>
Q
)
—
o
Z
o
O
K
=
)
Z
<
Z
e
<
=
=
O
=8
=
o
=
o
&
O
<
=

Available online at www.sciencedirect.com

e . EUROPEAN
*.” ScienceDirect POLYMER
JOURNAL

www.elsevier.com/locate/europolj

B Lies
ELSEVIER European Polymer Journal 44 (2008) 300-307

Macromolecular Nanotechnology

Analysis of photo-induced hydration of a photochromic
poly(N-isopropylacrylamide) — Spiropyran copolymer thin
layer by quartz crystal microbalance

Jun-ichi Edahiro®, Kimio Sumaru ®*, Toshiyuki Takagi®, Toshio Shinbo?,
Toshiyuki Kanamori®, Masao Sudoh "

& Research Center of Advanced Bionics, National Institute of Advanced Industrial Science and Technology (AIST),
1-1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan
® Department of Materials Science and Chemical Engineering, Faculty of Engineering, Shizuoka University,
3-5-1 Johoku, Hamamatsu, Shizuoka 432-8561, Japan

Received 15 June 2007; received in revised form 8 November 2007; accepted 24 November 2007
Available online 14 January 2008

Abstract

We investigated hydration and swelling behavior of a solid state photoresponsive copolymer in water by using a quartz
crystal microbalance technique with dissipation measurement (QCM-D technique). On the gold film electrode of a quartz
resonator, we deposited a thin layer of a pNSp—NIPAAm, which is a poly(N-isopropylacrylamide) (pNIPAAm) polymer
partially modified with a photochromic chromophore, 6-nitrospiropyran (NSp). Using QCM-D measurements, we found
that at a temperature of 19 °C both water adsorption and changes in the viscoelasticity of the solid pNSp—NIPAAm layer
were induced when pNSp-NIPAAm was irradiated by 365 nm ultraviolet light, which triggers the photoisomerization of
the NSp chromophore and makes the structure of the chromophore hydrophilic. At temperatures between 25 and 35 °C,
this photo-induced hydration was not observed. These observations suggest that the photoisomerization of the NSp
chromophores triggered the photo-induced hydration only when pNIPAAm component is sufficiently hydrophilic, at a
temperature of 19 °C.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction layers of such copolymers immobilized on basal
substrates give rise to photoresponsive phenomena,
Photofunctional copolymers utilizing photosensi- such as photo-induced surface relief formation [1,2]

tive chromophores have been developed, and thin and the photocontrol of gas permeability [3,4]. The
changes in the hydrophilicity or electric charge upon

* Corresponding author. Tel.: +81 (0)29 861 6373; fax: +81 light lmjadlatlon of photofunctional copolymers dis-
(0)29 861 6278. solved in water also have been reported [5-9]. These
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of functional surfaces on which cell adhesion can be
photocontrolled [10,11] as well as a gel-functional-
ized, photoresponsive permeable membrane, in
which the gel’s hydration and swelling can be con-
trolled by light irradiation and temperature changes
[12]. To investigate the photoresponsive change in
the hydration state of poly(/N-isopropylacrylamide)
(pNIPAAm) modified with a spiropyran chromo-
phore, Sumaru et al. used the turbidity change of
a dilute aqueous solution of the copolymer [9].
However, this method cannot detect changes in a
polymer’s hydration state when the changes are only
slight (i.e. not substantial enough to induce phase
transitions), nor can the method detect changes in
the hydration state of solid polymers immobilized
on a basal solid. Although contact angle measure-
ment is a well-known method for evaluating surface
properties of materials [13-15], it is not sensitive
enough to detect small changes in surface hydro-
philicity.

In recent years, the quartz crystal microbalance
(QCM) technique has been shown to be a sensitive
and practical tool for real-time measurement of
mass adsorption from solution onto a quartz reso-
nator [16,17]. In the QCM technique, the adsorbed
mass is proportional to the decrease in the quartz
crystal’s resonant frequency, as expressed by the
Sauerbrey relation [18]. Furthermore, it has been
reported that the technique can be applied to evalu-
ation of the hydration states of a hydrophilic species
such as protein [19] and pNIPAAm [20] in water.
Hook et al. indicated that the mass of water incor-
porated in a hydrated protein layer can be estimated
by the shift in resonant frequency when the hydra-
tion state is changed [19]. However, observation of
the changing QCM resonant frequency does not
permit the precise determination of adsorbed water
mass when the adsorbed layer is viscoelastic [21]
since the resonant frequency is also affected by the
viscoelasticity of the adsorbed layer [22]. In order
to measure the viscoelasticity of a polymer using
QCM, information regarding the dissipation factor
of QCM measurements must be known in addition
to the resonant frequency [23,24]. Hook et al. indi-
cated that the simultaneous, real-time measurement
of resonant frequency and dissipation factor by a
new QCM technique that includes dissipation mea-
surement (QCM-D technique) [25] is effective to
evaluate the hydration state of viscoelastic adsorbed
layers [19,21].

In this study, by using the QCM-D technique, we
investigated the hydration and swelling behavior of

a solid state, thin layer of pNIPAAm partially
modified with a photochromic dye, 6-nitrospiropy-
ran, which responds to light irradiation and temper-
ature changes. We observed that UV irradiation-
induced swelling of the copolymer in water exhibits
a temperature dependence, with swelling being
induced at 19 °C.

2. Experimental

2.1. Synthesis and characterization of the spiropyran-
modified poly( N-isopropylacrylamide )

We synthesized the spiropyran monomer (N-{3-
[3-(3,3-dimethyl-6’-nitrospiro-(2H-1'-benzopyran-
2,2-indol-1-yl)-propionylamino)-propyl]-2-methyl-
acrylamide}) containing the photochromic dye
6-nitrospiropyran (NSp) according to published
literature procedures [26,27]. The N-isopropylacryl-
amide (NIPAAm)-based copolymer containing the
spiropyran residue (pNSp-NIPAAm) (Fig. 1)
was synthesized in a solution of distilled tetrahydro-
furan by free-radical polymerization with 2,2’-
azobis(isobutyronitrile) as an initiator. The initial
molar ratio of NIPAAm monomer, spiropyran
monomer, and initiator in the reaction solution
was 95:5:1. The reaction solution was stirred at
65°C for 4d under vacuum and precipitated in
diethyl ether, and the pNSp—NIPAAm precipitate
was collected and dried under vacuum, giving a
brownish white powder. The weight-average molec-
ular weight was determined to be 3.9 x 10* g/mol by
gel permeation chromatography using a Shodex LF-
804 column (Showa Denko, Tokyo, Japan) with a
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Fig. 1. Chemical structure of pNSp-NIPAAm and absorbance
spectra of 0.005 wt”% pNSp-NIPAAm aqueous solution mea-
sured both before and after UV irradiation at 19 °C.
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polyethylene glycol standard and 10 mM LiBr in
N,N-dimethylformamide as the eluent. The fraction
of the spiropyran units was estimated to be
2.5mol% by NMR measurement. Absorbance and
turbidity spectra of aqueous copolymer solutions
(or dispersions) were measured using a UV-vis
spectrophotometer (V570, JASCO, Tokyo, Japan).
Photoisomerization of NSp chromophores con-
tained in a 0.005 wt% polymer solution was moni-
tored using the 540 nm absorbance peak, which we
attribute to the presence of the open-ring, or mero-
cyanine (Mc), form of the chromophore. As a mea-
sure of phase transition, the dissolution temperature
(T4) of the pNSp—NIPAAm dissolved in water was
defined as the temperature at which the turbidity
of a 0.05wt% aqueous pNSp—NIPAAm solution
began to decrease when the solution was cooled
from 35 to 15°C, as monitored by turbidity at
700 nm, where NSp does not absorb any light.

2.2. Theory of QCM-D for measurement of polymer
hydration

In the ordinary QCM technique, a resonant fre-
quency shift is proportional to the mass adsorbed
on the quartz resonator, Am [ngcm 2], through
the Sauerbrey relation, given below [18].

C
Am:—;Afn (1)

C is the mass sensitivity constant, equal to 17.7
ng cm 2 Hz ! in this study, and Af, [Hz] is the res-
onant frequency at an overtone number n (e.g.
1,3,5,7...). The technique has been applied to
evaluation of the hydration state of hydrophilic spe-
cies such as proteins [19] and pNIPAAm [20]. These
papers have shown that hydration of the chemical
overlayer formed on the resonator can be monitored
as the decrease of resonant frequency (f). Hook
et al. have reported that Eq. (1) has some uncer-
tainty when a viscoelastic layer, such as a hydro-
philic protein layer, is formed on the resonator
surface [21]. QCM can also provide information
about changes in the layer’s viscoelasticity, which
can be related to the dissipation of the oscillation
[23,24]. The ratio of the lost energy to the stored en-
ergy for each oscillation frequency is defined as the
dissipation factor (D) [28]. In this study, we evalu-
ated the hydration and dehydration behavior of a
PNSp-NIPAAm thin layer adsorbed at a gold-
coated resonator surface in water through simulta-
neous measurement of f'and D by the quartz crystal

microbalance technique implemented with dissipa-
tion factor (QCM-D technique). In order to reduce
the influence of bulk water on the observed mea-
surements, we carried out all measurements at the
highest harmonic (n =7), since measurements at
lower harmonics (n = 1,3,5) are largely affected by
the bulk water in contact with the resonator surface
[22].

2.3. Evaluation of the pNSp—NIPAAm thin layer by
QCM-D

In this study, we used a QCM-D system (QCM-
D 300, Q-sense AB, Géteborg, Sweden) in order to
measure f and D simultaneously. At first, we
installed a gold-coated quartz resonator (QX301,
Q-sense AB) in the axial flow chamber (QAFC302,
Q-sense AB) and measured f at 25 °C. Then, a thin
layer of the pNSp-NIPAAm copolymer was pre-
pared by spincoating a pNSp—NIPAAm solution
in isopropanol on the resonator, followed by drying
at 60 °C for 1 h. We measured f of the copolymer-
coated resonator in the axial flow chamber at
25 °C. The thickness of the pNSp—NIPAAm layer
formed on the resonator was calculated from Eq.
(1) using the difference in f between the uncoated
resonator and the pNSp-NIPAAm-coated resona-
tor, assuming the density of the copolymer layer
to be 1.1 g/em®.

The resonator with the pNSp—NIPAAm layer
was installed in the window chamber (QWiC301,
Q-sense, AB), enabling light irradiation on the sur-
face of the resonator in water (Fig. 2). Water was
purified with a Milli-Q Biocel system (Millipore,
MA, USA). The surface of the resonator was irradi-
ated with ultraviolet (UV) light (365 nm wave-
length, 50 mW/cm? intensity at the resonator
surface) or visible (VIS) light (>500 nm wavelength,
50 mW/cm? intensity at the resonator surface).
Light from the light source (LC6, Hamamatsu Pho-
tonics, Japan) was guided through the glass window
of the chamber using a set of filters and a liquid fiber
light guide. The temperature of the resonator was
accurately controlled (£0.01 °C). To estimate the
loss of copolymer from the resonator surface during
the measurement, the pNSp—NIPAAm-coated reso-
nator was dried at 60 °C for 1 h following measure-
ment, and f of the dried resonator was measured in
the axial flow chamber.

For each experiment, an uncoated resonator was
used as a negative control. As a non-thermorespon-
sive control, we also prepared a resonator with a
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Fig. 2. Schematic illustration of the experimental setup for
investigating photoresponse of polymer thin layers in water by
the quartz crystal microbalance technique with dissipation
measurement (QCM-D technique).

surface coated with a thin layer of polystyrene. The
polystyrene layer’s thickness was similar to that of
the pNSp—NIPAAm-coated resonator.

3. Results and discussion

3.1. Thermally induced hydration of the pNSp—
NIPAAm layer in the dark

As shown in Fig. 1, the NSp contained in the
pNSp-NIPAAm adopts either of two stable states
in a neutral condition: the open-ring state, known
as the merocyanine (Mc) form, or the closed-ring
state, known as the spiro (Sp) form [29]. The color-
less, hydrophobic Sp chromophore is isomerized
into the red and relatively hydrophilic Mc form
through irradiation with 365 nm UV light. Fig. 1
shows the absorbance spectra of a pNSp—-NIPAAm
aqueous solution before and after UV irradiation.
The absorbance peak appearing at 540 nm after
UV irradiation indicates that photoisomerization
of the NSp chromophores from the Sp form to the
Mc form has progressed. From the turbidity mea-
surement results (data not shown), we estimated
the dissolution temperature (74) of pNSp—NIPAAmM
in water to be 22 °C both with and without UV irra-
diation: pNSp-NIPAAm was soluble in water

below 22 °C, yet it was insoluble above that temper-
ature. These observations indicate that the pNSp—
NIPAAm aqueous solution had a lower critical
solution temperature (LCST) around 22 °C, which
was lower than that of the pPNIPAAm aqueous solu-
tion (31 °C), suggesting that the hydrophobic spiro-
pyran chromophore suppressed the hydration of the
pNIPAAm component in the pNSp—NIPAAm.

Temperature change affected the QCM measure-
ments of a thin layer of pNSp—-NIPAAm in water
in the dark (Fig. 3). After the stepwise temperature
decrease from 35 to 30 °C or from 30 to 25 °C, Af;
decreased and reached thermal equilibrium within
10 min. Since similar behavior was observed also
for an uncoated resonator, such changes in Af; in
response to temperature changes were mainly attrib-
uted to changes in viscosity and density of the bulk
water in contact with the resonator surface [30].
Therefore, to extract the contribution of the polymer
layer formed on the resonator, the difference in Af;
between the uncoated and polymer-coated resona-
tors (AAf7) was calculated by subtracting Af;
observed for the uncoated resonator from each cor-
responding datum obtained for the polymer-coated
resonator.

The values of AAf; for the polystyrene-coated res-
onator, which had been expected to have no ther-
moresponse, remained near 0 Hz following each
temperature change; for the pNSp—NIPA Am-coated
resonator, only a temperature decrease from 25 to
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Fig. 3. Time courses of the resonant frequency at the 7th
harmonic, Af; (blue line), observed for a pNSp—NIPAAm-coated
resonator in water in the dark as the temperature (black line) was
varied stepwise between 35 and 19 °C (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.).
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19 °C elicited a continuously decreasing AAf; over
time (Fig. 4). In these experiments, a decrease in
Af; was related to an increase in mass measured at
the resonator because the influence of dissipation
was slight as observed using dissipation measure-
ments. Therefore, the decrease in AAf; obtained for
the pNSp—NIPAAm-coated resonator concurrent
with the temperature decrease from 25 to 19 °C
should be considered to be due to the hydration of
the pNSp—NIPAAm thin layer formed on the reso-
nator. The fact that the solubility of pNSp-NIP-
AAm increases at 22°C and below further
supports this conclusion, since an increasing solubil-
ity suggests an increase of water uptake into the
copolymer.

3.2. Evaluation of photo-induced hydration of pNSp—
NIPAAm by QCM-D

In response to UV irradiation at 19 °C in water,
Af; of both the pNSp-NIPAAm-coated and
uncoated resonators rapidly increased: in case of
the uncoated resonator, immediately after the cessa-
tion of UV irradiation, Af; returned to its initial
value (Fig. 5). Similar behavior was observed for a
resonator coated with polystyrene, which is
expected to be non-UV-responsive since it is almost
transparent at 365 nm. Benkoski et al. attributed
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Fig. 4. Time courses of the resonant frequency difference, AAf,
observed for the pNSp-NIPAAm-coated resonator (upper plot)
or the polystyrene-coated resonator (lower plot) in water in the
dark following stepwise temperature decreases from 35 to 30 °C
(red lines), from 30 to 25 °C (yellow lines), and 25 to 19 °C (blue
lines) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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Fig. 5. Change in Af; values observed for the pNSp-NIPAAm-
coated resonator (blue line) and the uncoated resonator (orange
line) in response to temporal UV irradiation at 19 °C in water.
Dotted lines indicate the baselines of Af; before and after
irradiation (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.).

such changes in Af to the increase in the surface
temperature induced by UV irradiation [31].

The Af; values for the pNSp-NIPAAm-coated
resonators after UV irradiation decreased substan-
tially relative to those observed before the irradia-
tion. The decrease in Af; can be attributed to the
change of the pNSp-NIPAAm layer formed on
the resonator, because results obtained for uncoated
and polystyrene-coated resonators reveal that sur-
face temperature did not influence Af; following
UV irradiation. Furthermore, such a decrease in
Af; was not observed following VIS irradiation,
which cannot isomerize NSp. The decreasing rate
of Af; during UV irradiation was estimated to be
more than 500 times larger than that observed in
the dark at the same temperature (19 °C), as shown
in Fig. 4. These results strongly suggest that UV
irradiation facilitates hydration of the pNSp-NIP-
AAm layer in water at 19 °C.

For a detailed analysis of the hydration behavior
of the pNSp-NIPAAm layer, we investigated the
influence of irradiation using AAf; and AAD-, which
is defined as the AD; obtained for the pNSp—NIP-
AAm-coated resonator minus that for the uncoated
resonator at each temperature. The time course of
the temperature changes was similar to that of the
non-irradiated experiment shown in Fig. 3. In the
UV irradiation experiment, the pNSp—NIPAAm-
coated resonator was irradiated with UV light
at 19°C. Fig. 6 shows the comparison between
the experiments with and without UV irradiation.
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Fig. 6. AAf; (upper plot) and AAD; (lower plot) observed after
each stepwise temperature change and temporal UV light
irradiation at 19 °C.

During the cooling process, AAf; did not change
much until 25 °C and decreased at 19 °C; however,
AAD; increased with each cooling step. These
results suggest that the pNSp-NIPAAm layer
became more hydrophilic when upon cooling to
19 °C. However, a larger decrease in AAf; and a lar-
ger increase in AAD, were observed upon UV irra-
diation at 19 °C. These results indicate that UV
irradiation not only facilitated hydration of the
pPNSp—NIPAAm layer but also increased the layer’s
viscoelasticity. Subsequently, when the temperature
rose to 30 °C during the stepwise heating process,
AAf; and AAD; for the non-irradiated resonator
returned to almost the same level as that observed
at 30 °C before the cooling process. Additionally,
Af; values measured at dried pNSp-NIPAAm-
coated resonators before and after the experiment
were almost the same, indicating that most of the
pPNSp-NIPAAm layer without UV irradiation was
retained on the surface of the resonator and did
not dissolve in water. These results suggest that
the pNSp—-NIPAAm layer without UV irradiation
was dehydrated and became rigid again when the
layer was heated to 30 °C. In contrast, AAf; of
the irradiated pNSp—NIPAAm layer at 30 °C after
UV irradiation became much larger than that at
30 °C before UV irradiation. The Af; values of
the irradiated pNSp-NIPAAm-coated resonators
measured in dried states showed that about 40%
of the copolymer in the pNSp—NIPAAm layer had
been lost in water. These results suggest that UV

irradiation drastically facilitates hydration of the
pNSp-NIPAAm layer.

3.3. Mechanism of photo-induced hydration of pNSp—
NIPAAm

Fig. 7 shows changes in Af; caused by UV irradi-
ation at 30, 25, and 19 °C, which were calculated by
subtracting a stable Af; after UV irradiation from
that before the UV irradiation (dotted lines in
Fig. 5). Af; for the uncoated resonator was not
affected by UV irradiation at each temperature.
Af; for the pNSp-NIPAAm-coated resonator
also was not affected by UV irradiation at 25 °C
but fell substantially after UV irradiation at 19 °C.
Therefore, we propose a mechanism for this
photo-induced hydration as follows: hydrophilic
NSp generated through UV-induced photoisomer-
ization triggers the uptake of a large amount of
water molecules into the pNSp—-NIPAAm layer only
when the thermoresponsive pNIPAAm component
is hydrophilic, i.e. at a temperature of 19 °C.

In Fig. 8, we present a schematic mechanism of
hydration of the pNSp—NIPAAm immobilized on
the gold surface of a quartz resonator based on
the results of this study. When the temperature
decreases from 25 to 19 °C, the pNSp—-NIPAAm
changes from a hydrophobic state (1) to a relatively
hydrophilic state in which the pNIPAAm compo-
nent is ready to hydrate (2), while its immobilization
suppresses the hydration of the pNSp—-NIPAAm
with bulk water. In response to UV irradiation at
19 °C, marked hydration and swelling of the

250
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Photo-induced baseline shiftin Af; [Hz]

N
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Fig. 7. Baseline shifts in Af; induced by UV irradiation of a
pNSp-NIPAAm-coated resonator (upper plot) and an uncoated
resonator (lower plot) at 30, 25, and 19 °C in water.
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pNSp-NIPAAM
layer —

gold-coated
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Fig. 8. The presumed mechanism for the photo-induced hydra-
tion of a solid pNSp-NIPAAm thin layer in water: (1) the pNSp—
NIPAAm was relatively hydrophobic in the dark at 25 °C, (2) at
19°C in the dark it became more hydrophilic, (3) it became
extremely hydrated and swelled under UV irradiation at 19 °C
(photo-induced hydration), (4) the photo-induced hydration did
not occur even under UV irradiation at 25 °C.

pNSp-NIPAAm is triggered by photoisomerization
of the NSp chromophore from its hydrophobic
form (Sp) to its hydrophilic one (Mc) (3). However,
hydration is not induced at 25°C (4) since the
hydrophilic NSp chromophore is confined within
the surrounding hydrophobic environment of the pNI-
PAAmM component.

4. Conclusion

Through QCM-D measurement of pNSp-NIP-
AAm-coated quartz resonators in water, we found
that at a temperature of 19 °C, the pNSp—NIPAAm
thin layer rapidly adsorbed a large amount of water
molecules and increased in viscoelasticity when it
was irradiated with UV light, which induces photo-
isomerization of NSp from the hydrophobic form to
the hydrophilic one. At temperatures between 25
and 35 °C, however, such a photo-induced hydra-
tion was not observed. These results suggest that
the photoisomerization of the NSp chromophore
triggered the photo-induced hydration only when
the pNIPAAm component is sufficiently hydro-
philic, at a temperature of 19 °C.
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