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ABSTRACT: The photoinduced isomerization and thermal back relaxation of an
azobenzene-functionalized polymer poly(disperse red 1 acrylate) were investigated
at increasing external pressures up to 1.5 GPa inside a diamond-anvil spectroscopic
cell. The thermal cis−trans isomerization was monitored by laser pump−probe
spectroscopy, which demonstrated an increase in the half-life of the isomerization
process with increasing pressure. Additionally, the cis content of the photostationary state gradually decreased as a function of pressure, with complete arrest of
the trans−cis photoisomerization above 1.5 GPa. The fact that the photoswitching
behavior however could still be observed beyond 1 GPa is remarkable and is eﬀectively a measure of the strength of the
azobenzene chromophore as an artiﬁcial muscle. The changes in the Raman shifts of both trans- and cis-azobenzene were also
investigated from ambient pressure up to 4 GPa, and no discontinuities were observed in the pressure vs wavenumber plots
indicating no change in phase. The cis−trans photoisomerization of azobenzene was shown however to still be inducible at all the
pressures investigated, conﬁrming the suitability of these molecules for high-eﬃciency light actuation.

■

INTRODUCTION
At the heart of all members of the large family of azo-aromatic
chromophores is the parent azobenzene molecule, which
consists of two benzene rings joined by an NN double
bond. These molecules are ubiquitous in everyday life, forming
the core of more than 70% of commercial dyes owing to their
vibrant, chemically tunable colors, and extreme durability even
upon continuous irradiation.1,2 Most recently, azo compounds
have also been the subject of numerous photoswitching studies
by the chemistry, physics, and engineering communities
because of their wide-ranging photochemical and photophysical
properties. Upon irradiation with a suitable wavelength of light
(in the UV or visible), a change from the stable trans isomer to
the metastable cis isomer is induced, a process which can be
reversed either photochemically or thermally. This reversible
geometric eﬀect was ﬁrst noted in 1937 by Hartley, when he
observed that the solubility of azobenzene changed upon
irradiation.3 Except for some special cases where isomerization
is extremely sterically hindered,4,5 essentially all azobenzene
derivatives are capable of undergoing this reversible cis−trans
photoisomerization (Figure 1 a).
Although inﬂuenced somewhat by the electronic and steric
eﬀects of particular derivatives, the same basic geometry is
present in most azo-containing molecules.6 Of most recent
interest, in addition to the microscopic change in molecular
structure, isomerization has now been developed to induce
large-scale secondary eﬀects in polymers and materials
containing azo chromophores. These eﬀects vary in size scale
and magnitude, ranging from the molecular length scale as light
power for molecular machines,7−9 through to macroscopic
formation of micrometer-sized surface patterns upon irradiation,10,11 and even deformation of coated substrates to transfer
mechanical work as layers of “artiﬁcial muscles” actuating over
many centimeters.12,13 Despite these many recent applications
© 2012 American Chemical Society

Figure 1. Two azobenzene chromophores investigated in this study:
(a) trans-(E)-azobenzene, on the top left, adopts a planar geometry,
while the benzene rings on cis-(Z)-azobenzene are skewed out of
plane;14 (b) PDR1A, on the right, consists of the disperse red 1
chromophore bound to a polymeric acrylate backbone.

however, there remains great uncertainty over the basic
mechanism of photomechanics, and even the isomerization
itself, and the limits of how much light energy can be harvested
and transduced. Until there is a far more complete set of basic
physical measurements into the eﬀect, materials cannot be
optimized for any of these applications.
In this pressure study, we examined both the simple parent
molecule azobenzene and one of the most successful
photoswitch derivatives, poly(disperse red 1 acrylate)
(PDR1A; structure depicted in Figure 1 b), based on the
disperse red 1 azo dye. The simple parent azobenzene molecule
receives less attention in recent material applications but is well
suited for fundamental studies into its isomerization mechaReceived: June 20, 2012
Published: July 16, 2012
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2.0 software was used for the data acquisition and subsequent
treatment.27 All measurements were performed at room
temperature, and the experimental data are considered to be
accurate to within ±1 cm−1.
High-Pressure Apparatus. The high-pressure measurements were carried out in a diamond-anvil cell (DAC),
furnished by High Pressure Diamond Optics, Tucson, AZ and
ﬁtted with type-IIA diamonds. Samples were introduced,
together with several ruby chips, into the 300 μm circular
hole of a stainless-steel gasket (7 mm × 7 mm × 270 μm) and
squeezed between the parallel faces of the DAC. The change in
ﬂuorescence wavelength of the R1 line (2E → 4A2) of ruby was
used to determine the applied pressure.28 The DAC was
mounted on the XYZ manual stage of a Leica microscope, and
the laser beam was focused onto the sample through a longworking-distance 20× objective. No pressure-transmitting
medium was used for solid azobenzene samples; glycerol was
used for the kinetic measurements of the PDR1A isomerization.
After each increase in pressure, the sample was allowed to
equilibrate for a minimum of 20 min prior to data collection.
Kinetic Measurements. The thermal cis−trans isomerization of PDR1A ﬁlms was measured at various pressures
between ambient and 4 GPa using the diamond-anvil cell. A
thin ﬁlm of the polymeric chromophore was deposited on one
face of the diamond-anvil cell by placing a drop of concentrated
solution of PDR1A in tetrahydrofuran (Fisher Scientiﬁc, HPLC
grade) on the face of one diamond anvil and allowing the
solvent to evaporate. Owing to the thermally sensitive nature of
the apparatus, the ﬁlms were not annealed, so some residual
solvent likely remained in the ﬁlm thus lowering the bulk
modulus. The optical density of the ﬁlms investigated varied
between approximately 1.3 and 1.5 at 488 nm. The ﬁlms were
inspected for optical clarity, and then the DAC was assembled
as described in the previous section. Pump−probe trans−cis
ﬂash photolysis kinetic measurements at various pressures were
acquired using the optical apparatus shown in Figure 2. Trans−

nism, and due to its structural simplicity is valuable as a starting
point for new spectroscopic techniques. Azobenzene also
exhibits a very slow thermal cis−trans reconversion rate relative
to most functionalized derivatives, allowing the most facile
investigation of the cis form by Raman spectroscopy under
pressure at ambient temperature conditions, since these
experiments require samples to be stable for hours. PDR1A is
a more recent azo derivative polymer material that was
developed in the 1990s and widely applied to optic, photonic,
and holographic applications owing to its fast switching,
photorefractivity, photoreorientation, and stability as a datastorage medium. It was developed to optimize optical
properties and speed and eﬃciency of photoswitching,
necessary for the transmission-based kinetics measurements
reported here: thermal reconversion rates are on the order of
seconds. This allows for a substantial amount of kinetic data to
be acquired in a relatively short time frame without requiring
the use of ultrafast laser equipment. The absorption spectrum
of PDR1A is also amenable to pump−probe kinetic measurements at convenient and noninterfering wavelengths in the
visiblethe peak absorbance is a broad feature at approximately 480 nm in the solid phasemaking the choice of pump
and probe wavelengths straightforward and not requiring the
added complication of UV light sources.
Mass surface migration of azo thin ﬁlms upon irradiation
with isomerizing wavelengths of light is another fascinating and
curious eﬀect unique to azo-functionalized materials.15−19
Pressure has been implicated as the leading mechanism by
which repeated isomerization could induce macroscopic
movement of the material, yet more fundamental studies are
needed.20,21 The free volume requirement for isomerization to
proceed is larger than the volume of either the trans- or cis-azo
chromophore,22−24 and thus isomerization occurring in free
volume pockets in the host material smaller than this
isomerization requirement can generate a local pressure. A
chromophore birefringence study of the eﬀect of pressure up to
0.2 GPa on information storage ability in an azo-doped polymer
was reported by Sekkat et al., who noted a retardation in the
rate of orientation at these moderate pressures: another study
by this group also suggested the onset of isomerization
hindrance in this modest pressure regime.25,26 We report
here the results of a full high-pressure visible and Raman
spectroscopic study of the basic process (up to 4 GPa) of the
thermal and photoinduced cis−trans isomerization of the
azobenzene molecule, as well as an examination of the kinetics
of the cis−trans thermal isomerization of PDR1A under
pressure.

■

EXPERIMENTAL SECTION
Raman Measurements. Raman spectra were obtained
using an inVia Renishaw spectrometer equipped with a CCD
detector and two laser sources (514 nm visible Ar+ ion and 785
nm NIR diode). Measurements made using the 514 nm laser
(Spectra-Physics) involved a 2400 line/mm diﬀraction grating
and a holographic notch ﬁlter, while for the 785 nm laser
(Renishaw), a 1200 line/mm diﬀraction grating and an edge
ﬁlter were employed. In order to achieve the best possible
resolution while avoiding damage to the sample, the power of
the 514 and 785 nm lasers was varied in the ranges of 0.15−1.5
and 3−30 mW, respectively. The Raman spectrometer was
calibrated prior to each set of measurements by exciting a
silicon sample placed under the microscope and performing an
automatic oﬀset correction. The proprietary Renishaw WiRE

Figure 2. Pump−probe beam geometry through the diamond-anvil
cell. A ﬁlm of PDR1A approximately 1 μm thick is held in a 270 μm
thick gasket between the two diamond faces. The void volume of the
gasket (300 μm diameter) is ﬁlled with glycerol to act as a pressuretransmitting medium.

cis photochemical isomerization was induced in the ﬁlm by
irradiation with a 100 mW·cm−2 circularly polarized, unfocused
beam from a frequency-doubled Nd:YAG laser operating at 532
nm. Circular polarization was used to avoid orientation of the
azobenzene chromophores, which could result in anisotropic
absorbance readings.25 Typically, a pump cycle of between 0.5
and 1 s was used to induce isomerization and ensure saturation
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of cis isomer in the photostationary state; this period of
irradiation at 100 mW·cm−2 was low enough to avoid heating
the sample, so the kinetic measurements can be considered
acquired at room temperature.29 A 488 nm probe beam from
an argon ion laser was chopped mechanically at 1410 Hz and
attenuated to <1 μW and then passed through the sample to a
photodiode detector, where the intensity was recorded as a
function of time. The intensity of the probe beam is
proportional to the cis content of the ﬁlm and can be converted
to an approximate fraction of the ﬁlm isomerized to the cis
isomer using the molar absorptivity values for cis and transPDR1A from ref 30.
Sample Preparation. trans-Azobenzene (tAB) was purchased from Sigma-Aldrich (≥99% purity by HPLC) and was
used without further puriﬁcation. cis-Azobenzene (cAB) was
prepared by adaptations of the method used by Cook and the
observations of Frankel and Wolovsky.31,32 A concentrated
solution of tAB in light petroleum ether was irradiated at 365
nm with a Driel 200W mercury−xenon UV lamp for 16 h at 23
°C in order to generate cAB. The cAB was then separated from
the tAB on a 20 cm silica column by eluting the mixture with
light petroleum ether. The cAB was visible as a dark orange
band that was retained in the top 5 cm of the column, while the
tAB was eluted by the petroleum ether. After all visible
remnants of the tAB had been removed, the cAB was eluted
with acetone and collected. The cAB was then dried by rotary
evaporation in an ice bath (to prevent thermal conversion to
tAB) followed by vacuum ﬁltration at room temperature in a
dark environment. The cAB was stored in the dark at −15 °C.
Before the Raman spectra were collected, the purity was
checked by thin layer chromatography (TLC), and there was
no evidence of tAB.33
The eﬀect of external pressure on the kinetics of the thermal
cis−trans isomerization was investigated using a low-molecularweight polymer of disperse red 1 acrylate, purchased from
Sigma-Aldrich (Tg 79 °C) and used without further puriﬁcation.

absorptivity values derived from ref 30. The absorptivity value
employed here, for a poly(methyl methacrylate) (PMMA) ﬁlm
doped with nonpolymeric disperse red 1 (DR1), should have
similar enough optical properties to the PDR1A samples
investigated to approximate the composition of the sample as a
function of time. For an arbitrary ﬁlm an all-trans DR1-PMMA
sample will have an optical density of 0.65, while the same ﬁlm
with all chromophores in the cis form will have an optical
density of 0.35. The absorbance of the sample at any time for
any composition can be written as
A t = Acis + A trans

(1)

And, expressing each absorbance as a product of the
absorptivity and mole fraction
A t = αcisfcis + αtransftrans

(2)

This expression can now be converted to an expression
containing only the fraction of the sample in the cis state, using
the relation
ftrans + fcis = 1

(3)

Inputting all the known values gives an expression for the cis
fraction, normalized to Atrans = 1
fcis =

1 − At
0.46

(4)

This value is then multiplied by 100% to yield the percentage of
the sample in the cis form.
The pump power necessary to achieve the highest possible cis
conversion was determined by varying the pump power at
ambient pressure until no further decrease in absorption
intensity was observed; this situation was also veriﬁed
periodically at elevated pressures to ensure this value did not
change. The eﬀective pump power required was determined by
the photochemical quantum yields of the cis and trans isomers
of the azobenzene chromophore, and these values could be
determined by the method developed by Sekkat et al.30 A pump
intensity of 100 mW·cm−2 was found to be adequate to achieve
this level of conversion, which is typical for azobenzene samples
in the literature. This power has also been shown to be low
enough to not cause permanent burn damage to the sample.34
The averages of several of these curves at a given pressure
were plotted as ln[A∞ − At] versus time, where A∞ represents
the all-trans absorptivity at “inﬁnite time,” yielding an
approximately linear plot with a slope of −k. The data from
the ﬁrst few seconds after the pump beam was shut oﬀ were
omitted from the analysis, as deviation from linear kinetics was
observed in these samples. When this brief anomalous region is
omitted, rate analysis is cleanly ﬁrst-order, as per usual data
treatment in the solid state.22,35
Figure 4 illustrates the decrease in the cis chromophore
population in the photostationary state as the external pressure
on the sample was increased. In the previous study by Sekkat et
al. discussed previously,25 it was found that the free volume of
azo-functionalized polymer ﬁlms exposed to high external
pressure decreases, thereby aﬀecting the rate of photoorientation of the chromophores when exposed to polarized
light. These authors found that the extent of chromophores
able to reorient within the polymer decreased linearly with
applied pressure from ambient up to 0.15 GPa, along with an
associated pressure dependence of the thermal cis−trans
isomerization rate. That observation appears consistent with

■

RESULTS AND DISCUSSION
Poly(disperse red 1 acrylate). A typical pump−probe
curve for PDR1A is presented in Figure 3. The ordinate value is
the cis composition of the sample expressed in mole percent,
calculated from the optical density of the sample using

Figure 3. Typical pump−probe curve of a PDR1A in the diamond
anvil-cell. The plot can be broken into three sections: (A) the initial
all-trans state with pump light oﬀ, followed by (B) pump light on
where the sample quickly reaches its photostationary state, and ﬁnally
(C) thermal relaxation of the cis-PDR1A chromophores after the
pump light is turned oﬀ.
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cell, an ampliﬁcation of interatomic and intermolecular
interactions, and an increase of the energy of the vibrational
modes.36,37 Solid tAB, at atmospheric pressure, takes up 0.4%
less volume than does cAB due to diﬀerences in the crystal
packing order of the molecule.6 In solution, calculations have
shown that the free volume required for isomerization is 0.12
nm3 for inversion or 0.25 nm3 for rotation,22 but, to our
knowledge, no consideration of the volume for solid isomerization has been undertaken. Given the previously mentioned
volume considerations and the energy gap between the two
isomers (49.1 kJ·mol−1),38 it would not be expected that
mechanical pressure could force isomerization from tAB to
cAB, because although the molecular volumes of the trans and
cis isomers are similar, the volume of the transition state
required to convert between them is signiﬁcantly larger.20
Successive measurements were made at increasing pressures
up to 4 GPa using a 514 nm probe laser. Plots of wavenumber
versus pressure were linear suggesting that no phase transition
occurred up to 4 GPa (Figure 6). The associated dυ/dP values

Figure 4. Plot of the fraction of cis in the photostationary state upon
being irradiated by 532 nm light under high external pressure.

our measurements, which cover a pressure range an order of
magnitude greater than the data in ref 25. It was suggested that
their results are consistent with a model of motion retarded by
molecular frictionthe matrix surrounding the chromophores
hinders the motion of the chromophore while it sweeps out a
relatively large volume during isomerization. Interestingly, the
molecular orientation eﬀect investigated in ref 25 is quenched
at 0.15 GPa. It seems clear that reorientation of the entire
chromophore to align the dipole with polarized light, along
with the covalently attached polymer backbone, has a much
higher free volume requirement than does simple trans−cis
isomerization without orientation. This lends further credence
to decreased free volume in the ﬁlm resulting in increased
molecular friction.
The rate of isomerization of PDR1A showed an increase in
half-life by an order of magnitude over the range of pressures
investigated, before the photochemical process that generates
the cis isomer is ultimately shut down (Figure 5). First-order

Figure 5. Plot of ﬁrst-order half-life of the thermal cis−trans
isomerization in PDR1A as a function of external pressure.

Figure 6. Pressure dependences of the principal Raman wavenumbers
of tAB.

kinetic processes are not dependent on the initial concentration
of reactants, and it has been shown repeatedly in the literature
that repeated pump cycles on typical chromophores have no
eﬀect on the kinetics of the process.34 This indicates that the
retardation of the isomerization is purely an eﬀect of the
external pressure. As with the fraction of the sample able to
undergo isomerization, discussed above, the decrease in ﬁlm
free volume and corresponding increase in molecular friction
appear to hinder the thermal cis−trans isomerization event,
resulting in the observed increase in thermal half-life.
trans-Azobenzene. It is well-known that applying an
external pressure to a crystal leads to a compression of the unit

for tAB vibration are listed in Table 1. No peaks were formed
that would correspond to cAB (as determined by comparison
with spectral acquisitions for cAB at atmospheric and high
pressure with a 785 nm laser), so it was determined that tAB
was not being isomerized to cAB by the applied pressure. The
peak that was initially present at 1588.9 cm−1 split into two
peaks. It was observed that several new peaks between 1400
and 1700 cm−1 started to appear at a pressure of ∼0.6 GPa, and
they were persistent until a pressure of ∼3 GPa. However, it is
felt that these few spectral changes cannot be attributed to an
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assigned to NN stretching vibration of cAB, is only present
in the ﬁrst Raman spectrum measured with the 785 nm laser.40
After the sample was exposed to the 514 nm laser, which
produced a tAB spectrum, the 785 nm laser also produced a
spectrum corresponding to that of tAB. This result was clearly
due to photoisomerization occurring when the sample was
exposed to the 514 nm excitation. Furthermore, it was found
that the area of the cAB isomerized by the 514 nm laser was
limited to that part of the sample where the beam had been
focused, while the scattered light did not aﬀect the cAB in the
area adjacent to the laser beam.
Up to a pressure of ∼3.2 GPa, the Raman spectra from a
sample of cAB, collected with the 514 nm laser, still showed
features only characteristic to tAB leading to the conclusion
that mechanical pressure cannot lock the cis form into a stable
enough conﬁguration so that photoisomerization is prevented.
Spectra collected from region 5 of a cAB sample with a 785 nm
laserboth at high pressure and after the pressure was
releasedstill produced the cis spectra and therefore showed
that mechanical pressure (up to 3.2 GPa) cannot force
isomerization of cAB to tAB. This result shows that
photoisomerization can occur not just in solids but even in
solids under high pressures.41,42 Furthermore, the spectra of the
azobenzene at atmospheric pressure after being photoisomerized at high pressure is that of pure tAB suggesting
that the isomerization occurs just as cleanly (without side
reactions) and reversibly as it does in solution at atmospheric
pressure.

Table 1. Pressure Dependences of tAB Raman Peaks
wavenumber (cm−1)
136 (135)
221
243 (243)
254
415
613 (605)
668
1000 (998)
1145 (1142)
1158 (1156)
1180 (1182)
1185
1440
1471
1491 (1483)
1586
1590 (1590)

dυ/dP (cm−1/GPa)
19.1
4.4
5.8
9.0
5.9
0.8
1.4
3.2
2.4
3.5
4.6
5.5
2.2
1.8
1.8
3.6
4.5

(9.8)
(5.6)

(0.8)
(2.8)
(3.7)
(4.9)
(4.5)

(2.2)
(3.1)

actual phase transition, and some related high-pressure work on
azobenzene and hydrazobenzene that has recently been
reported by Song’s group supports this contention.39 In their
study, the two compounds were also compressed in a DAC at
room temperature, but up to much higher pressures of 28 GPa,
followed by subsequent decompression. trans-Azobenzene did
undergo a phase transition but at about 10 GPa, and further
compression to 18 GPa resulted in an irreversible breakdown of
the molecular structure. Some band positions and dυ/dP values
were also reported, and a few of these data are compared in
Table 1 (in parentheses). The proposed vibrational assignments based upon their ab initio calculations are also reported
in their paper. The pressures dependences are for the most part
in reasonable agreement with one another.
cis-Azobenzene. The Raman spectrum of a sample of cAB
collected using the 514 nm laser shows only the features
characteristic of tAB, indicating that cAB converts to tAB on
exposure to light of this wavelength. However, when the 785
nm laser was used the Raman spectra of the two isomers were
distinct.
Figure 7 shows the Raman spectra of a sample of cAB
measured in the same spot using the following sequence of
excitations lines: 785, 514, and 785 nm. The peak at 1511 cm−1,

■

CONCLUSIONS
The trans−cis photoisomerization and cis−trans thermal
isomerization of poly(disperse red 1 acrylate) was investigated
over a large range of external pressures. It was found that the
fraction of the ﬁlm that could be photoisomerized to the
metastable cis form decreased from over 25% at ambient
pressure to less than a detectable amount above 1.5 GPa. This
indicates a reduction in free volume in the ﬁlm, which reduces
the number of chromophores able to undergo photoisomerization from the trans to the cis isomer. In addition, the half-life of
the thermal cis−trans reverse reaction increased by an order of
magnitude, showing high pressure diminished signiﬁcantly the
rate of isomerization as well as the extent of the isomerization.
The eﬀect of high pressure on the Raman spectrum of tAB has
been investigated at room temperature with the aid of a DAC
up to 4 GPa. All the Raman modes of tAB were shifted linearly
toward higher wavenumbers with increasing pressure, indicating no phase transition occurred in this pressure range. In
addition, it was found that external pressure up to 4.1 GPa
cannot force the isomerization of tAB to cAB. Up to 3.2 GPa,
cAB is photoisomerized to tAB, when irradiated with 514 nm
light, as shown by the disappearance of the NN stretching
mode at 1511 cm−1.
Taken together these studies demonstrate the robustness and
eﬀectiveness of the azo chromophores under extreme pressures
over many isomerization cycles. The fact that reversible
photoswitching could be induced in PDR1A even at more
than 1 GPa (albeit somewhat diminished compared to
atmospheric pressure) also demonstrates convincingly that
the azo molecules have the capacity to be employed as quite
powerful molecular muscles. This is also a clear demonstration
of harvesting photons of sunlight wavelength and intensity to
perform a considerable amount of mechanical work; thus, these
azo materials can be regarded as promising for solar light

Figure 7. Raman spectra of a sample of cAB measured in the same
spot with the following sequence of excitation: (a) 785 nm; (b) 514
nm; (c) 785 nm.
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transducing materials, directly from light energy to mechanical
work, robustly, reversibly, and eﬃciently.
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