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Photoswitchable Spirobenzopyran-Based Photochemically

Controlled Photonic Crystals**

By Marta Kamenjicki Maurer, Igor K. Lednev, and Sanford A. Asher*

We have developed a photochemically controlled photonic-crystal material by covalently attaching spiropyran derivatives to
polymerized crystalline colloidal arrays (PCCAs). These PCCAs consist of colloidal particles that self-assemble into crystalline
colloidal arrays (CCAs), which are embedded in crosslinked hydrogels. Photoresponsive PCCAs were made two ways: 1) by
functionalizing the hydrogel network with spiropyran derivatives, and 2) by functionalizing the colloidal particles with spiropy-
ran derivatives. These materials can diffract light in the UV, visible, or near-IR spectral regions. The diffraction of the PCCAs is
red-shifted by exciting the spiropyran with UV light. Alternatively, the diffraction is blue-shifted by exciting the spiropyran with
visible irradiation. Thus, this material acts as a memory storage material where information is recorded by illuminating the
PCCA and information is read out by measuring the photonic-crystal diffraction wavelength. UV excitation forms the open spi-
ropyran form while visible excitation forms the closed spiropyran form. The diffraction shifts result from changes in the free en-
ergy of mixing of the PCCA system as the spiropyran is photoexcited to its different stable forms.

1. Introduction

There is intense interest in fabricating materials with photon-
ic bandgaps in the visible, infrared, and microwave spectral
regions.?! The idea is to develop materials which can be used
as light waveguides, where light is used for processing informa-
tion. The simplest method for producing materials with pho-
tonic bandgaps involves the use of crystalline colloidal array
(CCA) self assembly where monodisperse, highly charged,
nano- and mesoscale colloidal particles form cubic arrays
(Fig. 1).[3] These particles are generally negatively charged due
to the ionization of surface strong-acid groups. The electro-
static repulsive interactions result in the formation of face-cen-
tered cubic (fcc) arrays where the particles are spaced by dis-
tances significantly larger than their diameters. The periodic
spacings diffract the light and form bandgaps at the angles that
fulfil the Bragg condition.*!

Our group developed methods to polymerize hydrogels
around the highly plastic CCA to form more robust solid mate-
rials called polymerized crystalline colloidal arrays (PCCAs,
Fig. 1).%7 These PCCAs contain the periodic array that gives
rise to the photonic bandgap. A major advantage of PCCAs is
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Figure 1. Synthesis of a polymerized crystalline colloidal array (PCCA).

that they can be further chemically modified to make them
responsive to their chemical, thermal, and photonic environ-
ments.* 12 For example, we prepared chemical sensors where
the photonic bandgap shifts in frequency in response to chang-
ing analyte concentrations.®”! We also developed a thermally
responsive PCCA where poly-N-isopropylacrylamide (PNI-
PAM) was used for the hydrogel. This PNTPAM shows a tem-
perature-driven volume phase transition such that the photonic
bandgap wavelength can be tuned throughout the visible spec-
tral region by varying the temperature between 10-40 oc.Mp
addition, we recently demonstrated a photoresponsive azoben-
zene-based PCCA ' where the photochemistry of the azoben-
zene derivative was used to drive shifts in the bandgap diffrac-
tion wavelength upon excitation with UV and visible light.

In this work, we demonstrate a second example of a photo-
chemically actuated PCCA in which photoisomerization of a
covalently attached spirobenzopyran modulates the PCCA’s
bandgap. Photoisomerization of a PCCA with a covalently at-
tached spirobenzopyran chromophore changes the hydrogel’s
free energy of mixing due to the large change in charge distri-
bution within the spirobenzopyran molecule.'®! The resulting
PCCA volume change alters the CCA lattice constant and
shifts the bandgap and the diffracted wavelength.
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2. Results and Discussion

2.1. PCCAs with Spirobenzopyran Linked to the Hydrogel

Figure 2a shows the molecular structural changes that occur
for spirobenzopyran as it photochemically cycles from its spiro-
pyran (closed) form to its merocyanine (open) form. Figure 2b
shows that for spirobenzopyran in dimethylsulfoxide (DMSO)
the merocyanine form has a visible absorption band at
~560 nm, whereas the spiropyran form mainly absorbs light in
the UV region. Intense UV illumination converts the majority
of the spiropyran form to the merocyanine form, resulting in a
photostationary state (PSS-UV, Fig. 2b). In contrast, intense
visible illumination converts a majority of the spirobenzopyran
molecules to their spiropyran form; the ~560 nm absorption
band decreases, and the system stabilizes in a photostationary
state (PSS-Vis, Fig. 2b).

The dashed line in Figure 3a shows the extinction spectrum
of the photoresponsive PCCA containing spirobenzopyran
linked to the hydrogel network, just after saturating excitation
by UV light (mercury lamp, 365 nm, 40 mW cm ). In contrast,

Spiropyran
(“closed” form)

b)

Merocyanine
(“open” form)

the solid line in Figure 3a shows the extinction spectrum after
saturating excitation with visible light (tungsten lamp, 500-
750 nm, 40 mW cm?). UV excitation converts spirobenzopyran
from its spiropyran to merocyanine form, which increases the
~350 and ~560 nm absorption in a manner similar to that for
spirobenzopyran monomer in solution (Fig. 2). However, the
absorption increase at 350 nm is much greater for the PCCA-
spirobenzopyran sample than for spirobenzopyran monomer in
solution (compare Fig. 3. to Fig. 2).

The PCCA in the DMSO medium was oriented such that the
light was incident normal to the fcc (111) planes (glancing
angle, 6=90°), resulting in diffraction of ~680 nm light (Ag;¢)
after saturating UV excitation (Fig. 3a). Under these condi-
tions, and with a PCCA refractive index n~1.48, the spacing
between the (111) planes, d;;1, is calculated to be 220 nm from
Braggs law (nlqir=2d1115in6). Figure 3 also shows that the
UV photostationary state PSS-UV 680 nm diffraction peak
blue-shifts by 13 nm upon saturation with visible excitation
(PSS-Vis). Since little change can occur in the refractive index
at these low spiropyran concentrations, the diffraction shifts
must arise from volume changes in the PCCA. The 13 nm
change represents a 2.5 % shrinkage in the linear di-
mension, which if isotropic, would arise from a >7 %
volume shrinkage of the PCCA upon illumination
with visible light.

As discussed below, the hydrogel-linked spiroben-
zopyran samples relax in the dark over periods of
days to a dark equilibrium state (DES), which has an
absorption spectrum essentially identical to that of
the PSS-Vis state shown in Figure 3. The inset of
Figure 3a shows the relative magnitude of the ab-
sorption at 550 nm for the DES, PSS-Vis, and PSS-
UV states. The DES of spirobenzopyran monomers
(Fig. 2) has a significantly larger 550 nm absorption
than occurs for the hydrogel-linked PCCA (Fig. 3).

1.0 v

b DES V

T~ 25 min

Part of the absorption differences in the 280-330 nm
region between Figure 2 and Figure 3 results from
the overlapping absorption of the polystyrene parti-
cles. It should be noted that previous studies demon-

]| -
\ / \ PSS-Vis

¢ T~ 25 min

strated that changes in solvent, pH, and metal bind-

0.51

ing can greatly influence the spirobenzopyran
absorption spectra.[*17!

Figure 3b shows the results of an experiment in
which we excited our sample with 355 nm UV excita-
tion (yttrium aluminum garnet (YAG) laser,
20 mWem™) and 514.5 nm visible excitation (Ar*
laser, 20 mW cm ) and monitored the changes in the

0.01

diffraction wavelength. 514.5 nm excitation of the
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Figure 2. a) Molecular structural change for the spirobenzopyran photochemical inter-
conversion from its closed to open form. b) Photochemistry of spirobenzopyran (1) in
DMSO. PSS-UV and PSS-Vis are the photostationary states under UV and visible light
irradiation, respectively; Inset: shows 550 nm absorption of photostationary and dark
equilibrium state (DES) under UV and visible irradiation (40 mWcm™). 1 mm quartz

cell, concentration=4x 10" M.
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PSS-UYV state results in a ~11 nm diffraction blue-
shift and formation of the PSS-Vis state over a charac-
teristic time of ~25 min at these intensities. Subse-
quent UV excitation red-shifts the diffraction ~ 10 nm
over a similar timescale, and forms the PSS-UV state.
These diffraction shifts probably derive from dif-
ferences in the charge distribution and resulting
dipole moments between the open and closed forms
of spirobenzopyran. UV photoisomerization to the
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Figure 3. a) Extinction spectra of 80 um PCCA with spirobenzopyran
(~5 mM) linked to hydrogel under UV (mercury lamp, ~25 min,
40 mWcem™) and visible irradiation (tungsten lamp, ~25 min,
40 mWcm™). b) Photoswitching behavior of the PCCA. The system was
exposed to 514 nm light (Ar* laser, 20 mWcm™) and 355 nm (YAG,

20 mWcem™).

open, merocyanine form results in formation of a zwitterion,
which results in a more favorable free energy of mixing of the
hydrogel with the DMSO medium. This causes a swelling of
the hydrogel resulting in the diffraction red-shift. We pre-
Viously“z] demonstrated a somewhat similar phenomenon for
an azobenzene-derivatized PCCA. In contrast, visible irradia-
tion blue-shifts the diffraction due to formation of the spiro-
benzopyran closed form, which reduces the dipole moment
and shrinks the PCCA (Fig. 3b).

Figure 4a shows that the diffraction of our system can be
toggled indefinitely by alternating irradiation with UV and visi-
ble light. The system shows ~ 10 nm diffraction peak red-shifts
and blue-shifts upon alternative irradiation with UV light
(20 mWem™) and visible light (20 mWem™). We left the
PCCA stabilized in PSS-UV state in the dark and monitored
the time dependence of diffraction. We found that the charac-
teristic dark thermal recovery time of the PCCA to the DES
state at 25°C is ~35 h (Fig. 4b). We observe photochemical
degradation for these samples at temperatures significantly

greater than 25 °C.

2.2. PCCAs with Spiropyran Linked to Colloidal Particles

The photochemistry of spirobenzopyran derivatives depends
strongly on their detailed chemical structure and their environ-
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Figure 4. a) Photoswitching behavior of the PCCA at 25 °C with spirobenzo-
pyran linked to the hydrogel. The system was exposed to alternating
irradiation with a YAG laser (355 nm, 20 mWcm™) and a Ar* laser (514 nm,
20 mWcm™). b) Thermal relaxation at 25 °C (starting from PSS-UV).

ment.””! Spiropyran derivatives can display either “positive”
photochromic behavior, where the DES state only weakly ab-
sorbs visible light, or “negative” photochromic behavior, where
the DES shows strong visible absorption.””) UV wavelength
excitation increases the absorption of positive photochromics,
but decreases it for the negative photochromics.

Since spirobenzopyrans with low visible absorptions are gen-
erally in their closed forms, we expect that positive photochro-
mic behavior involves a transition from the closed to the open
form of spiropyran. In contrast, negative photochromics should
involve transitions from an open form to a closed form.!

The black line in Figure 5a shows the DES extinction spec-
trum of a 40 um thick PCCA made from spirobenzopyran-
linked poly(styrene chloromethylstyrene) colloidal particles. In
addition to a poly(styrene chloromethylstyrene) particle ab-
sorption (~280-330 nm), we observe very broad spirobenzopy-
ran UV (~330-450 nm) and visible absorption (~500-600 nm)

bands. Upon UV irradiation (mercury lamp, 365 nm, ~ 10 min
exposure, 40 mW cm™), the DES ~650 nm diffraction peak
blue-shifts 5 nm, stabilizing in the PSS-UV state (Fig. 5, blue
line). Additional irradiation of this PSS-UV state with visible
light causes an additional 9 nm diffraction blue-shift (PSS-Vis,
Fig. 5, red line). Starting from the DES and applying visible

(rather than UV) light results in the same PSS-Vis state, with a

14 nm diffraction blue-shift. Exciting the PSS-Vis state with

UV light red-shifts the diffraction 9 nm (Fig. 5b).
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Figure 5. a) Extinction spectra of 40 um thick PCCA functionalized with
spirobenzopyran derivative linked to the colloidal particles in DMSO.
b) Changes in the diffraction peak over time under UV and visible irradia-
tion. PSS-UV and PSS-Vis are the photostationary states under UV and
visible light, respectively.

While we observe changes in the diffraction wavelength
upon excitation with visible and UV light, we see little change
in the extremely broad visible absorbance. In addition, the visi-
ble absorption of the DES state is essentially identical to the
PSS-UYV and PSS-Vis states. This behavior dramatically differs
from that of the PCCA discussed earlier with the spirobenzo-
pyran linked to the hydrogel, in which a red-shift in the diffrac-
tion always occurs with UV irradiation, a blue-shift occurs with
visible irradiation (Fig. 4a), and significant absorption spectral
changes occur at ~ 560 and ~ 350 nm (Fig. 3a).

We do not understand the photochemical behavior of the
spiropyran-linked particles in detail. The DES shows the most
red-shifted diffraction, which suggests dominating presence of
the open merocyanine form, which has a more favorable free
energy of mixing due to its higher dipole moment. This system
can be excited by UV light to a state which is blue-shifted from
the DES by 5 nm, with a further 9 nm blue-shift caused by
excitation with visible light (Fig. 5b). Subsequently, the diffrac-
tion can be toggled back and forth 14 nm with alternating UV
and visible excitation (Fig. 6a). This suggests that the concen-
tration of the closed form in the PSS-UV is between the closed
spiropyran-dominated PSS-Vis and the open merocyanine-
dominated DES.

www.afm-journal.de
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Figure 6. a) Irradiation of PCCA with spirobenzopyran linked to colloidal
particles with visible (Ar* laser, 514 nm line, 20 mWcm™2) and UV (YAG
laser, 355 nm line, 20 mWcm™) light. b) Dark relaxation at 25 °C (starting
from PSS-Vis).

The different forms of spiropyran in this sample appear to
have similar absorbances in the visible region. This may result
from additional chemistry that occurs for the spiropyran deriv-
atives bound to the particles, compared to those bound to the
PCCA hydrogel. For example, Salhin and co-workers, and
Reichardt reported that metal ion interactions with the pheno-
late anion on the merocyanine form of spirobenzopyran can in-
duce “negative” photochromism.“s’zz’m In addition, Shimizu et
al.?* and Zhou and co-workers®! showed that in the presence
of acid, the open form may steadily transform into the proton-
ated form (pK,=3.93), which is also negatively photochromic.
Since the pH around the sulfonated colloidal particles is ~3, it
is possible that the merocyanine form in the PCCA with spiro-
benzopyran linked to colloidal particles is completely con-
verted to (or coexists with) the protonated form. Irradiation
with visible or UV light causes formation of the closed form,
and dark relaxation results in the opposite process. Despite the
different photochemistry in this system, the thermal dark re-
laxation time (30-35 h, Figs. 4b,6b) and the characteristic
photoswitching time between the PSS-Vis and PSS-UV states
(~20 min, Figs. 3,5) are essentially identical to those of the
PCCA with spirobenzopyran linked to the hydrogel.

3. Conclusions
The change of spirobenzopyran molecules from the closed to

open form causes a PCCA diffraction wavelength red-shift due
to the change in charge localization of the attached spirobenzo-

Adv. Funct. Mater. 2005, 15, 1401-1406
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pyran. The higher charge localization makes the hydrogel net-
work (in the first system) and the colloidal particles (in the sec-
ond system) more soluble in DMSO, causing an increase in the
free energy of mixing of the PCCA. This causes swelling of the
hydrogel, and red-shifts the PCCA diffraction wavelength.

The system described here could be utilized for slow switch-
ing applications (seconds to minutes) such as optical memory
devices. The kinetics of gel swelling and shrinking depends on
the driving osmotic pressure associated with changes in the free
energy of mixing balanced by the collective diffusion constant
of the polymer network relative to the solvent.”*2! The swell-
ing and shrinkage times should scale approximately with the
hydrogel length-scale.”>"! For macroscopic gels the times are
on the order of seconds to minutes.

4. Experimental

4.1. Synthesis of Photoresponsive Hydrogel-Linked
Spirobenzopyran PCCAs

Spirobenzopyran-containing PCCAs were fabricated by covalently
attaching a spirobenzopyran derivative to the hydrogel network. We
accomplished this by reacting N-(p-maleimidophenyl)isocyanate
(PMPI, Pierce), a sulfohydryl-reactive and hydroxyl-reactive heterobi-
functional crosslinker [31], with a spirobenzopyran derivative contain-
ing a hydroxyl group (Fig. 7). The isocyanate end of PMPI reacts with
the hydroxyl groups on the spirobenzopyran, forming urethane link-
ages. This product contains maleimide ends, which, when coupled to a
thiol-containing PCCA, forms stable thioether linkages (Fig. 7) [31,32].

The HS-PCCA was made by dissolving 5 mg of N,N’-cystamine-bis-
acrylamide (Aldrich), 50 mg acrylamide, 3 mg N,N’-methylenebisacryl-
amide (Sigma) and 10 uL diethoxyacetophenone (DEAP) in 1 g of a
10 wt.-% polystyrene CCA dispersion. This dispersion was injected
into a cell made of two quartz plates separated by a 80 um thick spacer
(DuraSeal) and exposed to UV light (Black Ray model B-100, UVP

OWO

[o]

SprH HN)LO_SPT

Z=—0—0

HOCH,CH,

N-(p-Maleimidophenyl)
isocyanate (PMPI)

OH-containing
spirobenzopyran derivative +

HS-PCCA

HN)LO_Spr

2 hrs, RT

0 _N__0
X—\(S— PCCA

Figure 7. Reaction between hydroxylated spirobenzopyran (SprH) and
PMPI, and subsequent functionalization of the sulfhydryl-containing PCCA
with maleimide-containing spirobenzopyran.
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Inc. mercury lamp). After 30 min irradiation, the cell was opened and
the gel was removed and washed with NanoPure deionized water.
Exposing this PCCA (3 cm x3 cm x 80 um) to an aqueous solution of
dithiolthreitol (DTT, ACROS Organics) cleaved the disulfide bonds to
leave reactive thiol groups within the PCCA [32]. During this process,
the hydrogel swelled due to the breaking of crosslinks, and the diffrac-
tion wavelength red-shifted 40 nm to 590 nm. This 80 um thick PCCA
was then incubated with a 6 mM solution of maleimide-functionalized
spirobenzopyran in DMSO for two hours at room temperature. From
absorption measurements we calculate that we have a 5 mM concentra-
tion of spirobenzopyran within the PCCA.

4.2. Synthesis of Photoresponsive Spirobenzopyran-Linked
Colloidal Particle PCCAs

4.2.1. Synthesis of Chloromethyl-Functionalized Polystyrene
Particles

Chloromethyl-functionalized polystyrene particles were synthesized
by emulsion polymerization by using a 10 wt.-% suspension of pre-
viously synthesized 120 nm polystyrene colloidal particles as seed parti-
cles [33]. These highly charged, monodisperse polystyrene colloidal
particles were prepared via emulsion polymerization, as described else-
where [34].

In a 500 mL jacketed reaction flask, 76 g of the 10 wt.-% seed poly-
styrene colloid dispersion and 15 mL of NanoPure water were purged
with nitrogen for 20 min. 0.04 mol of styrene (Aldrich) and 0.03 mol of
chloromethylstyrene (ACROS Organics) were added to the reaction
flask, and the mixture was stirred at 200 rpm at 30 °C under nitrogen.
The seed particles were allowed to swell for one hour. The reaction
temperature was raised to 60 °C, and the initiator, consisting of 0.17 g
potassium persulfate (Aldrich) and 0.12 g sodium bisulfite (JT Baker)
in 5 mL NanoPure water, was added. After 4 h, the resulting crude
poly(styrene chloromethylstyrene) core—shell colloidal particle disper-
sion was removed from the reaction vessel and dialyzed against Nano-
Pure water for one week (until the conductivity of the dialysate was
1.0 uQ'em™). A transmission electron microscopy image of the
synthesized colloids demonstrated that these were core—shell particles.
The colloidal suspension was further cleaned by shaking the suspension
with a mixed bed ion-exchange resin (Bio-Rad AG 501-X8), after
which it became iridescent due to Bragg diffraction (460 nm at normal
incidence) from the 135 nm diameter poly(styrene chloromethyl-
styrene) CCA. Elemental microanalysis of these particles showed 3 %
chlorine by weight.

4.2.2. Synthesis of Spiropyran-Linked Colloidal Particle PCCAs

A mixture of 50 mg acrylamide (Sigma), 3 mg N,N’-methylenebisac-
rylamide (Sigma), 10 uL. DEAP (Aldrich), and 1 g of a 10 wt.-%
dispersion of 135 nm poly(styrene chloromethylstyrene) CCA, was
injected into a cell made of two quartz plates separated by a 40 um
spacer, and exposed to UV light (Black-Ray model B-100 A, UVP
Inc.) for 1 h. The 3 cm x3 cm x40 um gel was then removed from the
cell, washed with NanoPure water, and gradually transferred to a pure
DMSO medium. The PCCA was then exposed to 15 mL of a 6 mM
DMSO solution of 1-(2-hydroxyethyl)-3,3-dimethyl-6"-nitrospiro(indo-
line-2,2"-[2H-1] benzopyran) (Chroma Chemicals, Fig. 2a) for 2 days at
room temperature, in the dark. This spirobenzopyran derivative con-
tains a hydroxyl group, which can undergo a nucleophilic substitution
reaction by the chlorines on the polystyrene colloidal particle surfaces.
After 2 days of incubation, we utilized absorption spectroscopy to
determine that the spirobenzopyran concentration in the PCCA was
2.5 mM, indicating that all the spirobenzopyran attached to the colloi-
dal particles. During this procedure the hydrogel swelled and diffrac-
tion wavelength red-shifted to 650 nm. No attachment of spirobenzo-
pyran occurred in a control experiment where the PCCA was prepared
only with pure polystyrene colloidal particles.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In order to measure the photochemical response, we irradiated the
PCCA in DMSO with UV light (Black Ray model B-100, UVP Inc.
mercury lamp, 365 nm maximum wavelength) and visible light (CUDA
Products Corp., Model 1-150 tungsten lamp with a UV rejection filter;
wavelength range between 500-750 nm). In addition, we measured the
kinetics of the diffraction change in the seconds time range using a
YAG (355 nm) and an Ar" laser (514.5 nm).
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