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ABSTRACT: Irradiation of azomaterials causes various photophysical and photomechanical effects that can be exploited
for the preparation of functional materials such as surface relief gratings (SRGs). Herein, we develop and apply an efficient
strategy to optimize the SRG inscription process by decoupling, for the first time, the important effects of the azo content
and glass transition temperature (Tg). We prepare blends of a photoactive molecular glass functionalized with the azo Dis-
perse Red 1 (gDR1) with a series of analogous photopassive molecular glasses. Blends with 10 and 40 mol% of gDRu1 are
completely miscible, present very similar optical properties, and cover a wide range of T, from below to well above ambient
temperature. SRG inscription experiments show that the diffraction efficiency (DE), residual DE and initial inscription rate
reach a maximum when Ty is 25 to 40 °C above ambient temperature for low to high azo content, respectively. Indeed, for
a fixed 40 mol% azo content, choosing the optimal T, enables doubling the SRG inscription rate and increasing DE sixfold.
Moreover, a higher azo content enables higher DE for a similar T,. Spectroscopy measurements indicate that the photo-
orientation of DR1and its thermal stability are maximal with T around 70 °C, independent of the azo content. We conclude
that the SRG potential of azomaterials depends on their capability to photo-orient but that the matrix rigidity eventually
limits the inscription kinetics, leading to an optimal T, that depends on the azo content. This study exposes clear material
design guidelines to optimize the SRG inscription process and the photoactivity of azomaterials.

INTRODUCTION

Azobenzene (azo) derivatives are well known to un-
dergo repetitive trans to cis photoisomerizations that lead
to photoinduced motion at length scales ranging from mo-
lecular to macroscopic. Azo-containing compounds are
used in a wide range of applications, from light-controlled
artificial molecular machines to photonic devices,3 but the
details of their photomechanical response are not yet com-
pletely understood. In particular, it is still unclear how
their molecular-scale trans-cis-trans photoisomerization
can be translated into macroscopic motion at temperatures
well below the bulk glass transition temperature (Tg)
where cooperative segmental motion of amorphous mate-
rials is extremely slow. This phenomenon, called photomo-
bility, is notably encountered during the inscription of sur-
face relief gratings (SRGs), a process first reported in 1995*5
where a polarized light interference pattern creates a top-
ological relief on azo-containing films. Contradictory the-
ories and hypotheses have been proposed to tentatively ex-
plain this athermal mass transport, including a decrease of

modulus and viscosity under illumination (photofluidiza-
tion),%® a directional worm-like diffusion motion,® a pres-
sure gradient caused by the volume difference between the
trans and cis isomers,” and a re-orientation approach"
where the stress created by the photo-orientation of the
azo moieties is larger than the yield stress of the material
and thus allows its deformation without involving its pho-
tosoftening.” Some recent experimental® and computa-
tional*'® studies have confirmed that the trans-cis isomer-
ization induces changes in the chromophore’s molecular
environment, either by creating additional free volume
and/or by pushing the surrounding molecules in a cage-
breaking process, which impacts the material motion po-
tential.

In addition to the above-mentioned works, many ef-
forts have been invested to optimize the SRG formation
process by defining the role of different tunable experi-
mental parameters,'72° such as the azo content and its mo-
lecular structure, the T, of the matrix and its molecular
weight, the thickness of the film, the polarization of the in-



scribing and probe laser beams, and the inscription tem-
perature. Different systems were studied: azopolymers or
amorphous molecular azomaterials where the azo is cova-
lently bonded as a side-chain or is part of the main chain,"”
»22 photopassive polymers doped with azo derivatives,
and supramolecular complexes in which azo molecules are
bonded in a non-covalent fashion to a photopassive poly-
mer through hydrogen,* halogen® or ionic bonding™.
While these systems provide useful insight on the SRG pro-
cess, they do not allow to clearly disentangle the respective
influences of T and azo content. Indeed, changing the azo
content usually affects the T, and the molecular weight of
the system and, in the case of azopolymers and supramo-
lecular polymer complexes, the entanglement density and
chain rigidity. Similarly, tuning the T, of azomaterials
while keeping the azo content fixed necessitates using dif-
ferent host polymer matrices or synthesizing different azo-
polymers, which inevitably involves variation of the above-
mentioned interdependent characteristics and blurs the
source of the SRG performance and inscription efficiency.
Some trends are already known concerning the effects of
azo content and temperature, e.g. using a higher azo con-
tent increases diffraction efficiency (DE) while a higher in-
scription temperature relative to T decreases DE, inscrip-
tion kinetics and stability of SRGs due to more important
thermal relaxation.?-2> 2832 Nevertheless, probing the influ-
ence of the Ty and azo content parameters individually re-
mains a major challenge.

Lebel and coworkers have recently synthesized a mo-
lecular glass functionalized with the azo Dispersed Red 1
(DR1), gDR1, and demonstrated that it is an efficient SRG
(see Figure 4b in reference 33 for a representative atomic
force microscopy image) and nanoscale surface patterning
material 3335 Such azo-containing molecular glasses, which
are small organic molecules that easily form a long-lived
amorphous phase (avoiding the risk of azo crystallization),
open a new avenue to study independently the impact of
Tg and azo content on the photoactivity of azomaterials
such as their photoinduced orientation/birefringence and
their photomobility. In particular, by blending photoactive
gDR1 with a library of its photopassive structural ana-
logues, we are able to tune the T, of the resulting photoac-
tive blends from below to well above room temperature
while keeping the azo content constant. Our approach in-
novates by presenting several advantages over other sys-
tems used to study the temperature dependence of SRG in-
scription. First, using molecular glasses for the photoactive
and passive components eliminates dispersity issues and
large differences in molecular weight (and entanglement
density in the case of polymers) between the compared
materials.3® Second, it allows tuning the relative inscription
temperature more easily than by modifying the experi-
mental temperature, which requires adding a low pressure
chamber on the setup to avoid air turbulence at high tem-
peratures® or even water vapor condensation at low tem-
peratures. Third, the same azo chromophore is used in all
the experiments, ensuring extremely similar optical prop-
erties and photoactivity for all blends, by opposition to sys-
tems comparing azo substituents that differ in size and/or

electronic properties.?”3® Finally, the structural similitude
between gDR1 and all the photopassive molecular glasses
favors similar intermolecular interactions and molecular-
level miscibility which are difficult to reproduce with pol-
ymer/azopolymer blends and with polymer/azo blends or
complexes.

This systematic approach was used to prepare two se-
ries of seven amorphous blends containing 10 or 40 mol%
of gDRy, respectively, and presenting T,'s from 19 to 88 °C.
Our results reveal that a Ty 25-40 °C above ambient tem-
perature is optimal to produce SRGs with fastest inscrip-
tion kinetics and with highest maximal and residual DE.
When T, is below the optimal value, thermal relaxation
competes with photoinduced motion and leads to low DE.
When T; is higher than the optimal range, DE values plat-
eau for the 40 mol% blends and decrease for the 10 mol%
blends. Time-resolved polarized infrared spectroscopy?®
revealed that this optimal T, range results from a compro-
mise between i) the photo-orientation capability of the
chromophore, which enables higher saturated DE and is
optimal when T, is 50 °C above ambient temperature, and
ii) the higher resistance to motion of high-T, matrices, as
revealed by the residual orientation values, that limits the
SRG inscription kinetics of the system and is especially im-
portant at low azo content. Our strategy of blending pho-
toactive and photopassive glasses enabled reaching clear
conclusions on the effects of T, and azo content on the
photoactivity of azomaterials that are essential to optimize
the SRG inscription process that, to our knowledge, would
not have been possible using other approaches.

EXPERIMENTAL SECTION

Materials. Compounds gDR1 and g-25 to gg4 were syn-
thesized according to literature procedures.** Blends
with 10 and 40 mol% (molar percentages) of gDR1 with
compounds g-25 to g94 (Bi0%rs and B40%r) were pre-
pared by mixing the appropriate volume of their respective
stock solutions in CH,CL..

Characterization. For differential scanning calorime-
try (DSC) analyses, droplets of the blend solutions were di-
rectly deposited in DSC pans to generate approx. 2.5 mg
samples before letting the solvent evaporate under a fume
hood for 3-4 h and then under vacuum for 24 h before clos-
ing the pans with their lid. DSC measurements were con-
ducted with a PerkinElmer DSC 8500 calorimeter, cali-
brated with indium, using a heating rate of 10 °C/min. The
Ty's were determined, after an initial cycle of heating and
cooling at 10 °C/min, as the average half-height of the heat
capacity jump in the second and third heating scans.
UV-visible spectra of samples spin-coated on clean glass
substrates were recorded with an Ocean Optics USB20ooo+
spectrophotometer and a DH-mini light source. The mini-
mal cis content under irradiation was estimated as the ra-
tio of absorbance of the n-n* band (at 480 nm) of the films
after go s of illumination with a non-polarized 520 nm (35
mW/cm?) LED light source (Prizmatix FC5-LED) to the in-
itial absorbance of the band. The thermal relaxation half-
life time of the cis isomer was determined by recording the
absorbance at 480 nm during 300 s after switching off the



LED source and fitting the data following the method of
Barrett et al.®® which consists in plotting In(A. - A;) as a
function of time, where A; and A.. are the absorbance at
time t and after relaxation, respectively.

Polarization modulation infrared structural absorption
spectroscopy (PM-IRSAS) was used to measure photo-ori-
entation of the DR1 moiety. This technique enables the
simultaneous recording of transmission IR spectra polar-
ized parallel (p) and perpendicular (s) to the laser polari-
zation, in addition to their dichroic difference, and there-
fore provides time-resolved information about the pho-
toinduced orientation in situ during the photo-orientation
process.? Spectra with a 4 cm™ resolution were measured
using a Bruker Optics Vertex 70 Fourier transform IR spec-
trometer coupled to a home-built setup® that includes a
KRS-5 linear polarizer (Optometrics), a photoelastic mod-
ulator (PEM-go type II/ZS50, Hinds Instruments) to switch
the polarization of the IR beam from parallel to perpendic-
ular at 100 kHz, and a liquid nitrogen-cooled photovoltaic
mercury-cadmium-telluride (MCT) detector (Kolmar
Technologies). A lock-in amplifier (Stanford Research Sys-
tems SR830) with a 30 pus time constant and electronic fil-
ters (Frequency Devices 9goTP/9oIPB) were used to process
the experimental signal and record simultaneously the par-
allel (Ap) and perpendicular (As) polarized IR spectra. The
photo-orientation was induced by a 488 nm diode laser
(JDSU FCD488-020) with a vertically-polarized output ex-
panded to 7 mm (Thorlabs BE1oM-A) to overfill the cross-
section area of the IR probe beam. The resulting 18
mW/cm? beam was incident on the sample at an angle of
20° with respect to IR probe. The orientation parameter,
<P,>, was calculated as <P,> = A, - As / (A, + 2 Ay).

SRG inscription. To write the SRGs, a Lloyd’s mirror
interferometer was used to produce the interference pat-
tern from a frequency-doubled diode pumped Nd-YVO, la-
ser source operating at 532 nm (Coherent Verdi V5), having
an approximate irradiance of 230 mW/cm?. The beam
passed through a spatial filter, was collimated and then was
made circularly polarized with the help of a quarter-wave
plate, so that two contra-rotating interfering beams were
impinging the sample. This configuration yields an inter-
ference pattern on the sample surface with rotating linear
polarization orientation and permits maximum molecular
orientation.** The first-order diffraction efficiency of a
non-resonant beam, an in situ figure of merit of the effi-
ciency of SRG formation (written at a constant 600 nm
pitch for all SRGs in this work), was measured by aligning
a Thorlabs low-power diode laser (405 nm) beam in the
middle of the half-circle laser interference pattern. The
probe laser was initially chopped with a mechanical chop-
per and the first order diffracted signal was attenuated
with neutral density filters before being incident on a sili-
con photodiode. The photodiode signal was then measured
with a lock-in amplifier (Stanford Research Systems
SR830) and recorded on a computer. The diffraction effi-
ciency DE was calculated by dividing the first order dif-
fracted signal by the zeroth transmitted order through the
sample.

RESULTS AND DISCUSSION

Thermal and optical properties. The structures of
the photoactive azo glass (gDR1) and photopassive com-
pounds (labeled as gTg, where T, stands for the glass tran-
sition temperature of the photopassive glass) are shown in
Scheme 1. The photoisomerization between the trans and
cis isomers of the DR1 moiety is also illustrated. The head-
group (X), the linkers (R and R’) on their 1,3,5-triazine core
and their ancillary groups (Ar) are listed in the Table 1
along with their respective glass transition temperatures
(Tg). These seven photopassive molecular glasses were cho-
sen for their high resistance to crystallization,* for their
similar chemical structure to gDRi, and for their broad
range of Ty (between -25 and 94 °C) that enable preparing
photoactive amorphous miscible blends with a T, from be-
low to well above ambient temperature.
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Scheme 1. Molecular structures of the photoactive (gDR1) and
photopassive (gTg) molecular glasses used to prepare the
photoactive blends under study.

Table 1. Variable substituents and glass transition temperatures
(Ty) of the photopassive (gTg) and photoactive (gDR1) molecular
glasses used to prepare the photoactive blends under study.

gf,, X R R Ar T, (£1°C)
go4 NH NH NH 35MeCeH, o4
g7o NH NH NH 34-MeCeH, 70
254 ;NH NH NH 2,4-Me,CeH; ‘ 54
g7 O NH O 35MeCH, 37
g21 NH NMe NMe 3,5-Me,CsH; 21
g8 O NMe (0] 3,5-Me,CsH; : 8
g-25 O NMe NMe 3,5-Me,CsH,4 -25
gDR1 - - - - 71

Two series of blends were prepared with 10 or 40 mol%
of gDR1 (noted B10% and B40%, respectively). The Ty of
these blends, determined using DSC with a scanning rate
of 10 °C/min, are shown as a function of the T, of the pho-
topassive matrix in Figure 1 (also listed in Table S1 in Sup-
porting Information (SI)). The T, of the blends increases
smoothly with that of the photopassive glass and varies



with blend composition. The T, of the B40% series blends
span from 37 to 81 °C (labeled as B40%j, to B40%s,). Since
the B10% blends contain a low fraction of azo, this series
allows getting closer to the T, of the pure matrices, thus
extending the accessible temperature range from 19 to 88
°C (B10%, to B10%ss). No crystallization (or melting) was
observed in any of the DSC scans, confirming the com-
pletely amorphous state of the resulting blends. Further-
more, the presence of a single glass transition with a simi-
lar width (15-20 °C) as the pure compounds in the DSC
scans of all blends indicates that no phase separation oc-
curs between the photoactive and photopassive molecular
glasses, thus ruling out the problems related to dye aggre-
gation.
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Figure 1. Evolution of Tg (+ 1 °C) of the photoactive B10% and
B40% blends as a function of the T, (+1°C) of the photopassive
compounds (gTy).

Figure 2A shows the UV-visible spectra of spin-coated
thin films of gDR1 and of the B10%,,, B10%ss and B40%ss
blends. The spectra of the blends are all superimposed,
leading to the conclusion that their Ty and azo content do
not influence their absorption properties, at least in the
studied ranges, and demonstrating the advantages of our
blending strategy to ease the comparison between sam-
ples. The wavelength of maximal absorbance of the m-n*
band is slightly red-shifted for the blends (~487 nm) com-
pared to pure gDR1 (~480 nm) and its width is smaller for
the blends, two indications showing that the DR1 chromo-
phores are well isolated from each other in the blends and
avoid forming aggregated stacks that lead to excitonic cou-
pling as observed in the spectrum of pure gDR1.#> As a con-
sequence, these blends enable studying more specifically
the impact of T, and azo content on photoactivity (SRG in-
scription and photoinduced orientation) since the pho-
toisomerization of the DR1 moiety should not be affected
by different degrees of coupling between adjacent chromo-
phores.

Samples were irradiated with an unpolarized 520 nm
LED source, followed by thermal relaxation, in order to
study the influence of T, on the minimal cis content under
photostationary state and on the cis half-life time. The
spectrum of B40%ss under irradiation is shown as a repre-
sentative example in Figure 2A. The decrease of absorb-
ance of the m-m* band under illumination is attributed to
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Figure 2. A) UV-visible spectra of pure gDR1, B10% blends
with gg4 and g-25 (B10%ss, B10%,,) and B40% with g54
(B40%sg). The spectrum of B40%ss upon irradiation at 520 nm
is also shown. B) Top panel: minimal cis content of the azo
moiety of gDR1 blends as a function of their T,. Bottom panel:
cis isomer half-life time of the azo moiety of gDR1 blends as a
function of the Ty photoactive blends.

the photoinduced formation of cis isomers and is used to
estimate the minimal cis content under irradiation. When
the light is turned off, the absorbance recovers gradually
and allows estimating the cis isomer half-life time. These
values are plotted as a function of the T, of the blends in
Figure 2B. The minimal cis content under illumination
(upper panel) does not vary significantly with T, or azo
content, with an average of 0.15 + 0.05 for both B10% and
B40% series. This relatively small cis isomer content is ex-
plained by the fact that the 520 nm irradiation excites both
the trans m-n* and the cis n-n* bands and thus leads to
rapid trans-cis-trans isomerization cycles, which is re-
quired for efficient SRG inscription.* On the other hand,
the cis half-life time (lower panel) does increase with the
T, of the photoactive blends for both series, starting
around 5 s for the lowest T, blends and increasing suddenly
to reach a plateau on the order of 70 s when Ty is around
50 °C or higher. This increase in cis half-life time reflects
the difference between a viscous and a glassy state, in
which the thermal cis-trans isomerization rate is presum-
ably slowed down because less free volume is available in
the material for the transition to occur. Interestingly, this
result is in contradiction with the larger rate constant re-
ported by Nakano et al.* for high T, amorphous films (T =



97 °C, k = 0.020 min™) of azo-containing molecular glasses
compared to lower Ty ones (T = 27 °C, k = 0.006 min™)
when measured at 30 °C. In our case, the capability of the
matrix to hydrogen (H)-bond with the cis isomer may ex-
plain the longer cis half-life time. Indeed, the long cis life-
times are observed for the high-T, blends where the matrix
glass contains at least one H-bond donating group while
the short lifetimes are observed for the low-T, blends
where the matrix does not contain H-bond donating
groups. The fact that the minimal cis content under irradi-
ation is similar for all blends indicates that the cis isomers
cannot accumulate in spite of their longer thermal relaxa-
tion lifetime and may be explained by hydrogen bonding
of the matrix with the trans isomer of DR1.

Surface relief grating formation. Figure 3 shows the
first order diffraction efficiency (DE) as a function of writ-
ing time during the inscription of SRGs at 532 nm (close to
the 520 nm irradiation used in the UV-visible experiments)
for the B40% (Figure 3A) and B10% (Figure 3B) series. They
will be referred to as the SRG inscription curves. Besides
the curve shape per se, various information can be ex-
tracted from these inscription curves: 1) the DE reached af-
ter 100 or 1000 s of illumination, 2) the initial rate of SRG
inscription, and 3) the residual DE after the laser is turned
off. All of them will be discussed in relation to the T, of the
blends and the azo content.

As shown in Figure 3A, the shape of the SRG inscription
curves is similar for all the B40% blends. The DE increases
rapidly during the first 100 s before slowing down and
reaching a pseudo-plateau. The filled blue squares in Fig-
ure 4 represent the DE reached after 1000 s of irradiation
(DE.000, which is or is close to the maximal DE reached dur-
ing the inscription) as a function of T, for the B40% series.
The DE.o00 increases with Ty, starting around 2.5 % for the
lowest T, sample B40%;, and reaching a plateau of ~18 %
for blends with a Ty higher than 60 °C. In contrast with the
B40% series, the SRG inscription curves of the B10% sam-
ples do not all present the same shape (Figure 3B). Only
the two B10%,s samples have inscription curves similar to
those of the B40% series and reach high DE,..,, while the
inscription curves of the other Bi10% samples with both
lower and higher T, are too low to be clearly visible in Fig-
ure 3B. A close-up provided in Figure S1 of the SI shows that
an induction period precedes a slow SRG growth for high
Tg blends. In contrast, for lower T, blends, transient and
partially transient (phase and birefringence, respectively)
gratings build up rapidly but they are not followed by the
formation of a permanent topological grating; instead, a
decrease of DE is observed after a few seconds of irradia-
tion and is followed by a low DE value plateau. A complete
erasure (loss of DE) occurs after stopping illumination,
confirming that only a transient grating was present. This
shape was already reported for experiments conducted at
temperatures less than 20 °C below the T, of azopolymers
(pDRiM and pMEA)* and for low Tg (15 to 40 °C) pol-
yazosiloxane*® and has been attributed to the more im-
portant relative contribution of thermal relaxation com-
pared to photoinduced motion.
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Figure 3. Diffraction efficiency (DE) as a function of time dur-
ing the inscription of surface relief gratings for the B40% (A)
and B10% (B) blends. Glass transition temperatures (Tg) of the
photoactive blends are indicated for each inscription curve.
Since two samples from the B10% series have the same Tg, the
photopassive glass used as their matrix is indicated in paren-
thesis below the T, of the blends. An enlargement of the low
DE inscription curves for the B10% samples with T,'s below 46
°C and above 62 °C is shown in Figure S1 in SI.

The DE, 0, for the B10% samples are shown as filled red
circles in Figure 4. The DE is essentially zero when T, is
below the inscription (ambient) temperature (~0.01 % for
B10%,,) and is extremely low when T, is close to the inscrip-
tion temperature (0.8 + 0.01 % for B10%,,). Such low DE
values were reported for SRGs inscribed on low T, (277 °C)
azo molecular glasses.” The DE then rapidly increases to
reach a maximal value of ~5% at a T, of 46 °C which, by
opposition to the B40% series, is not followed by a plateau
at high T,. Instead, an important decrease of DE is ob-
served with further increase in T,, down to approximately
0.04% for the highest T, sample (B10%ss). Such low DE val-
ues were also reported for SRGs prepared with high-T; azo-
polymer complexes when the azo content was particularly
low.#7 Furthermore, the azo content has an important in-
fluence on DE when comparing samples with a similar T,
especially for high T,. In particular, the B10%;, sample pre-
sents a very low DE,q, 0f 0.21 + 0.02 % while a much higher
DE.o00 0f 17.4 * 0.5 % is reached by B40%se;. In fact, an even
larger DE,o00 of around 30.0 + 0.7 % is obtained under the
same irradiation conditions for pure gDRi1, which can be



seen in this comparison as a 100 mol% sample with a very
similar Ty of 71 °C (a representative inscription curve is pro-
vided in Figure S2 of the SI).
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Figure 4. Diffraction efficiency at 1000 s (filled symbols) and

100 s (empty symbols) for the B10% and B40% blends as a func-
tion of their glass transition temperatures (Tg).

Since the DR1 moiety possesses the same optical prop-
erties (vide supra) in both the B10% and B40% series, it is
reasonable to think that a DE value plateauing around 5%
could have been reached for the high-T, Bi0% samples
(B10%s,, B10%., and B10%ss) if the inscription time had
been long enough. Indeed, the SRG inscription curves for
these samples (better seen in Figure S1) do not show any
sign of saturation after 1000 s of irradiation, in contrast
with those of the B40% samples and of the B10%,ssamples
that reach a quasi-plateau in Figure 3A and 3B, respec-
tively. This kinetic limitation hypothesis is reinforced by
the DE values recorded at 100 s (DE,,), represented by
empty symbols in Figure 4. For both series, a bell shape is
observed with a maximum DE reached at intermediate Tj's,
as was observed for the B10% blends after 1000 s. For the
B40% series, the maximal DE,,, occurs at the T,, around 60
°C, that corresponds to the onset of the DE,q, plateau. The
gap between DE,, and DE,, increases above this Ty,
meaning that a longer time is needed to reach the plateau
value for higher Ty samples. A similar gap is also observed
for pure gDR1, where the DE is ~u1% after 100 s compared
to ~30% after 1000 s, which confirms this trend (see Figure
Sz in SI). For the B10% samples with a T close to the in-
scription temperature, there is no difference between
DE, 000 and DE,, because the maximal (very low) attainable
DE is reached before 100 s. This behavior is due to the vis-
cous state of the material where any photoinduced motion
is effectively compensated by the thermal relaxation. At in-
termediate Tg, the gap between DE, and DE,q, is larger,
as observed for the B40% samples with high T, for which
the inscription rate is a limiting factor. This observation is
consistent with the fact that the shape of the SRG inscrip-
tion curves of the two intermediate T, samples is the same
as for the B40% samples - the inscription time was long
enough to reach a plateau DE. However, in contrast to the
high T, B40% samples, the gap between DE,q, and DE,q,
decreases for the highest T, B10% samples because their

very slow inscription kinetics lead to very low DE. To sum-
marize, high-T, samples have the potential to reach higher
maximal DE values, up to a plateau that depends on the
azo content, but their inscription kinetics is increasingly
hindered by the increasing viscosity of the matrix, in par-
ticular when the azo content is small.

These results suggest that an optimal T, value exists to
optimize both the SRG inscription speed and maximal DE
value and that this optimal T, depends on the azo content.
For the B40% series, Figures 3A and 4 show that this opti-
mal Ty is around 60 °C. For the B10% series with a lower
azo fraction, a Ty around 45 °C seems to be optimal to ob-
tain rapidly a maximal DE value, but the fact that the
B10%,s samples (and those with higher T,) have not
reached a DE plateau after 1000 s of inscription suggests
that the optimal Tz would be somewhat lower for longer
inscription times. The higher optimal T, for samples with
a higher azo content can be rationalized by considering
their larger number density of azo undergoing trans-cis-
trans photoisomerization cycles (by a factor of approxi-
mately 4 when comparing the B40% and B10% series since
their fraction of cis isomers under irradiation similar in
Figure 2B). Our previous work? has shown that the molec-
ular environment around the DR1 azos undergoing pho-
toisomerization corresponds to an effective temperature
much higher than the inscription temperature and even
well above the T, of all the blends studied here. In contrast,
the effective temperature of the matrix (or polymer back-
bone for a DRi-containing azopolymer) was not affected by
irradiation, leaving the bulk T, of the sample unaffected by
illumination and preventing viscous flow during SRG in-
scription. In this context, samples with a larger azo fraction
are more capable of perturbing the matrix, either directly
by applying more stress on the matrix or by creating a
larger relative fraction of free volume that facilitates mo-
tion of the matrix by a structural relaxation process. There-
fore, samples with a higher azo fraction can perturb matri-
ces with a higher T, leading to the increase of the optimal
T, from 45 to 60 °C between the B10% and B40% series.
Since a higher T, better prevents isotropic viscous flow of
the matrix under illumination (and under dark conditions
after SRG writing), the shift of optimal T, to higher tem-
peratures is accompanied by a higher maximal DE at the
plateau for the azo-rich blends. In this context, it is inter-
esting to note that pure gDR1 and pDRi1A, one of the most
commonly used azopolymer for SRG inscription, both
reach maximal DE higher than any of the blends studied
here. They possess T, values of 71 °C and approximately 85
°C (for Mw = 5000 g/mol),3 respectively, above the optimal
T, of the B40% blends. Since the azo moiety occupies an
increasingly larger fraction in the order of B10% < B40% <
gDRi1 < pDR1A (when considered as a repeat unit) and as-
suming that the optimal T, continues increasing beyond
40% (not linearly since azo-azo interactions affect the pho-
toisomerization efficiency), it can be speculated that the
very strong potential for SRG inscription of gDRi and
pDRiIA arises from their high azo content combined with a
T, close to the optimal T, for DRi-containing azomaterials.



The efficiency of the SRG inscription process can also
be discussed in terms of the initial rate at which DE devel-
ops. Since the diffraction efficiency increases quasi linearly
when the irradiation starts for the B40% series, the initial
rate can be estimated from the slope of the linear portion
of the inscription curves between 10 and 20 s. The analo-
gous analysis cannot be done for the B10% series since the
shape of the seven SRG inscription curves is too different.*®
The results in Figure S3A show that the inscription rate (in
%/s) first increases with T,, reaches a maximum twice as
large as the initial value at Ty's between 55 and 60 °C, and
then decreases with further increase of Ty. The maximum
of the bell corresponds well to the optimal T, value beyond
which the maximal DE of ~18% is achieved. This shape can
be rationalized as following: with a low T,, photoinduced
mass transport is efficient but the rapid thermal relaxation
of the matrix compromises the stability of the forming
grating, which slows down the overall inscription effi-
ciency and limits the maximum DE attainable. At an inter-
mediate T, that depends on the azo fraction, an optimal
balance is found between these two contributions. This
trend from low to intermediate T, is analogous to the one
reported by Veer et al. where the SRG inscription rate (and
final height) decreased exponentially with increasing ex-
perimental temperature® (a high temperature correspond-
ing to a low T, in our case). Finally, when T, is above the
optimal value, thermal relaxation of the matrix may be-
come negligible but its high viscosity impedes photoin-
duced mass transport.

It is possible to discuss the inscription rate results from
a more fundamental point of view by normalizing the ini-
tial slope of the SRG inscription curves by the DEu,
reached by their corresponding blends. Figure S3B in SI in-
dicates that the SRG inscription rate (in s) decreases as T,
increases, which quantitatively confirms the important
role of matrix viscosity as discussed qualitatively above.
These interpretations are also supported by our previous
infrared spectroscopy results showing that under illumina-
tion, the molecular environment of the gDR1 aminotria-
zine moiety is not modified even when the environment of
the azo is highly perturbed by photoisomerization-induced
free volume. A very high T, thus hinders the structural re-
laxation of the matrix needed to adapt to this photoin-
duced free volume.

In addition to the azo concentration and T, the inter-
molecular interactions present in the material environ-
ment also seem to influence the maximal DE. It can be ob-
served in Figure 4 that samples B40%ss and B40%;, show
very different saturated DE values of 20 + 2 % and 10.7 £ 0.5
%, respectively, in spite of their almost identical T, and azo
content. This difference could be due to the presence of
three hydrogen (H)-bond donating groups in the head-
group and linkers of the g54 molecular glass composing the
photopassive matrix for B40%ss, compared to only one in
g37 which constitutes the photopassive matrix of B40%;,.
The B40%;; sample, which has a similar T, and whose ma-
trix glass (g21) also contains only one NH group, also
reaches a DE value of ~11 %. Since we have shown that the
presence of numerous NH groups, among others, impacts

the thermal properties of molecular glasses,*** H-bonding
could promote the matrix motion to adapt to the reorien-
tation of the azo following its photoisomerization cycle,
thus leading to higher achievable DE values and providing
an additional approach to optimize SRG formation poten-
tial of photoactive azo blends.

When the laser is turned off at the end of the SRG in-
scription process (after 1000 s of illumination), either an
increase or a decrease in DE can be observed in Figures 3
and S1. To compare quantitatively the temporal stability of
the gratings, the residual diffraction efficiency was calcu-
lated as the percentage of the DE value recorded 60 s after
ceasing the irradiation with respect to DE,00. This residual
DE value is an indicator of the relative importance of the
transient and permanent gratings.?* When the laser is
turned off, the transient gratings disappear and the resid-
ual DE will solely be due to the SRG. It is possible that a
phase difference between the transient volume gratings
and the surface relief grating could explain the decrease or
increase in DE after laser irradiation is stopped, depending
on whether the gratings diffract in phase or not, respec-
tively.”® Figure 5 shows the complete absence of residual
DE (0%) for the samples with a T, at or below the inscrip-
tion temperature and its gradual increase up to 90% as T,
increases toward the above-defined optimal values. The re-
sidual DE of B10% samples decrease with a further increase
in T, beyond their optimal Ty, down to ~45% for B10%ss.
Since these high-T, blends did not reach a saturated DE
plateau in Figure 4 because the slow motion of the matrix
reduced the inscription kinetics of the topological grating,
this decrease in residual DE can be explained by the lower
contribution of the permanent topological grating relative
to the transient gratings.
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Figure 5. Residual diffraction efficiency of B10% and B40% as
a function of their glass transition temperatures (Tg).

Interestingly, three samples (B40%s, B40%s, and
B40%ss) show an increase in DE when the laser is turned
off with residual DE of 104-105%. Two common character-
istics of these samples are that their T, is close to or beyond
the optimal T, (in this case 60 °C) and that their azo con-
tent is high enough to reach the DE saturation plateau
within the timescale of the inscription experiment. Pure
gDRu also shares these characteristics and shows a residual



DE of approximately 135%, the highest value recorded.
These observations could be tentatively explained by con-
sidering that a high enough orientation level must be
achieved in order to promote further alignment of DR1
units or an additional directional motion of the matrix
when the irradiation is stopped. As will be shown below,
high global orientation level and stability can only be
achieved with high azo content and high T,. Previous stud-
ies of SRG inscription and photoinduced birefringence on
other azomaterials support this suggestion: the amplitude
of the DE increase after the laser is turned off decreased at
higher experimental temperatures (analogous to a lower T,
here) for a DR1 containing copolymer;*® lower values of
persistent DE were found for SRGs inscribed on films thin-
ner than 50 nm, which are known to show lower T, and
higher mobility;* liquid-crystalline block copolymers,
when heated into their smectic phase upon and after irra-
diation, show an increasing birefringence under dark con-
ditions after irradiation® and supramolecular bisazopoly-
mers behaved similarly only when their doping fraction
was higher than 0.5.5 Another possible explanation for
these observations could be the influence of inscription
temperature or sample T, on the phase difference between
the transient and surface relief gratings created during the
inscription process.>

Photoinduced orientation. In an attempt to link the
observations made about the macroscopic mass transport
with the molecular aspects of SRG inscription, PM-IRSAS
measurements were conducted to track the photo-orienta-
tion of the azo moiety of gDR1 upon illumination. A line-
arly polarized laser (488 nm, 18 mW/cm?) was used with
the goal of approaching the irradiation conditions during
SRG inscription, where the contra-rotating interfering
beams produce linearly polarized light. Polarized (A, and
A;) and dichroic difference (AA) spectra for the B40%¢, and
B40%s;, blends are shown in Figure S4 in SI. The 1104 cm™
band chosen to quantify the orientation is due to an azo-
benzene aromatic ring deformation. The <P.,> values cal-
culated using this band are representative of the orienta-
tion of the whole chromophore because its transition di-
pole moment is parallel to the main axis of the DR1 moiety.
Figure S5 in SI shows examples of the evolution of the
photo-orientation as a function of time for samples B40%;;,
and B40%s,. The initial <P,> value is almost o, which con-
firms a random orientation before irradiation. When the
laser is turned on, the <P,> values rapidly grow toward neg-
ative values because DR1 orients perpendicular to the laser
polarization direction (a <P,> value of -0.5 would indicate
a perfect perpendicular orientation). A plateau, labeled
<P>>max, is then reached rapidly for samples with low T,
(~20s) and after a longer irradiation time (but with a larger
orientation) for high-T, samples (~120 s). This six-fold dif-
ference in time needed to reach maximal orientation is
consistent with the fact that the inscription curves in Fig-
ure 3 reach their saturation DE faster for low-T, samples,
and with the increasing difference between the DE, ., and
DE,o, values observed in Figure 4 with increasing T,. A sim-
ilar observation was made by Barrett et al. in their study of
a series of NO,-functionalized azopolymers of various

spacer length where lower T, samples (longer spacers)
showed larger photoinduced birefringence rate con-
stants.>* Finally, when the laser is turned off after 200 s of
irradiation, the photo-orientation relaxes rapidly during
the first few seconds and then more slowly, essentially plat-
eauing at the end of the 120 s experimental relaxation
timeframe. The final <P,> value is called the residual ori-
entation, <P,>.s, and informs on the resistance of the ma-
terial to thermally-induced motion.

Figure 6A shows that the photoinduced orientation is
almost zero for blends with the lowest Ty and that it grad-
ually increases with T, (with the exception of the two high-
est Ty samples). The modest <P,>pax value for low-Tg sam-
ples is due to the important contribution of thermal relax-
ation during irradiation. Accordingly, the DE values rec-
orded for these samples were very low and were not stable
after irradiation because only transient gratings could
form. A greater photo-orientation (and DE) is observed as
T, increases, reaching a maximum value of approximately
-0.09 + 0.02 for blends with a T, of 70 °C. However, Figure
6A shows that a further increase in T, is detrimental: a
lower photo-orientation is observed for B40%sg, and B10%ss.
This decreasing orientation is not due to the incapacity of
DR1 to undergo photoisomerization since the cis content
under irradiation is not much affected by a high T, (Figure
2B). It thus appears that the azo moieties mainly return to
their original angular distribution after trans-cis-trans cy-
cling when the Tj is too high (more than approximately 6o
°C above the operating temperature for gDR1), which com-
promises their capacity to provoke anisotropic motion of
the matrix through stress or generation of anisotropic free
volume. These results are consistent with the observation
of an optimal T, for SRG inscription where blends with a
high T, showed substantially slower inscription kinetics.

Importantly, the photo-orientation results for the
B40% and B10% blends are very similar and indicate that
the DR1 orientation is almost independent of azo content
for a given T,. This observation is consistent with the very
similar optical properties (band position, bandwidth, and
minimal fraction of cis isomer under irradiation) observed
for all blends in Figure 2 due to the isolation of the DR1
moieties and is reasonable because <P.,> values are intrin-
sically normalized per azo. This result contrasts with the
lower orientation that we found for azopolymer supramo-
lecular complexes with a higher azo content, which can be
explained at least in part by a concomitant change in T,.*
The trend of Figure 6A also reinforces the merit of our pho-
toactive / photopassive glass blending strategy considering
that no clear conclusions could be drawn about the effect
of T, on photoinduced orientation when comparing a se-
ries of molecular glasses featuring different chromo-
phores.3”

Figure 6B shows the <P,>s (%) (calculated as the per-
centage of <P,>s with respect to <P,>max) as a function of
the T, of the photoactive blends. These values gradually in-
crease in a sigmoidal-like shape from 0% for the lowest T,
samples, where the rubbery matrix can relax quickly, to a
plateau of ~80% for the highest T, samples because their
glassy matrix is highly viscous. As for the <P,>n.x values,



the trend is not affected by azo content, in this case due to
the fact that orientation stability mainly depends on the
matrix properties. It is interesting to note that the <P,>s
plateau is reached close to the optimal T, value (~60 °C)
observed in the SRG inscription experiments. However, in
contrast with residual DE, <P,>s seems to be purely tem-
perature-dependent.

@ 0,00 } —————————————————————————————————————————————

-0.02+ % %

-0.044 % %
-0.064 % %
-0.08- % % %
e B10%
.10
10 20 30 40 50 60 70 80 90
Tg of Photoactive Blends (°C)

2 max

<P >

(B)100
90
= B40% i
80 ii i [] i
70- ;
60-
50 % %
40
30- :
204 i
10-
O4---- @@ -
10 20 30 40 50 60 70 80 90
Tg of Photoactive Blends (°C)

2 res (%)

<P >

Figure 6. A) Maximal photo-orientation value (<P,>max) and
B) residual photo-orientation percentage value (<P,>res per-
centage) of the 1104 cm™ band of the azo moiety of gDR1 as a
function of the T of the photoactive blends.

An important consequence of the similar DR1 orienta-
tion and orientation stability for B40% and B10% samples
is that the cumulative orientation generated within the
material is about four times larger in B40% samples than
in B10% samples with the same T,. This higher global ori-
entation agrees very well with the higher maximal DE
reached by the B40% blends (~18% vs. ~5%) and also with
the aforementioned requirement of a high azo content for
observing an increase of DE (a residual DE > 100%) after
switching off the SRG inscription laser. In this context, it is
noteworthy that the <P,>nax value for pure gDRu is larger (-
0.12 £ 0.02) than for any of the blends, which is not surpris-
ing because its UV-visible spectrum indicated the exist-
ence of interactions between DR1 units, which were absent
in the blends, that can favor azo orientation.5 This larger
capability to photo-orient, combined with a larger azo frac-
tion and a similar orientation stability (<P,>es~ 65%), help

to explain why pure gDR1 formed the SRG with the highest
diffraction efficiency (~30%) and with the largest increase
in residual DE (~135%) after stopping irradiation.

Our results indicate that molecular orientation and
SRG DE are interconnected but that they are not directly
proportional since they involve different mechanisms. The
photo-orientation and SRG DE both increase with T, for
low to intermediate values, irrespective of the azo content,
but the trends in Figures 6 and 4 are clearly different for
Ty's beyond the optimal values, where the B40% samples
show a DE plateau and the B10% samples show a decrease
in DE. It can be concluded that compounds that are not
capable to orient do not have a good SRG potential, either
because their T, is too low or too high, while those that
orient do not necessarily lead to high DE values due to the
inefficiency of the matrix to take advantage of the trans-
cis-trans isomerization. In other words, the matrix needs
to have an adaptation capability to be pushed anisotropi-
cally during the azo isomerization or to adapt to the angu-
lar redistribution of the azo moieties, which appears to be-
come the kinetic limiting factor when T, exceeds the opti-
mal value. This limited adaptability of the matrix manifests
itself as large <P,> values that translate into slow SRG in-
scription rates at high T,. This hypothesis implies that the
optimal T, for SRG inscription involves a compromise be-
tween reaching the highest possible orientation without
exceeding a certain <P,>; threshold to enable anisotropic
matrix motion. In this context, a <P,>es 0f 100% would rep-
resent an extremely rigid matrix not capable of any adap-
tation and leading to exceedingly slow inscription kinetics.
The results further indicate that it is the cumulative orien-
tation of the chromophores (related to the product of
<P,>max with the azo number density) that is of highest im-
portance for SRG formation, not the orientation level of the
individual azo units. This explains why blends or com-
pounds with the same T, but with a larger relative azo con-
tent have a better potential for writing SRG with a high DE,
and also why the optimal T, for high DE and fast inscrip-
tion kinetics shifts to higher temperature for systems with
higher azo content.

CONCLUSION

The strategy of mixing photoactive / photopassive mo-
lecular glasses allowed us to decouple for the first time the
influence of two important yet often interconnected pa-
rameters, the T, and the azo content, on the photoactivity
of azomaterials in order to optimize the SRG inscription
process. Using this strategy, we prepared miscible photo-
active blends with very similar optical properties by mixing
10 or 40 mol% of a photoactive DRi-containing molecular
glass with a series of its structural analogues to tune the T,
between 19 and 88 °C without changing the azo content.
This advantageous model system revealed that a trade-off
between different parameters must be made in order to op-
timize SRG inscription in terms of diffraction efficiency
and inscription kinetics. A high azo content (for a constant
Ty) and larger photoinduced orientation (generally pro-
moted by a high T,) enable forming SRG with a larger DE;



however, a high orientation stability (also encountered
with high-T, materials) reflects a low matrix adaptability
that slows down the kinetics of the inscription process. As
a consequence, an optimal intermediate T, enables fast
SRG inscription and maximal (saturated) DE. The optimal
T, ranges between ~45 and 60 °C for our amorphous DRi-
containing blends and is higher for higher azo content
(and probably higher for pure DRi-containing glasses or
azopolymers). For samples with a lower T, the efficient
thermal relaxation of the rubbery matrix leads to very low
DE and orientation and to limited temporal stability for
both. On the other hand, for samples with higher T,, the
photo-orientation of the chromophore upon SRG inscrip-
tion is impeded by the high viscosity of the matrix, which
translates into slower kinetics and to lower DE values if the
inscription time (or irradiance) is too small to reach satu-
ration.

The results presented herein emphasize the im-
portance of Ty in amorphous systems and offer useful
guidelines to optimize the choice and/or the preparation
of efficient azomaterials for SRG inscription and possibly
for other photoisomerization-enabled processes. Finally, it
must be highlighted that the strategy of blending miscible
active/passive molecular glasses, applied here to SRG in-
scription, is not limited to SRG or to light-responsiveness
and should be broadly applicable to other types of stimuli-
active/passive materials.
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