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ABSTRACT: Neutron reflectometry is used to study photomechanical effects in thin films of azobenzene polymer
cast onto silicon substrates. A significant photoexpansion effect, up to 17%, is observetCad2® to the free

volume requirement of the azobenzene chromophore photoisomerization. Above a distinct crossover temperature
of ~50°C, the material response is inverted and instead photocontraction effects, of morelB%nare observed.

In this case the combined photomotion and thermal mobility enables aggregation and crystallization of the
azobenzene dipoles. The photomechanical effects, which can be reversed, occur readily using a variety of irradiation
powers, incident polarizations, and film thickness values. This photomechanical behavior, which appears to be
general to all azo materials, is likely the origin for a wide variety of curious photomotions observed in these
systems, including macroscopic bending of samples and micron-scale surface mass transport.

Introduction S X
Azobenzene polymers exhibit a wide range of photo-
0”0

O

response$? due to a clean and efficient molecular photo- ©
isomerization (see Figure 1). When the azobenzene (azo)

chromophore is irradiated within its broad absorption spectrum, N(CH,CH,) N(CH,CH,)

the molecule will isomerize into the metastable cis isomer state.

The azo will then thermally relax back into the more stable © © NO

trans state, or this back-isomerization can be induced photo- hv 2

chemically. For the pseudo-stilbene class of azo molecules Ns. —_— Ny /©/
— N

spectra overlap. For these molecules, irradiation with a single

wavelength of light (in the range of 45@90 nm) causes

continual cycling of the molecules between the two isomeric

states. This molecular isomerization generates unique types of

material motion at larger length-scales. The azo chromophore Figure 1. Chemical structure of poly(disperse red 1 acrylate) (pdrla)

. . . . s and its associated photoisomerization. Azobenzene chromophores will
can be photoaligned with polarized light due to a statistical jo, ;e trom the stable trans state into the metastable cis state with

reori?ntaﬂon process (vyhereby phrpmophores accumulate P€Might irradiation. The molecule will then thermally relax back to the
pendicular to the irradiation polarization, since they become inert trans state or may be photoisomerized into that state.

to the light), which has also been used to photoalign liquid
crystalline mesophasé4.n fact, even circularly polarized light
will eventually induce some measure of alignment, as chro-
mophores line along the light propagation direction. The azo
chromophore can also be used to switch material propérties,
and thus these systems have been considered in application

ranging frqm optical devices to SEnsors. Another unique effect during irradiation at an absorbing wavelength, with both a
observed in the azo systems is a clean and facile surface ’

. . reversible and irreversible contribution (see Supporting Informa-
_topo_graphy patterning that oceurs wh_en thes_e m_atenals ar€ion Figure S1). The irreversible expansion persists after
irradiated with a light intensity gradient. This single-step '

tterni i i i I below th terial illumination ceases, whereas the reversible expansion can be
patterning occurs at room temperature, well below the material's cycled on and off using the pump laser. The extent of expansion
bulk glass transition temperatur@g). Although extensively

. . . can be tuned with irradiation power and time. These experiments
studied, this surface mass transport phenomenon is not yet fu”ydemonstrated a decrease in refractive index concomitant with
understood. The azos have also been shown to generate

. X . he increase in thickness, corroborating the conclusion of
macroscopic photomechanical effects, such as the expansion o hotoexpansion. In these experiments, care was taken to avoid
thin films floating on a water surfacethe bending of free- :

. - . i ; . 4 photoorientation in the material, by using circularly polarized
standing polyme_r fllms_ |rrad|ated_W|th_ polarized ligt# and light and modest irradiation times. This was required because
even macroscopic motion of floating filmg.

ellipsometry, being an optical technique that measures the
* Corresponding author. E-mail: chris.barrett@mcgill.ca. avergge refractive IndeX; cannot be eqs"y applied to amsotrpplc
 McGill University. media. Due to the azo's strong optical response, all-optical
* National Research Council. techniques are limited in their ability to probe these materials.

(which are the subject of study in this work), the trans and cis N ' kT
NO,

Recently we investigated the photomechanical effect in
azobenzene thin films by measuring the light-induced expansion
of these materials using ellipsometfyan optical technique that
determines thickness and refractive index by analyzing the

olarization change induced in a probe laser beam upon
eflection. It was found that the thin azo films photoexpand
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Not only does photoorientation generate birefringence, which scan regions were found to overlap exactly. A pyrolitic graphite
makes optical analysis ambiguous, but optical probes, even thosdilter was used to suppress the signal from th@ and /3

at wavelengths far away from the absorption maximum, can components of the monochromator reflection. Furthermore, an
lead to measurable changes in the material. analyzer was used to diffract the reflected beam into the detector.

T e th biauiti h bed the photo- This analyzer and detector geometry was found to reduce the
0 resolve these ambiguilies, We have probec P background signal considerably. Background scans were performed
mechanical effect in azobenzene thin films using neutron

et > by offsetting the sample by a fixed angular displacement©@&°
reflectometry. Because neutron scattering is sensitive to nuclearang have been subtracted from all the results presented. The detector
density (and not electronic properties), it can be used to count time was varied as a function gf in order to maintain
unambiguously determine thin film thickness and density, uniform and reasonable statistics for the entire scan region. The
regardless of any anisotropy in the electronic refractive index. data were normalized using the critical reflectivity edge.

It also enables extraction of the entire film profile, rather than  Experimental Setup. The samples were placed in a custom-
simply estimating average thickness and density. In this paper,.built.cgll that enables negtron scans simqltaneous with optipal
we describe a neutron reflectometry study of the photomechani-irradiation (refer to Supporting Information, Figure S3). The details

cal phenomenon in azo materials. We employed a custom-built ©f this cgll design have been. previously repoftEdhe cell features
sample cel? that allows measurement of neutron reflectivity an aluminum enclosure that is transparent to neutrons, and a PMMA

. . o L optical window that allows for optical irradiation. The sample was
simultaneous with optical irradiation and furthermore enables fixed, with thermal contact grease, on a heating block with a

control of the sample temperature. Thus, we quantify the y,ermocouple, allowing for accurate control of temperature. Unless
photomechanical response of the material as a function of gtherwise stated, scans were performed at a constant temperature
temperature. In addition to confirming the photoexpansion effect of 25°C (i.e. ‘room temperature’). The sample cell was held under
measured optically, we have also found evidence for a unique vacuum during all temperature ramping to prevent sample oxidation.
photocontraction behavior that occurs at elevated temperature When required, a flow of inert gas (helium or nitrogen) was used
Using neutron reflectometry, we are able to unambiguously to cool the cell and sample. Optical irradiation was performed using

identify the photoexpanded state and the higher-density photo-fwo air-cooled argon-ion lasers, tuned to the 488 nm line. Two
contracted state. lasers were used so as to increase the overall irradiation power and

also to average out any coherence effects. One of the laser beams
was reflected off of an adjacent mirror such that both beams become
nearly collinear. The output of one laser was adjusted with a lens
Sample Preparation.Unless otherwise stated, the azo-polymer to account for slight differences in laser divergence. The polarized
material used in this work was poly (disperse red 1 acrylate) (pdrla), laser output was converted into circularly polarized light using a
whose chemical structure is shown in Figure 1. The 2 chlorine- 1/4 wave plate. Circular polarization is used to prevent in-plane
substituted analogue of this material poly (disperse red 13 acrylate)orientation of the azo chromophores, known to occur readily when
(pdrl3a) was also used for a small number of experiments (refer irradiating with polarized light. For those experiments requiring
to Supporting Information, Figure S2, for chemical structure). polarized irradiation, the wave plate was removed. A series of lenses
Polymers were synthesized as previously repoftdthe substrates ~ was used to expand and collimate the beam such that the sample
employed were polished single-crystal silicon (111) wafers with a experienced homogeneous irradiation of the surface. Since neutron
thin (~20 A) silicon dioxide layer. The wafers were cut into small  reflectivity could be measured during thermal ramping and laser
pucks, 6 mm thick and 24 mm in diameter. This small sample size irradiation, we were able to ensure that the sample had stabilized
is necessary in order to ensure that the entire sample is homoge-at a new temperature, or after laser irradiation, before beginning
neously irradiated with laser light. The substrates were cleaned usingthe full reflectometry scan.
a warm piranha solution (mixture of 30%,@ and concentrated Data Analysis. The normalized neutron reflectometry curves
H>SO, in 1:3 ratio) for 30 min. Caution: piranha solution is a were fit to scattering length density (SLD) profiles using Parratt's
powerful oxidizer and reacts violently with organics. This surface dynamic approack Initial one-box fits were performed using the
treatment also enhances polymer adhesion, greatly improving film parratt32 software (provided by HMi§;however, more sophisti-
homogeneity and decreasing surface roughness. cated fits were required. These were performed using software code
Samples were prepared by spin-coating azo-polymer solutions made publicly available by Thad Harroun (Brock Universi),
(using anhydrous THF as solvent) onto the cleaned silicon custom-modified to accommodate our fitting procedure. The
substrates. The solution was placed on the substrate, which wasnstrument resolution was included in the fitting procedure. Data
then ramped (acceleration 1260 rpm/s) to 1300 rpm, and maintainedwere first fit using a simple one-box model. This fit was then refined
for 35 s. Film thickness was adjusted by varying the solution by allowing for a Gaussian distribution of thickness across the
concentration (in the range of 1to 1073 mol/L, based on repeat  sample surface. This improved fit was then further refined by
unit molecular mass). Film thickness in the range of-2600 A allowing the film profile to vary in the film-normalz direction.
was chosen so as to produce high-quality reflectivity curves with The final fit represents a minimization of the film profile as well
a substantial number of Kiessig fringes within the availadpe as the macroscopic thickness distribution.
range. The cast thin films were annealed in a vacuum oven at 110  QOptical Reflectometry. Optical reflectivity scans in the angular
°C for 8 h to remove any residual solvent or flow-induced range from 20to 8C° were performed on the samples after neutron
orientation. measurements, using the Multiskop instrument (Optrel, Germany).
Neutron Reflectometry. The neutron reflectivity experiments By using the thickness measured from neutron reflectometry, the
were performed at Chalk River Laboratories Canada (National optical reflectometry data could be fit with very little ambiguity.
Research Council), using the C5 triple-axis spectrometer. Measure-The three orthogonal refractive indices were then extracted by fitting
ments were performed using neutrons of wavelergth 2.37 A, the curves using custom-written software that implements the
in specular reflection mode. The momentum transfers= (4x/ transfer matrix formalism for layered optical medfa.
A)sin 0, was varied between 0.006 Aand 0.07 A1 by varying
the specular reflection anglé, The collimation slits were opened  Results and Discussion
sufficiently so as to overilluminate the sample with the neutron - A .
beam, such that the sample itself defines the reflected beam profile. F't“r,‘g Procedure. Thin films of azo-polymer, spin-coated
Scans were performed in two segments with different slit settings: Onto silicon substrates, were measured using neutron reflec-
from g, = 0.006 A1 to 0.04 A1 and from 0.04 A1 to 0.07 AL, tometry. The resulting reflectivity curves contained numerous
The relative resolutionAg,/c,, varies from 0.15 to 0.03 in the first ~ oscillations (so-called Kiessig fring€s which result from
segment and from 0.05 to 0.03 in the second segment. The twointerference between neutron reflections from sample interf%s%

Experimental Methods
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a) i causes a significant decrease in the absolute reflectivity of the
model curve, and it no longer describes the experimental data.
In fact it was found that, with this model, no combination of
film thickness, scattering length density (SLD), and film
roughness could match the profile minima and maxima.
However, roughness in these calculations is modeled as a
smearing of the interface, which properly describes the coherent
averaging that the neutron beam probes when surface variation
is smaller than the neutron coherence length. In cases when
surface variations are larger than the neutron coherence length,
there is no interference between the reflections from distinct
film regions. In such a case, modeling involves a sum and
average of the distinct neutron reflectivity curves, rather than a
sum and average of the SLD profiles. This is an incoherent
average, where we are summing the relative reflection intensi-
ties, instead of a microscopic coherent average, where one would
sum the relative reflection amplitudes. The third model (third
curve in Figure 2a) fit to the data shows the result of allowing
for this macroscopic variation of sample thickness. In particular,
a Gaussian distribution of film thickness values (centered about
the nominal thickness from the one-box model) involves
averaging a distribution of neutron reflectivity curves. This
averaging does indeed reduce the depth of the minima, without
2 decreasing the absolute reflectivity. This assumption allows us
1 to generate much more reliable and reasonable fits to the data.
oot . . . The lateral extent of the neutron coherence varies as a function
R Pt of angle as_con = 271/(Aq, sin 6), which corresponds to 45

Thickness (A) z® 230 um for the present data. Thus, the fits indicate that the
Figure 2. (a) Comparison of the quality of model fits. In all four curves, sample thickness varies across the macroscopic sample surface,
the open symbols are the same experimental data, whereas the solidvith a size scale larger thar230xm. Although the spin-casting
line is a model reflectivity curve based on a particular SLD profile. In technique used to generate the samples creates highly homo-

the uppermost curve, a one-box model (thickness 499 A, surface . . . . S .
roughness 22 A) is simulated. The position and spacing of the Kiessig 98N€0Us films with consistent thickness, it is nevertheless quite

fringes matches the data (indicating that the model film thickness is reasonable to suggest that the sample thickness varie20y
correct). However, the minima in the fit data are much deeper than the A across the 23 mm sample surface. Moreover, this large-scale
Sv?t%eg?fggakﬁ:t;;;‘:esﬁ)%onhdngggv(eﬁhg‘)’vs_rﬁ :i;nbiglgtge;g%cft?\?i?e'thickness variation is easily confirmed using optical techniques.
decreases substantially, dem%nstrating that this ‘blurring’ of the minim); A S“g_htly bette_r m_ to _the data can be Opta'”ed by augmgn'qng
in the data is not due to effective roughness. The third curve shows the thickness-distribution model by allowing for a small variation
that by allowing for a Gaussian distribution of film thickness values of the sample profile in the film normat)direction. The lowest
across the sample surface, the data can be fit properly. The correspondcurve in Figure 2 shows such a model, with the corresponding
ing thickness distribution is shown in part b. The final model allows - 5 55jan thickness-distribution and nominal film profile shown
not only for a macroscopic thickness distribution, but also for a more . . - .
complex SLD profile. The fit in this case properly reproduces all Pelow. The fit to the data is very good, and the film profile
features of the data. The corresponding SLD profile is shown in part (with a slight decrease of film density near the surface) is
c. reasonable. It should also be noted that merely allowing for
complex profiles in thez-direction (without a thickness-
distribution) cannot properly reproduce the intensity of the
measured reflectivity. All the fits presented are thus the result
of allowing for both thickness distribution and some small
density variation in the film profile. It is also worth noting that
the film SLD, obtained from the best fits, was always in the
range 2.2-2.4 x 10°6 A=2, corresponding to a physical density
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Lacking absolute phase information, neutron reflectivity data
cannot be directly inverted. Instead, a range of models must be
considered. The final selected model must describe the experi-
mental data and provide a physically reasonable description of
the system. Figure 2a shows a typical neutron reflectometry
curve, and various possible fits to the data, presented in order
to assess the quality of four different fitting models. The first S . - .
possibility (uppermost curve) is a simple one-box model, where of 1.2-1.3 g/end, wh|ch Is consistent with previous measure-
the thin film is taken to be a microscopically rough (22 A), but Ments on these materiafs.

otherwise a homogeneous and flat slab of material on top of Photoexpansion.In the previous ellipsometry study of
the substrate, which in turn is modeled as a thin layer of silicon photoexpansion in azo materialdt was found that the material
dioxide on top of an infinite slab of silicon. This fit correctly —expanded as a result of laser irradiation of sufficient power, if
describes the film thickness, as indicated by the spacing of thethe wavelength was inside the azo absorption band. Both a
oscillations in the data. However, the fit does not fully match reversible photoexpansion, which occurs only when the laser
the experimental data. In particular, the minima of the oscilla- light illuminates, and an irreversible photoexpansion, which
tions in the fit are much deeper than the actual data. This persists even after irradiation ceases, were identified. The present
mismatch is not merely a matter of microscopic roughness experiments used a unique sample cell to enable neutron
blurring the reflectivity curve, as shown by the second fitting measurements simultaneous with optical irradiation. Because a
model. In the second model (second curve from the top in Figure full neutron reflectivity scan requires-82 h, it was not possible

2a), a one-box film with increased roughness (double the initial to fully characterize the material state during irradiation using
model, i.e., 44 A) is compared to the data. As can be seen, thisthis technique. However, the present sample cell enabled 8?)@
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Figure 3. (a) Neutron reflectivity data (open symbols) and corresponding fits (solid lines) for a thin azo-polymer film irradiated at room temperature
with 38 mWicn# laser light for progressively longer periods of time. The total irradiation time for the curves (going from top to bottom) is 0 h, 0.4
h, 2.5 h, and 7.9 h. (b) The associated SLD profiles clearly show that the thin film is expanding with increased irradiation. (c) The total change in
film thickness saturates with irradiation time.

measure at particular values of the momentum transfgr, that the surface region, where light intensity is greater, expands
during irradiation'?> Consistent with the ellipsometry data, a shift preferentially. For the~30 min illumination, the density of the
in reflectivity is observed when the laser light was active, surface region has decreased compared to the initial value,
indicating some amount of physical change. With both tech- whereas the bulk of the film has not changed. With greater
nigues, it was observed that this small reversible photoexpansionirradiation time, the entire film becomes photoexpanded in a
was superimposed on top of a larger light-induced expansion nearly uniform way. This demonstrates that there is a power
that did not relax after the irradiation ceased. The irreversible dependence to the photoexpansion but also proves that the entire
photoexpansion was readily probed by neutron reflectometry film is able to expand with sufficient irradiation time and/or
by measuring a thin film before and after illumination. Because power.
the sample cell enabled this to be performed without removing  Photocontraction. A unique material response was discov-
the sample, the instrument and sample alignment are identicalered here for thin films of azo-polymer irradiated at elevated
for all the scans, thereby removing this ambiguity from data temperatures. In Figure 4a, reflectivity curves are shown for a
fitting. thin film held at 85°C, before (upper curve) and after (lower
Figure 3a shows reflectivity curves for a thin azo-polymer curve) irradiation with 62 mW/cf The film SLD profiles,
film as it is irradiated with 488 nm laser light (circularly —corresponding to the fits, are shown in Figure 4b. At this
polarized, 38 mW/cn) for progressively longer periods of time.  temperature, the laser irradiation has generated a significant
The scans were performed after the illumination light was photocontraction, rather than the photoexpansion established at
deactivated and the material allowed to relax. The correspondingroom temperature (25C). By integrating the area under the
film profiles are shown below. As can be seen in Figure 3b, SLD profile, we can again confirm that this is a mass-conserving
the neutron reflectivity data immediately confirms the ellip- transformation. The neutron reflectivity data provide a sensitive
sometry data. The film thickness increases substantially with probe of density and in this case indicate that the material has
irradiation, and a corresponding decrease in the film density is become denser than the usual bulk vaku®.02 g/cnt denser
also recorded. By integrating the area beneath the SLD profile, near the center of the film). This densification is likely due to
we confirmed that mass is conserved in the photoexpansionreorganization of the azobenzene chromophores, with the azo
process. The extent of expansion is shown in Figure 3c, wheregroups undergoing dipole pairing and aromatic stacking.
it can be seen that the thin film expansion saturates1@% This photocontraction effect was observed in a wide variety
after ~8 h irradiation. In the previous ellipsometry work, of samples. In Figure 5, data is presented for a thin film held at
irradiation times were more modest and the extent of expansion80 °C, as it is irradiated with laser light (circularly polarized,
was correspondingly smaller, and consistent with the neutron 62 mw/cn?) for progressively longer periods of time. Again a
data. The SLD profiles also enable us to analyze this photo- mass-conserving photocontraction effect is observed, that
mechanical phenomenon as a function of depth into the film. becomes larger in magnitude as irradiation time proceeds. Note
Because the azobenzene chromophore is a strong absorbethat although mass was conserved for most irradiation times
(extinction coefficientggnm= 5.30um™1), the intensity of laser (integrated area under the SLD profile deviates from the initial
light decreases exponentially as the beam travels through thevalue by<1%), for extremely long irradiation times at elevated
film. This creates a light intensity gradient inside the material. temperatures (notably 12 h irradiation at 80) there is a
Because the experiments were performed on polished siliconmeasurable~4%) decrease in the integrated SLD area. Since
substrates, the incident beam will be reflected and travel throughthese films were annealed (at 110) before measurement, and
the material a second time. For the films considered here, thebecause this effect only appears with irradiation, it is likely
intensity of laser light at the substrate~g10% lower than at related to some form of photoinitiated cleavage of the azo bond,
the film surface. The film profiles shown in Figure 3b indicate with subsequent thermal release of the cleavage productsCTS\i?
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aylley motion in the polymer network is, however, impossible, and

the resultant expanded state is frozen in. While the azo
chromophores are somewhat mobile within their respective free
volume pockets, larger scale migration of the chromophores is
not possible. As temperature is increased, the higher polymer

1073 mobility allows for relaxations in the network that counteract
the expansion effect (as discussed later, the thermal expansion
et coefficient of the material is negligible). Above a certain
2z temperature (above 50 °C for pdrla), the combined effect of
2 photoinduced motion and thermal motion enables the chro-
o 107 mophores to move within the polymer matrix, aggregate, and

form a denser contracted state. A molecular modeling study of
two azobenzene polymer chains interacting confirmed that the
low-energy state occurs when the azo chromophore dipoles are
aligned and undergo aromatic stacking (see Supporting Informa-
tion, Figure S4). This azo dipole association is well established
in the liquid crystal literature, although this crystalline state is
not typically accessible to amorphous polymers. On the basis
of our present results, it appears that irradiation with light at
elevated temperatures enables the azo chromophores to reorient
b) 3 and overcome an energy barrier, such that they aggregate and
k crystallize. It should be noted that this photoinduced aggregation

=
=)
5

=
=
i

107¢

is occurring well below the material’s glass-to-rubber transition

temperatureTg). Similar behavior has been observed in the azo

1 21 system for other types of photomotions, such as photoorientation
“"’D and surface patterning, which are both readily initiated below
= Tg.

a] . - .

ety Figure 7 shows reflectivity data for different types of thermal

treatment. The upper two curves represent a thin film held at
25 °C (uppermost curve) and the same film after thermal

0 i } i } . — ) b i ramping to 8C°C (second curve). The two curves are identical
0 100 200 300 400 500 (and can be fit with the same film model), demonstrating that
z (A thermal treatment alone does not give rise to any measurable
Figure 4. (@) Neutron reflectivity data (open symbols) and corre- chgnge in film thickness or density. Thus, the phys_lcal chgng_es
sponding fits (solid lines) for a thin azo-polymer film held at 85. being observed here are due to the azobenzene isomerization,

The upper curve is before laser illumination, and the lower curve is and not merely annealing. The denser photocontracted state is

after 2 h irradiation with 62 mWicrhlaser light. (b) The SLD profiles  not achieved with heat treatment alone, which suggests that

show clearly that irradiation at this temperature leads to a photocon- photoinduced alignment is required in some way. It is likely

traction, with decrease in film thickness and a corresponding increase . . y

in film density. that photoorientation generates seed crystals, which can then
be thermally annealed and grown into a higher-density state.

The lower three curves in Figure 7 show a thin film that has

is entirely consistent with the usual optical observation of color = . . .
loss seen for azo films subjected to extreme conditions. For P€€n irradiated with 38 mWi/ctrat room temperature (which

this reason, the irradiation times were kept below these extremel€@ds to an expansion) and subsequently heated t€80his
levels for all other experiments. The film profiles shown in purely thermalltreatmerjt step has evidently caused the thin film
Figure 5b do not show any evidence for preferential contraction {0 contract. This effect is not merely a reversal of the expanded
near the surface of the film or the substrate. The densification State: with sufficient thermal treatment, various films were
appears throughout the material in a uniform way. Figure 5c fpund .to thermally contract to a state thinner than.thg original
shows that substantial amounts of photocontractiets6) can film thlckngss. Th|s was only ob.served,. however, in films that
be obtained with a few hours of irradiation. Note that, to preserve Nad been irradiated with laser light. This effect was also seen
the sample for later optical investigation, a separate sample ofty €llipsometry, where, for instance, an irradiated thin film
comparable thickness was used to measure the long-time@nealed abov&, was found to be~3.5% thinner than the
response (12 h irradiation data point). original film thickness.

Photomechanical Effect.The observed photoexpansion and The formation of a denser state with combined heat and light
photocontraction can be viewed as two manifestations of a treatment has also been seen in the formation of surface relief
photomechanical phenomenon in azo-polymer systems. Figuregratings (SRGs}*?*In that work, a stable surface pattern was
6 shows the photomechanical response (expansion or contracgenerated at room temperature and then thermally erased. During
tion) of azo films irradiation fo 2 h with 62 mW/cm laser this heat treatment, a density grating, coincident with the original
light. A photoexpansion effect is observed at lower temperatures, SRG but buried beneath the surface of the material, was found
whereas a distinct photocontraction occurs at sufficient tem- to form. This indicates that light treatment generates some form
perature. The steady change in response (with a crossover abf seeding crystals that can then be thermally annealed into a
~50 °C) suggests a competition between two effects. At low higher-density semicrystalline state. Similarly, we have observed
temperatures, the azobenzene molecular isomerization forceghat photoirradiation (which certainly induces some measure of
expansion of the local polymer network, to accommodate the chromophore orientation) seeds the material, such that subse-
free volume requirements of the azo isomerization. Larger-scalequent thermal treatment induces contraction and densifica&Br{./
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Figure 5. (a) Neutron reflectivity data (open symbols) and corresponding fits (solid lines) for a thin azo-polymer film heltiGaaBd irradiated

with 62 mW/cn# laser light for progressively longer periods of time. The total irradiation time for the curves (going from top to bottom) is 0 h, 0.5

h, 1 h, 2 h, and 4 h. (b) The corresponding SLD profiles show film contraction and associated densification. (c) The photocontraction scales with
irradiation time. For this long-time irradiation at elevated temperature, some amount of material loss from the film was detected.
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Figure 6. Magnitude of the photomechanical effect (photoexpansion
or photocontraction) as a function of the temperature at which irradiation
takes place. The relative change in film thickness is shown, based on
a variety of thin films all irradiated with 62 mw/chnof 488 nm
circularly polarized light for 2 h. A crossover from photoexpansion to
photocontraction occurs at50 °C.

Thermal Considerations. An experiment was performed
where the azo film was irradiated using a 15 mW/¢&moadband
incoherent light source. In this case the neutron reflectivity curve
showed no appreciable difference before, during, or after
irradiation. Furthermore, samples that had been irradiated to theFigure 7. Analysis of the thermal component of photomechanical

: ; PR : changes. The upper two curves are a thin film measured at room
point of being photobleached (which involves destruction of temperature (upper curve) and again at°g The two curves are

the azo bond) became unresponsive to laser illumination. igentical (and are described using the same model data), showing that
Previous calculatio$ also allow us to neglect photoheating thermal treatment alone does not give rise to any material changes.

effects. Given the present irradiation conditions, a temperature The third curve corresponds to a thin film before irradiation {23,

rise of onlv a few degrees would be expected. For the samplesand the fourth curve shows the same sample after photoexpansion (2
of only a few degrees would be expected. For the sample h irradiation, 38 mW/cr at 25°C. The final curve shows the same

held_ at _elevated temperatures,_ the _ch_anges in film denSIty_ A€im heated to 80°C, where a contraction effect is observed without
again directly related to laser irradiation of the azo material. |aser illumination.

Merely changing the sample temperature caused essentially no

change in the reflectivity curve (relative thickness difference are due to laser illumination and not merely sample heating.
<0.4%). The thermal expansion of the thin film can also be Moreover, it is clear that the effects are related to the azobenzene
neglected, since it is orders of magnitude smaller than the chromophore and its molecular isomerization.

observed effect (the thermal expansion coefficient of a polymer  Other Variables. The photomechanical effects are sensitive
is typically <1075 K™1). It is thus clear that the observed changes to laser power for short irradiation times. However, for the I%EBV
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irradiation times considered here 0 min), it was found that
the extent of thickness change was not strongly related to
irradiation intensity, whereas it was sensitive to the irradiation
time. This indicates that for the powers considered her&0(
mW/cn®?), the material response is saturated, and the process
of expansion or densification is limited not by isomerization
frequency or efficiency but by the reorganization of the azo
side-groups, and motion of polymer chains in the material. The
photomechanical effects were observed in all thin azo films
studied, across the thickness range from 200 to 600 A. The
relative amount of photoexpansion and photocontraction, after
2 h irradiation, was not found to depend on film thickness.
Instead it again appears that the studied irradiation pow0 (
mW/cn?) is sufficient to fully expand films in this thickness
range. It should be noted that in the previous ellipsometry
study! the photoexpansion was sensitive to both irradiation
power and film thickness. However, the irradiation times in that
study were considerably shorter, and it is likely that the entire
film volume was not undergoing saturated photomechanical
change. For the longer irradiation time and relatively high

irradiation power considered here, a saturated response is_. L i - . .
measured Figure 8. Effect of irradiating azo films with linearly polarized light.
: The upper two curves represent a thin film before (upper curve) and

The observed photomechanical effects appear to be generahfter (second curve) irradiation at 2&. The bottom two curves
to azo polymers. A similar extent of photoexpansion was 'epresent a thin film before (third curve) and after (final curve)

. —_— . irradiation at 80°C. The effects are identical to those measured with
measured with thin films of poly(disperse red 13 acrylate) circularly polarized light, where photoexpansion occurs at room

(pdr13a). This polymer is similar to pdrla, except that it has a temperature, whereas photocontraction occurs at elevated temperatures.
Cl substituent at the'2position of aromatic ring. Given that

Reflectivity

the azobenzene’s other unique motions (such as photoorientation a) 104
and surface mass transport) are quite general and appear in > 0.8 -
nearly all samples, these photomechanical effects are likely 2 06 |
present in all azo-polymer systems. In fact, a large number of 2
the unusual photomotions observed in azo systems are probably w 041
related to this photomechanical effect. For instance, the mac- 0
roscopic bending and unbending of liquid crystalline azo fiifns = -

may be a manifestation of the photocontraction effects described
here. The free surface of these films contracts to a greater extent

than the bulk (since the light intensity is higher at the surface, Angle (degrees)

owing to sample absorption), and this gradient in contraction b) 10
leads to macroscopic deformation. It appears to be a general > 08
trend that liquid crystalline azo samples will photocontract with =

irradiation, rather than photoexpand as amorphous systems tend % ne
to.”23 This is likely occurring because the liquid crystalline = 04
samples, being highly mobile, are above the expansion-to- 2 02
contraction crossover temperature even at room temperature. It e 55

is possible that these samples, if cooled sufficiently, will exhibit
photoexpansion behavior instead. For typical amorphous poly-
mers well bel-OWTg’ the molecular mobility is arrested and Figure 9. Optical reflectivity data (solid black lines) and associated
photocoptractlon effects Cannot occur. Instead, the f.rUStratedmodel fits (thin gray lines) for azo-polymer films after photocontraction.
azo motion leads to deformation of the polymer matrix and & The model fits were obtained using the thickness from neutron
net expansion. reflectivity and allowing the three orthogonal refractive indices to vary.

- . o P In h f mple ph ntr with circularl lariz

Lln_ear!y Polarized Irradlgtlon.. The effect of incident laser Iigrﬁo(ta) (:rllsdeﬁnce)aﬁys[?olapriie% Ici)gt;cr)l?czbt),at%t: dﬁnalt s;m(;:)lljeaisyis%ct)rgpic?d
polarization was also studied. Figure 8 shows an example of a
thin film irradiated with 38 mW/crhat 25°C, and a thin film decrease the photomotion required for photomechanical effects.
irradiated with 62 mW/crhat 80°C, for 2 h. In both cases, the It is also worth noting, however, that the final amount of
thin films respond similarly to irradiation with circularly  photoorientation is quite small. Using the thickness measured
polarized light. That is, the thin film at 28C photoexpanded  with neutron reflectivity, one can fit optical reflectivity reliably
by 10%, whereas the film at 80C photocontracted by 8%. to determine the three orthogonal components of the refractive
Although the photocontraction phenomenon is attributed to index (, ny, n,). Figure 9 compares the optical reflectivity data
photoalignment, irradiation with linearly polarized light (which  for a thin film photocontracted using circularly polarized light
typically induces greater ordering and alignment) did not compared to linearly polarized light. In both cases, the data are
increase the magnitude of the contraction effect. This may be well described by assuming only an isotropic refractive index
because photoorientation necessarily decreases the fraction ofn, = n, = n,). Thus the higher-density azo crystallites have an
azo chromophores undergoing isomerization (since they are noisotropic orientational distribution. We attempted to directly
longer addressed by the incident light), which would tend to detect the azo crystallites by using the neutron spectromeé%’\s/

10 20 30 40 50 60 70 &0 90
Angle (degrees)

=3
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triple-axis mode and scanning for Bragg peaks arising from the that have been characterized in azo materials. In particular, the
azo crystal spacing. Although the Bragg peak due to the silicon all-optical formation of surface relief structures that occurs when
substrate was detected, no peaks due to the azo film wereazo materials are irradiated with light gradients may in fact be
detected in films irradiated with either circularly or linearly due to the photomechanical effect. Spatial variation of light
polarized light. Detection of Bragg peaks in the selected intensity would generate an internal stress distribution in the
geometry would require that the azo crystals be oriented with material (owing to a gradient in expansion/contraction effects),
their spacing normal to the sample surface. The lack of a Braggwhich would then drive material motion. This is essentially
peak could be due to the formation of a single azo crystal that equivalent to the isomerizatierpressure model already pre-
is not within the selected scattering plane. However, the more sented to account for azo surface patterdt®j,now with the
likely explanation is that the azo crystallites are oriented inclusion of a microscopic explanation for the driving force.
randomly (i.e. the sample is polycrystalline), and the Bragg peak With regard to applications, such as photoactuation, the

intgnsity s therefore too weak to be_ qletected. Future eXperir.nentsidentified photomechanical effect offers some unique features.
using powder diffraction on a sufficient sample volume might With the addition of localized temperature control (which could
be able to detect the crystals. also be laser-based), the range of motion is quite large: from
Reversibility. The photomechanical effect studied here —159 to+15%. The photomechanical transformations have
appears to be partially reversible. For thin films photoexpanded hoth reversible and irreversible aspects, which can each be
at room temperature, photocontraction at elevated temperaturegxploited as required by device characteristics (two-state values
was thereafter possible. For instance, an initial 545 A film was or reversible actuation). Importantly, by using light, one may

photoexpanded (2 h at 38 mW/gmby 11% at 25°C. A actuate a device remotely and without other energy requirements.
subsequent irradiation at 8€C (2 h at 38 mW/crf) caused a

contraction to a state 5% thinner than the original film thickness. Conclusions
The photocontracted state persists regardless of thermal treat-

ment, including annealing above the polymigr In fact, any Using neutron reflectometry, we have identified two compet-

thermal treatment step (after irradiation) leads to further material ing photomechanical effects in azo polymer systems: one that

densification (up to a certain _saturatlon "m't)' However, the causes expansion of the polymer matrix, and one that induces
photocontracted state can evidently be partially reversed by ., +otion of the material. We are able to measure the
irra_di_a}ing again bglow the crossover temperature. For inSt"J‘nce'expansion and contraction effects unambiguously, since neutron
an initially 395 A film Was.photocontracted.a.t 8& .(2 h at 62 reflectometry probes the physical density rather than the optical
mW/cn) to a state 7% thinner than the original film and then refractive index (which may be anisotropic and time-varying).

further pohotopontracted at 11T (2 h at 62 mw/ o) to a Temperature can be used to alter the relative importance of the
state 15% thinner than the original film. 'I_'h|s film was then two photomechanical effects, switching from photoexpansion

iradiated at ZBC.(Z h at 62 mw/ C@’.Where It photoexpan.de.d behavior below a characteristic crossover temperature to photo-
to a state 2% thicker than the original film. Thus, irradiation contraction behavior above this temperature. Both effects

can be used to reverse the contracted state to some e.Xtem(expansion and contraction) are stable over time, although they
although the efficiency of the process appears reduced. It is notCan be reversed with subsequent light irradiation steps. We

known whether greater irradiation time or power could be used . -
. L T attribute the photoexpansion to the azobenzene molecular
to expand the film to the-17% saturation limit. Again it appears . o . . .
isomerization, which requires a certain free volume to proceed,

that at low temperature the matrix cannot relax and reorganize. . . .

The azo isomerization breaks the dipole pairing, creating free and 'ghereby induces a local pressure in the material. The polymer

volume pockets and expanding the polymer matrix. However matrix then expands to accommodate this molecular motion but

the material cannot relax back into a densified state without Ca“'?Ot relax at Iow_temperature. We attribute the p_hotoc_o n-

the addition of some thermal mobility. traction to Fhe formation of see_d crystals due to photoorler\tatlon,
that is, pairing and aggregation of the azo dipoles, which are

PerspectivesGiven that nearly all the photomotions discov-  gpe to crystallize and thereby increase material density. This
ered for azo materials are general (occurring in all cases wherephgiomotion and relaxation of the polymer matrix is only

photoisomerization occurs), it is likely that this photomechanical 5esiple when the combined effects of light-induced and
phenomenon is present in most azobenzene systems. In fact, ifhermally enabled motion reaches a critical value. For the
may very well be that numerous effects observed with azos can y aterials studied here, this crossover temperature5@ °C.
in fact be explained in the context of this photomechanical effect.
For instance, the macroscopic bending of free-standing liquid
crystalline azo films was attributed to contraction at the film Acknowledgment. Neutron fitting software code was gener-
surface®® That these materials photocontract at room temper- ously made available by Thad Harroun (Brock University). We
ature is consistent with the present findings, given that the highly thank Mike Watson for design and construction of the sample
mobile liquid crystalline systems probably have a low crossover cell, Faisal Aldaye for help with molecular modeling, and Nasir
temperature and thus are in the photocontraction regime at roomAhmad for materials synthesis. Research funds were provided
temperature. Similarly, findings that showed that a liquid by NSERC Canada, the FQRNT Centre for Self-Assembled
crystalline and a similar amorphous system had opposite Chemical Structures, and the Canadian Foundation for Innova-
macroscopic expansion/contraction behalaan be attributed  tion.
to a difference in crossover temperature. According to this
explanation, the liquid crystalline samples should exhibit ) ) ) ) )
photoexpansion if cooled sufficiently. Supporting Informanon Avallable: Plot Qf relative thickness
. . measurements vs time (Figure S1), chemical structure of pdri3a

Importantly, the present results identify that the photo- (Figure S2), experimental setup for measuring photophysical
mechanical effect is localized and occurs in nanometer-sized changes in azo films (Figure S3), and molecular model of two
samples. This thus links the macroscopic observations of chains of pdria. This material is available free of charge via the
photomechanical phenomenon to the microscopic photomotionsinternet at http://pubs.acs.org. CDV
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