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A general method has been developed to determine the ionization constants of polymer thin films based
on the stimuli-responsiveness of the polymer. Robust polymer films were fabricated on silicon wafers
and gold slides using perfluorophenyl azide (PFPA) as the coupling agent. The ionization constants were
measured by a number of techniques including ellipsometry, dynamic contact angle goniometry, and sur-
face plasmon resonance imaging (SPRi). Using poly(4-vinylpyridine) (P4VP) as the model system, P4VP
thin films were fabricated and the ionization constants of the films were measured taking advantage
of the pH responsive property of the polymer. The pKa determined by ellipsometry, �4.0, reflects the
swelling of the polymer film in response to pH. The pKa value calculated from the dynamic contact angle
measurements, �5.0, relies on the change in hydrophilicity/hydrophobicity of the films as the polymer
undergoes protonation/deprotonation. The pKa value measured by SPRi, �4.9, monitors in situ the change
of refractive index of the polymer thin film as it swells upon protonation. This was the first example
where SPRi was used to measure the ionization constants of polymers.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Responsive polymers, whose molecular conformations and
polymer chain sizes change in response to the environment condi-
tions such as pH, temperature, light, electric field, solvent, ionic
strength, have become an area of high interest and have demon-
strated potential in a wide range of applications including sensors,
biomedical devices, drug delivery, tissue engineering and microflu-
idic devices [1–9]. For example, pH-responsive polymers, often
containing acidic or basic groups, can swell or collapse upon
accepting or releasing protons in response to pH changes in the
environment [10–17]. The pH-responsive polymers have been used
to form ‘‘smart surfaces’’ in numerous applications such as cell
adhesion [18,19], drug delivery [13,15–17], biosensors [14], and
microfluidic devices [20].

Because the physical properties of the polymer change in
response to external conditions, responsive polymers can be used
to determine the related physical parameters of the polymer. For
example, Russell et al. determined the elastic property of polymer
thin films by measuring the number and length of wrinkles pro-
duced by a drop of water placed on a free-floating polymer thin
film [21]. In the work of Radmacher and coworkers, gelatin thin
films swelled upon treatment with solvents. The apparent Young’s
ll rights reserved.
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modulus of the film, dependent on the degree of swelling, was sub-
sequently measured by atomic force microscopy [22].

The pH-responsive polymers often contain ionizable groups
that associate or dissociate depending on the external pH. The ion-
ization constant is therefore an important parameter in under-
standing the ionization behavior of pH-responsive polymers as
well as in the design of devices based on these polymers [23].
The ionization constant of a pH-responsive polymer thin film
may differ from that of the corresponding bulk polymer, since
the local environment around the film is different from that in
the bulk polymer [24,25].

Various methods have been used to determine the ionization
constants of polymer films, including contact angle titration
[24,25], electrochemical titration [26], IR spectroscopy [23,27,28],
Raman spectroscopy [29], chemical force microscopy [30], neutron
reflection [31], and quartz crystal microbalance (QCM) [32]. For
example, Mika and Childs determined the pKa of P4VP films
anchored within the pores of polypropylene microfiltration
membranes by potentiometric titrations and changes in membrane
thickness [26]. Franck-Lacaze and coworkers measured pKa of P4VP
films grafted on poly(tetrafluoroethylene-co-hexafluoropropylene)
(ARA™) and poly(ethylene-co-tetrafluoroethylene) (AW™) mem-
branes by confocal Raman spectroscopy [29]. Generally, these
methods can be divided into two types: sensitive only to the
uppermost layer of the polymer film, e.g., contact angle goniometry
and chemical force microscopy, and sensitive to the bulk polymer
film, e.g., IR spectroscopy and QCM.
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A technical challenge in measuring the ionization constants of
polymer thin films is the stability of the films. The ionizable poly-
mers often become soluble or detach from the substrate under the
experimental conditions. Robust polymer thin films are therefore
needed in order to carry out the measurements across a wide range
of pH without deteriorating the films. Covalent immobilization in-
creases the stability of the polymer film, which can be accom-
plished by surface-initiated polymerization or by grafting a
functionalized polymer to the substrate by a specific coupling reac-
tion. For example, Mika and Childs prepared P4VP-modified mem-
branes by photopolymerizing 4-vinylpyridine within the pores of a
polypropylene filtration membrane [26]. In the work of Franck-
Lacaze and coworkers, the samples were prepared by radiochemi-
cally grafting P4VP on ARA™ and AW™ membranes [29]. In this
article, we apply a general photocoupling chemistry to prepare ro-
bust and stable polymer thin films [33–38]. The substrate is func-
tionalized with PFPA, and polymer thin films are then covalently
immobilized by UV irradiation. The method is applicable to a vari-
ety of polymers and no chemical derivatization is needed. Using
P4VP as a model system, we fabricated P4VP thin films and subse-
quently measured the acid dissociation constants of the films by
three different techniques: ellipsometry, contact angle goniometry,
and SPRi.
2. Experimental procedures and methods

2.1. Materials

Milli-Q water for contact angle measurements as well as for
cleaning gold slides and silicon wafer was obtained from a Milli-
pore Milli-Q system with at least 18.2 MX resistivity. Concentrated
H2SO4 (98%), H2O2 (35%), 2-propanol, 1-butanol, dimethyl sulfox-
ide (DMSO), dichloromethane and chloroform were purchased
from Fisher. Dichloromethane was dried by refluxing over CaH2

for 3 h and was distilled before use. Other solvents were used as
received. P4VP (Ave. Mw ca 160,000) was used as received from
Aldrich. Phosphate buffered saline (PBS, pH 7.4) was purchased
from Sigma. Sodium phosphate monobasic (NaH2PO4�H2O) was
purchased from Mallinckrodt, Inc. (St. Louis, MO). Sodium phos-
phate dibasic (Na2HPO4�7H2O) was purchased from J.T. Baker
Chemical Co. (Phillipsburg, NJ).

PFPA-disulfide [39] and PFPA-silane [33,35] (Scheme 1) were
synthesized according to previously published procedures. The
Scheme 1. Fabrication of covalently
compounds were freshly prepared and purified using a silica-gel
column before they were used to treat the gold slides and silicon
wafers.
2.2. Immobilization of P4VP on gold slides

Gold-coated (�1000 nm in thickness) silicon wafers with a
2 nm Ti as the adhesion layer were cut into 1 � 1 in. pieces, cleaned
in the piranha solution (3:1 v/v conc. H2SO4/H2O2) for 15 min,
washed in boiling water three times for 60 min each, and then
dried carefully under a stream of nitrogen. (Caution: the piranha
solution reacts vigorously with organic solvents.) The cleaned gold
slides were soaked in a solution of PFPA-disulfide in chloroform
(10 mM) for 24 h. The slides were then rinsed with chloroform
and dried under nitrogen.

The PFPA-functionalized gold slides were spin-coated with a
solution of P4VP in 2-propanol or 1-butanol (10 mg/mL) on a
spin-coater (P6204, Specialty Coating Systems, Inc., Indianapolis,
IN) at 2000 rpm for 60 s. The slides were irradiated for 5 min
with a medium-pressure Hg lamp (450 W, Hanovia Ltd.). The
lamp reached its full power after �2.5 min warm-up to an inten-
sity of 3.5 mW/cm2 at 18 cm from the light source as measured
by an UV power meter (OAI 306, Optical Associates Inc. Milpitas,
CA) with a 260-nm sensor. The slides were then washed thor-
oughly in 2-propanol, 1-butanol or DMSO for 12 h followed by
Milli-Q water for three times at 1 h each, and dried under
nitrogen.
2.3. Immobilization of P4VP on silicon wafers

Silicon wafers were cut into 1 � 1 in. pieces, cleaned in the pira-
nha solution at 80–90 �C for 1 h, washed in boiling water three
times for 60 min each, and then dried carefully under a stream of
nitrogen. The cleaned wafers were soaked in a solution of PFPA-
silane in toluene (12.6 mM) for 4 h, rinsed with toluene, and dried
under nitrogen. The wafers were allowed to cure at room temper-
ature for 24 h.

The cured wafers were spin-coated with a solution of P4VP in
2-propanol (10 mg/mL), and were irradiated with the medium-
pressure Hg lamp. The films were washed thoroughly by soaking
in 2-propanol for 12 h followed by Milli-Q water for three times
at 1 h each, and dried under nitrogen.
immobilized P4VP thin films.
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2.4. Ellipsometry

Phosphate buffers of varying pH were prepared by mixing NaH2-

PO4�H2O and Na2HPO4�7H2O in the appropriate proportions and the
pH measured using a pH meter. P4VP films were soaked in each
phosphate buffer solution for 10 min, rinsed quickly with water
and dried with nitrogen. Film thickness measurements were per-
formed at room temperature (�20 �C) on an ellipsometer (Model
L116A, Gaertner Scientific Co.) with a He/Ne laser (632.8 nm,
2 mW, Melles Griot) at the incident angle of 70� in the manual mode.
The real and imaginary parts of the refractive index of the freshly
cleaned gold films were measured to be 0.2275 (Ns) and �3.4275
(Ks), respectively. The refractive indices (Nf) of 1.60 for P4VP [40]
and 1.50 for PFPA-disulfide were used in calculating the film thick-
ness. For each sample, three different spots on each sample were
chosen and the thicknesses were measured and averaged.

2.5. Contact angle measurements

Contact angles were measured on a goniometer (model 250,
Ramé–Hart Instrument Co., Netcong, NJ). The advancing contact
angle (hA) was determined by placing a drop of corresponding buf-
fer from a syringe dispenser attached to the instrument, advancing
the periphery of the drop by adding corresponding buffer at the
rate of 0.05 lL/s at a time interval of 1.0 s, and recording the con-
tact angle as well as the diameter of the droplet. The receding con-
tact angle (hR) was measured by withdrawing buffer from the drop
at the same rate and time interval, and recording the contact angle
and the diameter of the droplet. The needle was kept inside the
buffer droplet throughout the measurements. Data were recorded
and analyzed using the DROPimage Advanced v2.2 software pro-
vided by Ramé–Hart.

2.6. Fabrication of polymer arrays on SPR sensor chips

SPR sensor chips were prepared as follows. High refractive
index N-SF10 glass slides (18 mm � 18 mm, SCHOTT Glass Tech-
nology, Inc., PA) were cleaned in the piranha solution at room tem-
perature for 60 min and washed thoroughly in boiling water three
times for 60 min each. The slides were then dried with nitrogen
and coated with a 2 nm thick Ti followed by a 45 nm gold film in
an electron beam evaporator (SEC-600, CHA Industries, Fremont,
CA) at the Microfabrication Lab, Washington Technology Center
(University of Washington).

The SPR chips were cleaned and treated with PFPA-disulfide
using the same procedures as those for the regular gold slides
described above. P4VP arrays were generated by manually spotting
solutions of P4VP in 2-propanol (1 mg/mL) onto the SPR chip using
a pipettor tip. The printed SPR chip was dried under vacuum for
20 min. The chip was then irradiated with the medium-pressure
Hg lamp, washed thoroughly in 2-propanol for 12 h followed by
Milli-Q water for three times at 1 h each, and finally dried under
nitrogen.

2.7. SPR imaging

SPRi experiments were conducted at room temperature using a
SPRimager� II system (GWC Technologies, Inc.). The incident angle
was optimized and was kept constant in all experiments. The poly-
mer array chip was primed in pH 7.4 PBS buffer (0.1 M) until a sta-
ble baseline was reached. PBS buffers (0.1 M) of various pH were
then injected and SPR responses recorded. The flow rate was kept
at 100 lL/min. Data acquisition was carried out by selecting the
area within printed spots on a microarray image, i.e., region of
interest (ROI). An average of 30 images/frames was utilized and
SPR signals converted to normalized percentage in reflectivity
(%DR) following the protocol provided by GWC. All SPR images
were collected and analyzed using the Digital Optics V++ image
Version 4 software package provided by the manufacturer.
3. Results and discussion

3.1. Fabrication of P4VP thin films

P4VP thin films were fabricated following a general procedure
developed in our laboratory [34,35,37,41]. Briefly, gold slides or
wafers were treated with PFPA-disulfide or PFPA-silane to intro-
duce PFPA on the surface (Scheme 1). P4VP was then spin-coated
or printed on the PFPA-functionalized surface followed by UV irra-
diation. The deep UV light emitted from the medium-pressure Hg
lamp generates free radicals in P4VP which combine to give cross-
linked products [32]. At the same time, UV irradiation converts
PFPA to singlet perfluorophenyl nitrene, which undergoes CH
insertion reaction with P4VP to covalently attach P4VP to the sub-
strate [37,42–44]. The samples were then soaked in chloroform to
remove un-attached polymers, and were dried to give P4VP thin
films or arrays (Scheme 1).
3.2. Determination of pKa by ellipsometry

P4VP is a basic polymer that swells upon protonation. The swell-
ing is attributed to the electrostatic repulsion between adjacent
charges on the polymer and/or the osmotic pressure effect, where
water enters the polymer to equalize the charge density difference
between the polymer and the solution [45]. Therefore, by measuring
the thickness of the polymer film as a function of pH, the ionization
constant can be derived by applying the Hendersen–Hasselbalch
equation (Eq. (1)) as the pH when [P4VP] = [P4VPH+], i.e., when
50% of the polymer is protonated.

Ka =

[H+]

N

n

N

n

H

+

n

ð1Þ

To ensure that the P4VP films adhere well to the substrate, the
gold slides were functionalized with PFPA-disulfide before spin-
coating P4VP. UV irradiation crosslinked the polymer and at the
same time covalently attached the films onto the gold slides via
the surface PFPA. The film was then soaked in a pH 7.8 phosphate
buffer for 5 min, rinsed quickly with water to remove residual
salts, and the film thickness was measured by ellipsometry. This
process was repeated using phosphate buffers of different pH,
and the film thicknesses were measured after each treatment.
Results show that the film thickness increased as the pH of the buf-
fer decreased (Fig. 1a). The P4VP film was expected to protonate at
lower pH, therefore the crosslinked polymer film would swell and
the film thickness would increase. The data were then fit to a logis-
tic function, and the pKa was determined as the pH where the P4VP
film thickness was 50% of the maximum when the film was fully
protonated and swollen (Eq. (1)). For the data shown in Fig. 1a,
curve fitting gave a pKa of ca. 4.0 for the P4VP films. This result
was similar to the reported pKa value of a bulk P4VP polymer
(4.0) [46].
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Fig. 1. Film thickness of P4VP 160,000 immobilized on gold slides after treating with PBS buffers of varying pH from: (a) high to low and (b) low to high. The experimental
data (solid squares) were fitted with the logistic function (lines).
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Fig. 2. Contact angle titration curves: (a) static, (b) advancing and (c) receding contact angles, and (d) contact angle hysteresis. The experimental data points were connected
with lines to aid visualization.
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A second set of experiments was carried out where the cross-
linked P4VP film was first treated in pH 1.0 buffer, and then
with buffers of increasing pH and the film thicknesses were
measured. In this case, the cycle began when the film was fully
swollen at pH 1.0 and was at its greatest film thickness. As the
pH of the buffer increased, the film became thinner (Fig. 1b).
Again, an S-shaped curve was obtained when fitting the data
with the logistic function (Fig. 1b). The pKa value, determined
by curve fitting, ca. �4.0, matches the value obtained from
Fig. 1a where the cycle began at pH 7.6 when the film was in
the non-swollen state. These results not only demonstrate that
the method is reliable, but also confirm that the film swelling
is reversible.
3.3. Determination of pKa by contact angle goniometry

The P4VP films prepared by spin-coating from the chloroform
solution had a static water contact angle of 67� ± 1.9. When P4VP
is protonated, the film becomes more hydrophilic and the contact
angle is expected to decrease. Therefore, by treating the P4VP film
with varying pH and measuring the contact angle of the resulting
film, the pKa value can be derived from the contact angle – pH titra-
tion curve. In the experiments, P4VP thin films were immersed in
0.1 M phosphate buffers of varying pH for 10 min each, and dried.
The static, hA and hR values were then measured using the corre-
sponding buffer solutions, and results were plotted against pH of
the buffer (Fig. 2a–c). The contact angle hysteresis, defined as
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hA � hR, was computed from each measurement and the results
were plotted against pH (Fig. 2d). Surprisingly, none of the contact
angle titration curves showed the anticipated S shape. Instead,
both static and advancing contact angles reached their highest val-
ues between pH 5.0 and 5.5 (Fig. 2a and b). The receding contact
angle also peaked at around pH 5.0 (Fig. 2c), although the value
did not change as drastically as the values of the static or the
advancing contact angles.

In addition, the hysteresis also reached the highest value
between pH 5.0 and 5.5 (Fig. 2d). Generally, the contact angle
hysteresis reflects the extent of interactions between the liquid
droplet and the surface, and is related to the surface roughness
and chemical heterogeneity [47]. A higher hysteresis suggests a
surface that is more heterogeneous or rougher. At pH = pKa,
50% of the pyridyl groups are protonated leaving the other 50%
in the un-protonated neutral state. At this point, the P4VP film
would be the most heterogeneous chemically. Evidences of this
chemical heterogeneity can also be found during the courses of
dynamic contact angle measurements. Fig. 3a shows a typical
graph of the advancing contact angle measurement where the
contact angle remained mostly unchanged throughout the course
of the titration [48]. At pH 5.04, however, multiple breaking
points were observed during the titration (Fig. 3b), likely due
to the heterogeneity of the film.

3.4. Determination of pKa by SPRi

The pH responsive behavior of the P4VP thin films was further
studied using SPRi. SPR is a label-free and real-time sensing
technique. In addition, SPRi allows the simultaneous detection of
multiple interactions on an array [49–55] and therefore, different
polymers can be spotted and the pKa values measured simulta-
neously. The samples were prepared by first treating the SPR sen-
sor chips with PFPA-disulfide. P4VP was then spotted on the chip
and was subsequently immobilized by UV irradiation. The SPR sen-
sorgrams were obtained by injecting phosphate buffers of varying
pH into the flow cell containing the sample, and responses were
recorded in real time. The SPR signal, presented as %DR, decreased
from pH 7.7 to 5.7 (Fig. 4a). The SPR response increased drastically
when the pH 5.0 buffer was introduced. The signal continued to
increase at pH 4.6, after which, remained relatively constant at
pH below 4.0 (Fig. 4a).

The SPR responses, i.e., %DR, were then plotted against pH,
and results are shown in Fig. 4b. Ideally, an S curve similar to
those in Fig. 1 was to be expected. However, as the pH changed
from 7.7 to 6.6 and 5.7, instead of remaining constant, the signal
decreased (Fig. 4b). SPR is related to the refractive index of the
dielectric layer on the Au surface, and the signal is proportional
to the change in the refractive index and surface concentration
(mass/area) of the dielectric layer [56]. The drastic increase in
the SPR response from pH 5.7 to 4.6 can be attributed to the
swelling of the P4VP film where the film thickness increased sig-
nificantly. The decrease in the SPR signal from 7.8 to 5.7 is puz-
zling, however. The protonation-induced swelling is minimal in
this pH range. A decrease in the SPR response could be caused
by a decrease in the refractive index and/or the surface concen-
tration of the P4VP layer, the nature of which is currently under
investigation. Assuming minimal swelling in the pH range of
7.8–5.7, the data were fitted to an S curve (R2 = 0.94), from
which the pKa value was determined to be �4.9.
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4. Conclusions

In summary, the pH responsive property of P4VP was success-
fully utilized to measure the ionization constants of P4VP thin
films. The films were fabricated by UV irradiation which simulta-
neously crosslinks the polymer and covalently immobilizes the
film. The process is general and simple, and the resulting films
were robust and could withstand the experimental conditions
including in situ measurements at low pH. The pKa values were
measured by ellipsometry, dynamic contact angle, and SPRi.
Ellipsometry monitors the swelling of the polymer films in re-
sponse to pH and measures the film thickness in the dry state.
The contact angle reflects the hydrophilicity/hydrophobicity of
the surface layer as the polymer films becomes protonated/
deprotonated. Instead of the typical S curve observed in the ellips-
ometry measurements, the contact angles and hysteresis took the
largest value at pKa, reflecting the highest chemically heterogene-
ity of the films at pH = pKa. SPR, being a real time sensing
technique, reflects the change in refractive index of the polymer
film. By monitoring the SPR signals in response to pH in situ, the
pKa value of the P4VP film was successfully determined. This
represents the first example where the SPRi technique has been
employed to measure the ionization constants of polymer thin
films. The method developed is general and can be readily applied
to other responsive polymers.
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