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Photochemically Controlled Photonic Crystals**

By Marta Kamenjicki, Igor K. Lednev, Alexander Mikhonin, Rasu Kesavamoorthy,

and Sanford A. Asher*

We have developed photochemically controlled photonic crystals that may be useful in novel recordable and erasable memories
and/or display devices. These materials can operate in the UV, visible, or near-IR spectral regions. Information is recorded and
erased by exciting the photonic crystal with ~360 nm UV light or ~480 nm visible light. The information recorded is read out
by measuring the photonic crystal diffraction wavelength. The active element of the device is an azobenzene-functionalized
hydrogel, which contains an embedded crystalline colloidal array. UV excitation forms cis-azobenzene while visible excitation
forms trans-azobenzene. The more favorable free energy of mixing of cis-azobenzene causes the hydrogel to swell and to red-
shift the photonic crystal diffraction. We also observe fast nanosecond, microsecond, and millisecond transient dynamics asso-
ciated with fast heating lattice constant changes, refractive index changes, and thermal relaxations.

1. Introduction

The recent intense interest in photonic bandgap crystals
stems from their potential ability to increase light waveguiding
efficiency, to increase the efficiency of stimulated emission pro-
cesses, and to localize light.!! Numerous groups around the
world are developing fabrication methods to produce photonic
crystals with bandgaps in the visible, infrared, and microwave
spectral regions.[z]

The simplest photonic crystal can be fabricated by the close-
packing of spheres, similar to that which in nature forms
opals.”! The earliest chemical approach fabricated large face-
centered cubic (fcc) photonic bandgap crystals through the
self-assembly of highly charged, monodisperse colloidal parti-
cles into crystalline colloidal arrays (CCAs). The CCAs self-
assemble due to long-range electrostatic repulsions between
particles.[4]

These CCAs are complex fluids which consist of colloidal
particles which self-assemble into plastic fcc crystalline arrays
that Bragg-diffract ultraviolet, visible, or near-infrared light,
depending on the colloidal particle array spacings. More re-
cently, robust semi-solid photonic crystal (PCCA) materials
were fabricated by polymerizing a hydrogel network around
the self-assembled CCA array® (Fig. 1). This new photonic
crystal material can utilize environmentally responsive hydro-
gels[6] to create a PCCA in which thermal or chemical environ-
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Fig. 1. a) Synthesis of the PCCA-containing disulfide bonds. b) Cleaving disul-
fide bonds with DTT. ¢) Maleimide-thiol attachment of azobenzene to PCCA.
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mental alterations result in PCCA volume change, thereby
altering the CCA photonic crystal plane spacings and diffrac-
tion wavelengths."!!]

We report here the development of a photochemically actu-
ated PCCA (120 nm diameter polystyrene CCA), where
photoisomerization of a covalently attached chromophore
changes the hydrogel free energy of mixing. The resulting
photocontrolled PCCA (PCPCCA) volume change alters the
lattice constant and shifts the diffracted wavelength. Thus, we
have a material in which we modulate the diffracted light by
the independent absorption of light outside the diffraction
bandgap.
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2. Results and Discussion

2.1. Photochemistry of 4-Phenylazomaleinanil Solution

Azobenzene derivatives, which are normally in their ground
state trans forms at room temperature in the dark,">'7 show
strong 7t — 7t* absorption bands at ~340 nm (Fig. 2). 4-pheny-
lazomaleinanil shows the typical azobenzene photochemistry,
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Fig. 2. Photochemistry of 60 uM 4-phenylazomaleinanil in DMSO in a 1 mm
quartz cuvette. a) Absorption changes upon irradiation with 13 mWcm™ of
365 nm light. b) Absorption changes upon irradiation with 3 mW cm™ of white
light. The UV PSS curve shows the photostationary state absorption reached with
UV light excitation.

where irradiation with 365 nm UV light bleaches the strong
~340 nm trans T — t* UV absorption band as it converts trans-
azobenzene to the cis form. A weaker cis n — xt* absorption
band at ~435 nm (Fig. 2a) appears. Figure 2a shows that irra-
diation of a dimethylsulfoxide (DMSO) solution of 4-phenyl-
azomaleinanil by ~13 mWcm™ of 365 nm UV light from a
mercury lamp gives rise to a photostationary state within
2 min. This is expected from the ~20 s observed bleaching time
of the ~340 nm trans band of the 4-phenylazomaleinanil
DMSO solution (Fig. 2a, inset). Subsequent irradiation with

white light (~3 mW cm™, from a fiber-optic-coupled tungsten
lamp with a UV rejection filter) photoconverts the cis form
back to the trans form, as shown by the restored ~340 nm trans
m—m* absorption (Fig. 2b).The Figure 2b inset indicates a
~86 s characteristic time for photoisomerization back to the
trans form.

We have roughly determined that the trans to cis quantum
yield is @ =0.07 for our 4-phenylazomaleinanil in iso octane for
355 nm excitation. This quantum yield is comparable to that of
azobenzene in iso octane (®=0.12)."%22 In addition, we
observe that 4-phenylazomaleinanil dissolved in DMSO
(4.5 mM) shows very similar kinetics to 4.5 mM 4-phenylazo-
maleinanil attached to a PCCA, which also indicates similar
quantum yields.

2.2. Photophysics of PCCA Functionalized with Azobenzene

Figure 3 shows the absorption spectrum of a PCCA contain-
ing covalently attached azobenzene (PCPCCA). The PCPCCA
photochemistry observed is essentially identical to that of

1
UV light
0.81
...... visible light
4
0.61
A
0.4
\ —_—
0.21 e
v
0 T T T T T T

300 350 400 450 500 550 600 650

Wavelength/nm

Fig. 3. 40 um thick PCCA functionalized with 4-phenylazomaleinanil (3 mM)
shows a 50 nm diffraction red shift upon UV excitation. Solid arrows show spec-
tral changes due to the UV irradiation, while the dashed arrows show changes
due to visible light illumination. The 530-600 nm peak derives from diffraction
by the PCCA fcc (111) planes. The (111) plane spacing, dy11 =4¢/2n for light at
normal incidence.

4-phenylazomaleinanil in DMSO. Excitation with 365 nm UV
light (~13 mWem™) results in a decrease in the 322 nm
(m—m*) trans absorption and an increase in the 430 nm
(n—>m*) cis absorption, due to the photoconversion of the
trans to the cis form (the absorption shifts to 322 nm upon
attachment to the PCCA).

The PCCA was oriented such that the beam was incident
normal to the fcc (111) planes, which at this normal incidence
diffracts ~ 530 nm light. The conversion of trans-azobenzene to
the cis form causes the (111) plane diffraction to shift from
~530 nm to ~580 nm. Excitation with visible light
(~3 mW cm™) shifts the diffraction back to ~ 530 nm.
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The diffraction red shift is due to an increase in the free ener-
gy of mixing of the hydrogel polymer network with the medium
upon UV light illumination, while the blue shift results from a
decrease in the free energy of mixing upon return of the azo-
benzene to its trans form.

This photochemically driven diffraction change is reversible
as shown in Figure 4, which shows a sample cycled numerous
times by UV and visible excitation. Irradiation of a cycled
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Fig. 4. a) UV light photoisomerizes the trans to the cis derivative, while visible
light photoisomerizes the cis to the trans form. b) Reversible photochemistry:
UV light red shifts the diffraction and bleaches the trans 322 nm absorption,
while subsequent excitation with visible light blue shifts the diffraction and in-
creases the 322 nm absorption.

PCPCCA (where the fcc (111) plane diffracts at ~513 nm) for
5 min with ~ 10 mW cm™ UV light causes a ~ 0.2 absorbance de-
crease at ~322 nm and a ~5 nm diffraction red shift, which is
completely reversed by 1 min illumination with ~50 mW cm™
visible light. Doubling the visible illumination time increases
the 322 nm trans absorption and causes the diffraction shift to
double. The ~520 nm maximum diffraction value occurs in a
sample that was converted to the cis form and which shows a
maximum trans photobleach. Doubling the visible wavelength
excitation duration essentially doubles the conversion to the
trans derivative, which doubles the blue shift. We are surprised
that we do not observe a doubling of the 322 nm trans absorp-
tion. The PCPCCA absorption and diffraction can be cycled
back and forth indefinitely.

Thermal cis — trans relaxation in the dark gradually blue
shifts the diffraction (Fig. 5a) as the azobenzene relaxes to its
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Fig. 5. Thermal isomerization of azobenzene attached to a PCCA at 27 °C in the
dark. a) Diffraction wavelength and b) 322 nm absorption changes.

thermodynamically more stable trans state, which restores the
322 nm trans absorption (Fig. 5b). This dark relaxation is very
slow (~83 h at 27 °C) compared to the observed photoisomeri-
zation rates.

In our study we determined the activation energy for the
ground state cis-trans isomerization by measuring the thermal
relaxation for the cis—trans process in dark at different temper-
atures. Characteristic times were determined for seven differ-
ent temperatures, from which we calculate an activation energy
of 28 kcalmol™ for the ground-state cis—trans isomerization of
the 4-phenylazomaleinanil functionalized PCCA (Table 1).

Table 1. Temperature dependence of the PCPCCA dark thermal relaxation.

Temperature t
[°C] [h]
27 83
28 64
35 28
36 23
42 13
49 3
56 1.4

The magnitude of the diffraction shift photoresponse in-
creases monotonically with increasing azobenzene concentra-
tion (Fig. 6) due to the resulting increased free energy of mix-
ing change. As expected, the photoresponse decreases as the
hydrogel cross-linking density increases, due to the resulting
increased elastic constants of the PCCA. No photoresponse
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Fig. 6. Dependence of photoresponse on 4-phenylazomaleinanil concentration
(in DMSO medium). Inset shows the absorption spectrum of a PCPCCA con-
taining 4.5 mM of 4-phenylazomaleinanil.

occurs for > 10 % concentrations of N,N’-methylenebisacrylam-
ide relative to acrylamide (Fig. 7). The cross-link concentra-
tions displayed are those expected for the stoichiometric incor-
poration of N,N’-methylenebisacrylamide as PCCA cross-links,
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Fig. 7. Dependence of diffraction shift on the cross-link concentration (bisacryl-
amide relative to acrylamide). We expect a much smaller actual cross-link density
[11]. The gel thickness is 80 um and contains 4.5 mM azobenzene.

assuming that all of the N,N’-cystaminebisacrylamide disulfide
bonds were broken. However, it should be noted that the effec-
tive cross-link concentration is usually found to be significantly
below this stoichiometric concentration; Asher and co-work-
ersl®l demonstrated that only a small fraction of the N,N'-
methylenebiscrylamide cross-linker forms effective hydrogel
cross-links.

2.3. Diffraction Kinetics

The response time of the PCPCCA diffraction shift can be
limited by the actinic power, the photolysis rates, and by the
collective diffusion constant of the hydrogel polymer network.
Our diffraction shifts can be actuated by a single nanosecond
laser pulse. Figure 8a shows that a single 0.4 mJcm™, 3 ns,
355 nm pulse from a yttrium aluminum garnet (YAG) laser ac-
tuates a trans bleach and causes a ~7 nm diffraction red shift
for a PCPCCA that normally diffracts at ~440 nm. The re-
sponse of the sample is additive; three 355 nm pulses cause
~3 times the red shift (Fig. 8a). As shown in Figure 8b we can

2.0 0.08 ’ 470
£ ¢ [ %0 5
1.5- 5 ome—e— 5
A } 0.02 i T 450 ‘3:
0 —— 440
1.07 0o 1 2 3 4
# UV pulses
0.5
00 T T T T T T
300 350 400 450 500 550 600
Wavelength /nm
2.0
(b)
1.5
A 3 min Vis

4
one pulse

0.5

0.0 T T T T T —r—
300 350 400 450 500 550 600

Wavelength /nm

Fig. 8. a) Extinction changes induced in PCPCCA by three laser pulses (355 nm,
0.4 Jcm™). b) System returns back to the original state after 3 min of
~50 mJ em™ visible irradiation (3 to 4). One 1.2 Jem™ 355 nm laser pulse in-
duces a 20 nm diffraction red shift (4 to 3).

achieve the same red shift with one 1.2 mJcm™ pulse. The
response can be erased with visible light, and it is completely
reversible over an indefinite number of cycles.

We examined the kinetics of the diffraction changes by moni-
toring changes in the transmission spectrum of the sample after
applying one 355 nm YAG pulse (1.2 mJem™, 3 ns duration).
We used a 120 ns pulsed Xe flashlamp (IBH Model 5000XeF)
and Ocean Optics USB2000 Miniature Fiber Optic Spectrometer
(Fig. 9) and recorded spectra after time delays of 0.3 us to 6 ms,

N
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Xe Probe
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usB2000 4
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Controller ’

Optical fiber

Nd:YAG
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Fig. 9. Transient absorption spectrophotometer used to measure PCPCCA spec-
tral kinetic responses to 355 nm light.
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and 3 s to 2 min after UV pulses. As an example, Figure 10a
shows spectra recorded before (black) and at various times (0.3—
6000 ps) after excitation (red) by a 3 ns 355 nm pulse. The final
state of the sample was recorded 1 min after this UV pulse (blue).
In addition, Figure 11 graphically shows the time dependence of
diffraction maximum wavelength on the slow second timescale.

A diffraction red shift of ~5 nm occurs within 300 ns. The
diffraction peak remains sharp and symmetric. At 1.3 us we
see more complex dynamics where the background increases
and the diffraction broadens. The diffraction continues to red
shift until ~12 ps. By 100 us the diffraction begins to narrow
and the diffraction band blue shifts. At 302 us only a small dif-
fraction red shift remains; the diffraction spectrum is close to
that prior to the UV pulse.

Much larger diffraction changes (~10 nm) occur at much
longer times (~20 s, Figs. 10b,11). The fact that the 365 nm ab-
sorption remains bleached demonstrates that this slow process
does not involve azobenzene trans-to-cis ground-state photo-
chemistry. This slow time scale is typically observed® for mac-
roscopic volume phase transitions of 2 cm x 2 cm x 80 um pho-
tonic crystals in response to changes in the free energy of
mixing or changes in the Donnan potential. This process is de-
layed by the polymer collective diffusion constant and by the
necessity of mass flow in order for the DMSO solvent outside
the hydrogel to flow into the swelling polymer.*! Thus, this
slow diffraction shift results from a hydrogel volume phase
transition driven by the change in the free energy of mixing of
cis-azobenzene compared to trans-azobenzene.

Clearly, other dynamic phenomena come
into play in the shorter time regimes. The

@

t=0.3us

prompt (0.3 us) ~4 nm rigid diffraction band
red shift, which preserves the diffraction peak
shape, appears to directly result from heating
of the PCCA by the incident UV beam. The
PCCA, which is rigidly attached to a quartz
surface, is composed mainly of DMSO, which
shows a temperature-dependent density
around room temperature of dp/dT=-

0
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Wavelength/nm

Wavelength/nm

480 520 0.0012.24 We calculate that our UV pulse

beam essentially instantly induces a 20°C

t=102.3 us

t=302.3 s

temperature jump in the sample that expands
the PCCA volume, thereby increasing dq1; to
red shift the diffraction. A counteracting dif-
fracted wavelength blue shift must also ac-
company the resulting temperature-induced
refractive index decrease (dn/dT=-0.00035
for DMSO).?4

0
360 400 440 480 520 360 400 440
Wavelength/nm

Wavelength/nm

In general, we find that the total volume
change of a hydrogel is determined by its

480 520

t =2002.3 us

t=61558us

thermodynamics. The exact diffraction
change depends upon whether the hydrogel
expansion is constrained. If the hydrogel is
unconstrained the linear dimensional change
in any direction d’lll/dnl:(V'/V)m. In con-
trast, for hydrogels attached to a quartz sur-
face, the entire volume change can only occur

0 0 along the normal to the surface. Thus, d’111/
360 400 Wav:éggth /nm480 520 360 400 Wav:jg?]gth/nm“ao 520 di11=V’/V. In this case the 20 °C temperature
rise would increase the volume by ~2%
(b) > Os which would increase dq; and the wavelength
8 i —— 15s diffracted by a maximum of 9 nm. In contrast,
A I —— 36s the 0.007 decrease in n would decrease the
diffracted wavelength by 3 nm. The resultant
6 nm estimated shift is very close to the 5 nm

shift observed.
This hypothesis of heating as being respon-
0 sible for this prompt diffraction shift is sup-
360 380 400 420 440 460 480 500 520 540 ported by observations of prompt 7-jump dif-
Wavelength/nm fraction red shifts for samples where

Fig. 10. a) PCPCCA in dark (black), at the indicated time subsequent to excitation by one 3 ns 355 nm
pulse (red), and after 1 min (blue). b) Absorption spectral changes in second time regime.

azobenzene is dissolved in the hydrogel at
identical concentrations rather than being at-
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Fig. 11. Temporal dependence of diffraction peak wavelength after excitation by
a3 ns 355 nm laser pulse.

tached, and by our observations that the magnitude of the red
shift scales with pulse energy.

The scattering baseline increases and the diffraction band
broadens during 5-100 us after the UV pulse. These phenom-
ena must result from transient disordering within the PCCA.
Although our mesoscopically inhomogeneous material inho-
mogeneously absorbs the UV light to give rise to an instanta-
neous mesoscopic inhomogeneous temperature redistribution,
the temperature should become uniformly distributed well
within 50 ns.”*’)

The ~50 us disorder dynamics must originate from longer
scale phenomena in the sample. The PCCA can be thought of
as 120 nm slabs containing colloidal particles arrayed within
a hydrogel containing DMSO, separated by ~30 nm slabs of
a hydrogel containing DMSO. We excite an internal
2 mm x 2 mm x 80 um volume element of the PCCA by a UV
pulse. This heated volume element must then expand against
the adjacent, cooler hydrogel. This results in lateral constrain-
ing forces. These compressive restoring forces create an in-
stability in the heated hydrogel.

It is well known that smectic liquid crystals (which have anal-
ogous structures) respond to such constraints by having their
layers buckle and at high strains forming parabolic focal
conics. 26?7 Analogous forces in our case will cause the (111)
layers to buckle, which will cause the (111) planes to show a
distribution of shallow tilt angles relative to the excitation
beam. This causes the diffraction band to broaden. Other de-
fect structures that form will cause additional light scattering.

This constraint decreases as the probed volume thermally re-
equilibrates on the ~200 us timescale that restores the original
diffraction peak after 6 ms. In the multisecond time domain,
the system undergoes a free energy of mixing change volume
phase transition driven by the trans—cis photoisomerization of
the azobenzene.

This PCPCCA functions as a slow display device, and may be
used as a novel recordable and erasable memory material. Light
absorption actuates the diffraction shift. This diffraction shift is
read out at a wavelength where no absorption occurs. Our pho-
tonic crystal material can be addressed and read out in small
areas. For example, we should be able to utilize pixels as small
as ~1 um, the smallest region which can give rise to a narrow

diffraction band. Reading this device is limited only by the
speed with which the material can be scanned or imaged by a
laser beam.

3. Conclusions

Diffraction switching in our PCPCCA results from both azo-
benzene photoisomerization and laser heating. In the fast
nanosecond time regime, heating increases the material vol-
ume and red shifts the diffraction. This volume change relaxes
in the microsecond time domain. At longer times the volume
of the PCPCCA hydrogel is controlled by the balance between
the free energy of mixing of the polymer hydrogel with DMSO
and the elastic restoring force of the hydrogel cross-links. The
higher cis-isomer dipole moment results in an increased solu-
bility in DMSO, causing an increase in the free energy of mix-
ing. Thus the PCPCCA swells and a diffraction red shift is
observed. To our knowledge, this is the first example of the
photochemical control of a photonic crystal.

4. Experimental

The highly sulfonated, 120 nm diameter monodisperse colloidal particles were
prepared by emulsion polymerization [28]. After dialyzing against water for one
week these particles readily self-assemble into highly ordered CCAs. N,N’-cysta-
minebisacrylamide (5 mg; Aldrich) dissolved in 20 uL DMSO was added to 4 mg
of a solution of 10 % diethoxyacetophenone (DEAP, Aldrich, v/v) in DMSO.
The PCCA were prepared by adding this solution to a solution containing 50 mg
acrylamide (Sigma), 3 mg N,N’-methylenebisacrylamide (Sigma), and 1 g of a
10 wt.-% dispersion of diffracting polystyrene CCAs (Fig. 1a). This solution was
injected into a cell made of two quartz plates separated by a 80 um thick spacer
and exposed to UV light (Black-Ray model B-100A, UVP Inc.). After 30 min il-
lumination, the cell was opened and the gel was removed and washed with water.
The PCCA remained attached to one of the quartz plates.

Dithiolthreitol (DTT, ACROS Organics) was used to cleave the PCCA disul-
fide bonds (Fig. 1b), which leaves reactive thiol groups attached to the PCCA
[29,30]. The PCCA diffraction red shifts upon cleavage of these disulfide bond
cross-links, due to the resulting decrease in the PCCA elastic constant.

The medium within the cleaved PCCA was slowly exchanged with pure
DMSO; the PCCA diffraction efficiency decreased due to the smaller refractive
index difference between the polystyrene colloids (n=1.6) and the DMSO
(n=1.47) containing medium, compared to that of water (n=1.33). The PCCA
volume decreased somewhat, due to the decrease in the free energy of mixing be-
tween the PCCA and DMSO, compared to water.

The PCCA was incubated under stirring for ~2 h with a solution of 4-phenyla-
zomaleinanil (Polysciences, Inc) (Fig. 1c) in DMSO (7 mM). Figure 12 compares
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Fig. 12. Absorption spectra of 80 um thick PCCA before and after attachment of
a 4-phenylazomaleinanil.
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the absorption spectrum of the PCCA before and after attachment of the azo-
benzene derivative. In the absence of azobenzene the PCCA shows diffraction
from the fcc (111) planes at ~540 nm. Below 300 nm, the spectrum also shows
contributions from higher order diffraction, as well as from the polystyrene col-
loid particle absorption.

In contrast, the PCCA containing covalently attached azobenzene additionally
shows the trans azobenzene 322 nm absorption band. We can vary the amount of
attached azobenzene by controlling the sulthydryl group concentration within

the PCCA.
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