. PNIPAAm
terpolymer (containing 94% NIPAAm, 5% MAA, and 1% MABP) was synthesized by free radical polymerization
in anhydrous dioxane using AIBN as an initiator (Scheme). The crosslinked PNIPAAm terpolymer thin
films (ddry ∼1 µm) were prepared via spin coating from a PNIPAAm terpolymer solution onto propyl-3-
(4-benzoylphenoxy) thioacetate (BPSAc)-modified SPR substrates in ethanol and via UV irradiation at 365 nm
for 1 h, respectively. Crosslinking of the PNIPAAm terpolymer layers and attachment of the terpolymer layer
to the modified SPR substrates via UV radiation were achieved through MABP groups [35].
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Scheme. Synthesis of PNIPAAm statistical (stat) terpolymer [27].

Figures 1a–1c show the SPR/OWS raw data and corresponding fits based on a “box model” of PNIPAAm
terpolymer thin layers in the dry state, in water, and in 10−6 M NaClO4 solution, respectively. As seen from
Figure 1a, the SPR/OWS spectrum of the dry film shows a broad minimum around 78.1◦ (surface plasmon
mode (TM0)) and four waveguide modes (TM1–TM4 from right to left). A box model [26], which takes an
average refractive index for the film, was used to fit the SPR/OWS data and the thickness and the refractive
index of the PNIPAAm layers were calculated. The refractive index and the thickness of the dry PNIPAAm
layer were 1.48 and 1.17 µm, respectively. The surface plasmon mode (TM0) shifts to lower angle (62.08◦

(water) and 62.31◦ (NaClO4)) and waveguide modes (TM1–TM4) are placed closer to each other due to the
swelling of the PNIPAAm layer in water and in 10−6 M NaClO4 solution (Figures 1b and 1c). The thickness
of PNIPAAm layers swollen in water and in 10−6 M NaClO4 solution was 3.88 ± 0.05 µm and 3.55 ± 0.05
µm, respectively.

Figures 2a and 2b and 3a and 3b show the measured SPR/OWS data of PNIPAAm layers in contact with
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Figure 1. SPR/OWS spectrum of PNIPAAm terpolymer thin films crosslinked via UV radiation (365 nm) for 1 h (a)
in the dry state (ddry = 1.17 µm), (b) swollen in water at room temperature (dwater = 3.82 µm), and (c) in 10−6 M
NaClO4 (dNaClO4 = 3.56 µm). Black lines are the measured spectra and red lines are the fit based on the “box model”.

NaClO4 solution and NAI solution having concentration in the range of 10−7 to 1 M, respectively. An increase
in the number of waveguide modes was observed in 10−3 M and 10−4 M NAI solutions and this can only be
explained by enormous swelling of PNIPAAM layers at these concentrations (Figures 3a and 3b), whereas no
increase in waveguide modes in NaClO4 solution was seen at any concentration. The shifts in surface plasmon
minimum (TM0) and TM1 modes as a function of salt concentration were observed in both salt solutions.
The graph in Figure 4a also shows surface minimum angle and coupling angles from TM1 mode as a function
of NaClO4 and NAI concentration in the range of 10−7 to 1 M. In both salt solutions, there was almost no
change in TM0 and TM1 angles up to 10−5 M salt concentration. A decrease in TM0 and TM1 angles was
observed with an increase in salt concentration up to 0.1 M due to the swelling of PNIPAAm layers. In both
salt solutions, 0.1 M is the limiting value because an increase in TM0 and TM1 angles was observed with a
further addition of salt. The PNIPAAm layer collapses as the salt concentration exceeds 0.1 M for both salts.

The thickness and refractive index values calculated using a “box model” as a function of NaClO4

concentration are depicted in Figure 4b. There was a slight decrease in thickness values and a slight increase
in refractive index values up to 10−5 M, indicating that the PNIPAAm layer slightly collapses as the NaClO4

concentration increases from 10−7 M (3.66 ± 0.05 µm) to 10−5 M (3.55 ± 0.05 µm). The thickness values
increased from 3.55 ± 0.05 µm to 4.83 ± 0.05 µm and the refractive index values decreased from 1.374 to 1.369
as the salt concentration rose from 10−5 M to 10−2 M. This shows that the PNIPAAm layer clearly swelled
and the layer thickness reached a global maximum value at a salt concentration of 10−2 M. The collapse of the
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Figure 2. (a) SPR/OWS spectra and (b) magnification of optical waveguide mode regions of PNIPAAm terpolymer
thin films crosslinked via UV radiation (365 nm) for 1 h in 10−7 –1 M NaClO4 solutions.
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Figure 3. SPR/OWS spectra (a) and magnification of optical waveguide mode regions (b) of PNIPAAm terpolymer
thin films crosslinked via UV radiation (365 nm) for 1 h in 10−7 –1 M NaI solutions.

PNIPAAm layer started with the addition of NaClO4 beyond 10−2 M and the thickness of the layer decreased
to 3.20 µm at 1 M. This is not totally consistent with the graph of TM0 and TM1 values vs. salt concentration
(Figure 4a), where the highest swelling was obtained at 0.1 M salt concentration. The difference can be due
to the thickness and refractive index calculation based on the “box model”, which assumes that the layer is
homogeneous and takes an average refractive index value for the whole layer. As seen from Figure 1c, the fit is
not perfect, showing that the refractive index is not uniform in the swollen layer. Figures 4a and 4b show that
the PNIPAAm layer swells to a maximum value with the addition of a monovalent salt (NaClO4 or NaI) up to
10−2 –0.1 M, and starts to collapse as the concentration of salt exceeds 10−2–0.1 M. The results are consistent
with the literature, where the same trend was observed for NaCl salt [17,28].

The salt-induced swelling behavior of the PNIPAAm layer at low monovalent NaClO4 and NAI salt
concentrations can be explained by an increase in osmotic pressure in the layer. This increase in the osmotic
pressure is due to (a) proton exchange from the carboxylic acid group by counterions such as ClO−

4 or I−

and (b) diffusion of ions (Na+ , ClO−
4 , and I−) into the PNIPAAm layer. The maximum swelling of the layer

(around 10−2 M–1 M in the present study) occurs when the salt concentration in the aqueous media outside
PNIPAAm layer is equal to the free ions inside the layer. At high NaClO4 and NAI salt concentrations, the
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Figure 4. (a) Surface plasmon minimum angle (black) and coupling angles from TM1 waveguide modes (blue) of photo-
crosslinked PNIPAAm terpolymer thin films versus NaClO4 (square) and NAI (circles) concentration, (b) thickness and
refractive index values of thin films obtained by fit based on the box model versus NaClO4 salt concentration, (c) surface
plasmon minimum angle of thin films versus Na2 CO3 concentration.

drop in solvent quality accounts for the collapse of the PNIPAAm layer (salt-out effect). The drop in solvent
quality can be explained by the screening of carboxylate groups by the addition of salt ions. Similar effects of
NaCl salt for PNIPAAm layers [19,28] and polymethacrylic acid brushes [36] were also reported in the literature.

The effect of a divalent salt, Na2CO3 , at low salt concentrations (10−7−1 M) on the swelling behavior of
PNIPAAm layers was also studied by SPR/OWS spectroscopy. Figure 4c shows the surface plasmon minimum
angle (TM0) as a function of Na2CO3 salt concentration. It was very hard to see the waveguide modes
in Na2CO3 salt solution at all the concentrations due to the inhomogeneous layer structure and inefficient
coupling of the waveguide modes and so only the surface plasmon minimum angle was plotted as a function
of salt concentration. A decrease in TM0 angle was also seen as the Na2CO3 concentration increased from
10−7 M to 10−2 M due to layer expansion. The layer started to collapse with further addition of Na2CO3 salt
beyond 0.01 M. The surface plasmon minimum angle (TM0) was enhanced to 72.7◦ , which is very close to the
TM0 angle (78.1◦) of the PNIPAAm layer in the dry state, indicating the full collapse of the PNIPAAm layer
at 1 M Na2CO3 solution. This can be explained by the strong solubility reduction ability of CO−2

3 anions, on
the left in the Hofmeister series, at low concentrations compared to ClO−

4 or I− anions.
Summarizing, in the present study, we examined the salt-induced volume phase transition of PNIPAAm

layers in monovalent (NaClO4 and NaI) and divalent (NA2CO3) salt solutions in a low concentration regime
(10−7–1 M) for the first time using the SPR/OWS technique. At very low salt concentrations (10−7 –10−5 M)
the swelling of the layers did not change significantly, whereas a large increase in swelling was observed upon
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the addition of salt up to 10−2 –0.1 M, depending on the salt due to the osmotic pressure increase inside the
layer. A further increase in the salt concentration led to a reduction in the solvent quality of the salt solution
and due to this PNIPAAm layers started to collapse at high salt concentrations (1 M). The PNIPAAm layers
fully collapsed at 1 M salt solution when a divalent kosmotropic salt (Na2CO3) was used.

3. Experimental details

3.1. Materials
NIPAAm (99%), 2,2’-azo bis(2-methyl-propionitrile) (AIBN, 98%), MAA (99%), 1,4 dioxane (anhydrous,
99.8%), sodium iodide (NaI), sodium perchlorate (NaClO4) ethanol, diethyl ether, and toluene were purchased
from Aldrich. Sodium carbonate (Na2CO3) and hexane were purchased from Merck. The NaI, NaClO4 , and
Na2CO3 were used as received. The NIPAAm and AIBN were recrystallized from a toluene/hexane (1/4)
mixture and methanol, respectively. MAA was purified by passing through a basic alumina column. Distilled
water (18.2 MΩ cm−1) was purified by an Elga Option Q15 water purification system. MABP [20] and propyl-
3-(4-benzoylphenoxy) thioacetate (BPSAc) [22] were synthesized as described in the literature. LASFN9 glass
slides were obtained from Hellma Optik GmBH (Jena, Germany).

3.2. Synthesis of PNIPAAm terpolymer

NIPAAm-based terpolymer was synthesized by free radical polymerization of NIPAAm (94% monomer con-
centration), MAA (5% monomer concentration), and MABP (1% monomer concentration) according to the
literature [16,22] (Scheme). The composition of the terpolymer was calculated as 86% NIPAAm, 5% MAA,
and 9% MABP. The polymerization was conducted in anhydrous dioxane at 60 ◦C under argon for 24 h and
AIBN was used as an initiator. The polymer was precipitated via pouring the reaction mixture into cold diethyl
ether, and the polymer was reprecipitated from methanol solution and filtered and dried under vacuum at 60
◦C overnight. The reaction yield was 73%.

1H NMR (CCl3D): δ/ppm: 0.67–1.20 (m, –CH3) , 1.20–174 (m –CH2 –), 174–2.40 (m, NIPAAm
backbone, CH), 3.70 (s, CH3 –CH–CH3) , 7.40–8.20 (CH aromatic)

The molecular weight of the terpolymer was determined using gel permeation chromatography via a
Waters 2414 refractive index detector and three Styragel columns (HT2, HT3, and HT4). The measurement
was conducted in tetrahydrofuran (THF) at 30 ◦C with a flow rate of 0.35 mL/min. The molecular weight
(Mw) and the polydispersity index (Mw /Mn) were 102,279 g/mol and 2.26, respectively.

3.3. Preparation of PNIPAAm terpolymer thin films

LaSFN9 glass slides (25.4 mm P 25.4 × 1.5 mm) were coated with chromium (2 nm) and gold (50 nm) using
a Nanovak NVTE4-01 thermal evaporator. The coated glass slides were dipped in 0.005 M BPSAc ethanolic
solution at room temperature overnight, and then washed with ethanol and dried under argon flow. PNIPAAm
hydrogel thin layers were prepared by spin coating (5000 rpm, 1 min, Laurell WS-650-23 spin coater) from 8%
w/v PNIPAAm terpolymer ethanol solution onto glass slides that were coated with BPSAc, and then dried in
a vacuum oven at 50 ◦C overnight. The hydrogel layer was crosslinked and attached to the BPSAc modified
substrate via UV radiation (365 nm) for 1 h (Herolab CL-1 UV crosslinker) (Figure 5a).
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Figure 5. a) Sample preparation for SPR measurements b) schematic representation of SPR 
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Figure 5. (a) Sample preparation for SPR measurements, (b) schematic representation of SPR sample holder with
hydrogel layer and flow cell in Kretschmann configuration.

3.4. Surface plasmon resonance/optical waveguide spectroscopy (SPR/OWS) measurements

A custom-made setup in a Kretschmann configuration was used for SPR measurements as described in the
literature as shown in Figure 5b [37–40]. LaSFN9 glass with a refractive index (n) of 1.8449 was used as a
substrate and its uncoated side was matched to the base of a glass prism (LASFN9 prism). A He/Ne laser at λ

= 632.8 nm (Uniphase) (monochromatic, linear, transverse magnetic (TM, p) polarization (Glan-Thompson
polarizer, B, Hale)) was used as a light source and directed through the prism. A two-cycle goniometer
(resolution of 0.05◦ , Huber) was used to change the external angle of incidence (θ) , and angle-dependent
intensities, I(θ) , were recorded by collecting the light using a BPW 24 B silicon photodiode. Fresnel equations
with transfer matrix algorithms [5] for a multilayer system were used to model the angle-dependent intensities
using software called “Winspall” developed at the Max Plank Institute for Polymer Research, Mainz, Germany.
Every layer in this model was defined by its thickness (dlayer) and complex dielectric constant, εlayer (ε = ε ’
+ iε”). The multilayer system consists of LASFN9 glass, chromium (dcr , εcr) , gold (dAu , εAu) , BPSAc
(dBPSAc , εBPSac) , hydrogel (dgel , εgel) , and salty water (εwater = 1.77). A reference scan was taken before
the modification of the substrate using BPSAc in order to determine substrate parameters (dcr , εcr , dAu ,
εAu) . A second scan (I(θ)) was taken after modifying the substrate with BPSAc and dBPSAc and εBPSac to
determine the BPSAc layer parameters assuming that all other parameters (dcr , εcr , dAu , εAu) are fixed. A
third scan (I(θ)) after spin coating and crosslinking the hydrogel layer was performed to obtain the parameter
of the hydrogel layer (dgel , εgel) in the dry state. OWS [22] can be performed with the same setup when the
organic layer on the substrate is thicker than 500 nm. In that case, besides surface plasmon, optical waveguide
modes can also be observed. These modes directly depend on the refractive index and the thickness of the
organic layer (hydrogel layer in our case), and the layers can be characterized in detail. In order to analyze the
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refractive index and the thickness of the hydrogel gel layers during collapse and swelling cycles from reflection
scans, “a box model” that assumes an average refractive index for the whole layer was used. During swelling and
collapse, the thickness and the refractive index of the hydrogel layers change at the same time. To calculate the
thickness and the refractive index severally, hydrogels layers that have thicknesses higher than 500 nm were used
to observe at least two optical modes. In order to see the optical waveguide modes, the thickness of hydrogel
layers was chosen to be between 1 and 1.2 µm in the dry state for the measurements in the present study.

3.5. Swelling experiments

The salt-induced swelling behavior of PNIPAAm terpolymer thin layers was examined at room temperature
using three different salt solutions (NAI, NAClO4 , and Na2CO3) having concentrations in the range of 10−7 –1
M. The measurements were done via placing the sample (LaSFN9-Cr-Au-BPSac-PNIPAAm terpolymer) onto a
flow cell that was connected to a peristaltic pump (Figure 5b). Before starting the swelling experiments in salt
solutions, the angle scan (I(θ)) of the PNIPAAm terpolymer layer in the dry state was taken and then the flow
cell was filled with distilled water. The layer was left to swell for 30 min and another angle scan (I(θ)) was done.
Then salt solution was injected into the flow using a peristaltic pump starting from the lowest concentration,
the gel layer was again left to equilibrate for 30 min, and another angle scan was taken. The salt solution was
changed to the following higher concentration and measurement was done in the same way. The process was
repeated for all salt concentrations.
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