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Polar azo derivatives exhibiting stable glass-forming properties displayed efficient migration properties
as thin films when subjected to interferential illumination, and formed time-stable and rewritable
surface relief gratings as high as the initial film thickness. Intrinsic (film thickness, structure bulkiness) as
well as extrinsic (laser fluence and polarization) parameters dramatically influenced the rate of the relief
growth as well as the maximum relief amplitude. The superimposition of +45°/—45°-polarized beams
unexpectedly conducted to a diffraction efficiency ten times as high as the combination of two p/p
(parallel to the incident plane) polarized beams. The introduction of bulky anthryl Diels—Alder
substituents showed net increase in the modulation amplitude due to the creation of large free volume
around each azo unit, facilitating the azo migration within the less densely packed material.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Azo compounds, known for their strong one-photon absorption
cross-section, have been used for long as dyes for textile dyes [1]
and non-rewritable optical data storage [2]. In the late 80’s, their
photochromic properties involving a reversible E—Z photo-
isomerization around the N=N double bond initiated an entire
field of new investigations related to their startling photome-
chanical capabilities [3—5]. The latter have been illustrated in
photonics for the fabrication of electro-optical modulators [6], the
translation of micrometric-sized objects such as liquid droplets
[7,8] or polystyrene microspheres [9], and the stretching and
bending of azo-functionalized liquid crystalline polymers along the
direction of the impinging polarized light [10,11]. Another
phenomenon whose mechanism is still highly debated relates to
the bulk migration of azo moieties when subjected to interferential
illumination [12,13]. It is beyond the scope of the present manu-
script to describe them in detail but three main models based on
asymmetric diffusion [14], mean-field theory [15,16], and isomeri-
zation pressure [17], have been proposed to explain the formation
of surface relief gratings. All of them relate to the photo-
isomerization reaction of azo polymers whereas a new class of
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organic materials, involving glass-forming small molecules [18,19],
could offer simpler models to assess the critical structural and
electronic parameters coming into play. No chain entanglement
needs to be considered while kinetic and thermodynamic charac-
teristics linked to the independent microscopic properties of each
molecule (such as the molecular volume, dipole moment, energy
levels of the E and Z isomers) can be more precisely defined than for
polymeric systems. Although there is a growing interest in amor-
phous molecular azo materials [20—23], their structure often
resembles that of aminoazobenzene-like derivatives following
Rau’s classification [1], which makes direct comparison more
delicate with the usual push—pull structure of the azo polymerized
units referred as to pseudo-stilbene-like. We report herein detailed
investigations of the influence of intrinsic (molecular bulkiness,
film thickness) and extrinsic (light fluence and polarization)
parameters onto the migration efficiency of polar azo molecules
leading to perfectly time-stable and optically rewritable surface
relief gratings at room temperature.

2. Materials and methods
2.1. General methods

'H and 3C NMR spectra were recorded on a JEOL 400 MHz
spectrometer and chemical shifts were reported in ppm relative
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to TMS or referenced to the residual solvent. High resolution
mass spectra were obtained by MALDI-TOF (Voyager DE-STR,
Applied Biosystems). Glass transition temperatures Ty were
measured by using differential scanning calorimetry (Perkin
Elmer Pyris Diamond) in aluminum caps under a nitrogen flow at
a scan rate of 20 °C min~' over the temperature range
[30 °C—250 °C].

2.2. Commercial chemicals and compounds

All chemical reagents and solvents were purchased from
commercial sources (Aldrich, Acros, SDS) and used as received.
Spectroscopic grade toluene was used for spectroscopic measure-
ments. All air-sensitive reactions were performed under argon using
avacuum line. Analytical thin layer chromatography was performed
on Kieselgel F-254 precoated plates. Flash chromatography was
carried out with silica gel from SDS. The compounds 4-nitrosobenzoic
acid [24], methyl 4-nitrosobenzoate [24], bis(4’-tert-butylbiphenyl-
4-yl)-4-aminophenylamine 1 [25], and 2,6-dihydroxy-9,10-dihydro-
11,12-dicarbomethoxy-ethenoanthracene 4 [26] were synthesized
according to literature procedures. Thin films were obtained by spin-
casting chloroform solutions at various azo wt.% (1 wt.% and 2 wt.%)
on pre-cleaned glass substrates at a speed comprised between 500
and 2000 rpm, and dried further under vacuum for 24 h. All solutions
were systematically filtered before spin-coating with 0.45 um porous
Millex membranes purchased from Waters.

2.2.1. Synthesis of methyl 4-{4'-[bis(4’-tert-butylbiphenyl-4-yl)
amino]phenylazo}benzoate 2 AzoMe

Methyl 4-nitrosobenzoate (80 mg, 0.48 mmol) was dissolved
in glacial acetic acid (3.5 mL) under argon. Bis(4’-tert-butylbi-
phenyl-4-yl)-4-aminophenylamine 1 (210 mg, 0.4 mmol) was
added portionwise; meanwhile the pale yellow solution turned
deep brown red. After stirring at room temperature for 48 h,
a fine orange product precipitated, corresponding to the pure
compound 2 which was filtered off and washed thoroughly with
water (95%, 250 mg). Ty 68 °C; Amax (nm) [¢ (mol~LL.cm™1)]: 465
[17900], 330 [29600]; 'H NMR (400 MHz, CDCl;, TMS):
(ppm) = 8.16 (d, 3J(H,H) = 8.2 Hz, 2H), 7.90 (d, 3J(H,H) = 8.7 Hz,
2H), 7.86 (d, 3J(H,H) = 8.2 Hz, 4H), 7.56 (d, 3J(H,H) = 8.2 Hz, 4H),
7.54 (d, 3J(H,H) = 8.2 Hz, 4H), 7.46 (d, 3J(H,H) = 8.7 Hz, 4H), 7.27
(d, 3J(HH) = 8.7 Hz, 4H), 7.21 (d, 3J(H,H) = 8.7 Hz, 2H), 3.95
(s, 3H, —CO,CH3), 1.37 (s, 18H, —tBu); 3C NMR (100 MHz, CDCls,
TMS): (ppm) = 166.8, 159.8, 155.7, 150.3, 147.3, 145.7, 137.6, 137.2,
131.1, 130.7, 128.2, 126.6, 125.95, 125.92, 124.9, 122.4, 121.6, 52.4,
34.7, 31.5; HRMS (MALDI-TOF), m/z [MT]: for C46H45N30> calcu-
lated 671.3512; found 671.35063.

2.2.2. Synthesis of 4-{4'-[bis(4'-tert-butylbiphenyl-4-yl)amino]
phenylazo}benzoic acid 3

4-Nitrosobenzoic acid (570 mg, 3.82 mmol) was dissolved in
a 1:1 DMSO:glacial acetic acid (52 mL) mixture under argon. Bis(4’-
tert-butylbiphenyl-4-yl)-4-aminophenylamine 1 (1.0 g, 1.91 mmol)
was added portionwise; meanwhile the pale yellow solution turned
deep brown red. After stirring at room temperature for 48 h, a fine
red product precipitated, corresponding to the pure acid 3 which
was filtered off and washed thoroughly with water (95%, 1.2 g).
Tm = 108 °C; '"H NMR (400 MHz, CDCl3, TMS): (ppm) = 8.22 (d,
3J(HH) = 8.7 Hz, 2H), 7.93 (d, 3J(HH) = 8.2 Hz, 2H), 7.88 (d,
3(HH) = 8.7 Hz, 2H), 756 (d, 3J(HH) = 8.2 Hz, 4H), 7.55 (d,
3(HH) = 8.7 Hz, 4H), 747 (d, 3J(HH) = 8.2 Hz, 4H), 7.27 (d,
3J(HH) = 8.7 Hz, 4H), 7.21 (d, 3J(H,H) = 8.7 Hz, 2H), 1.37 (s, 18H,
—tBu); HRMS (MALDI-TOF), m/z [M+] for C45H43N30; calculated
657.3355; found 657.3349.

2.2.3. Synthesis of 4-[bis(4'-tert-butylbiphenyl-4-yl)amino]-4'-([(6-
hydroxy-9,10-dihydro-11,12-dicarbomethoxy-etheno Janthracene-2-
ylJoxycarbonyl)azobenzene 5 AzoDA [27]

To a solution of 2,6-dihydroxy-9,10-dihydro-11,12-dicarbome-
thoxy-ethenoanthracene 4 (200 mg, 0.56 mmol) in anhydrous
dichloromethane (200 mL) was slowly added a solution of acid 3
(184 mg, 0.28 mmol), dimethylaminopyridinium p-toluenesulfo-
nate (DPTS) (26 mg, 0.08 mmol) and diisopropylcarbodiimide
(DIPC) (53 mg, 0.42 mmol) dissolved in anhydrous dichloro-
methane (100 mL). The reaction mixture was allowed to stir at
reflux overnight. Concentration under vacuum followed by silica
gel column chromatography using petroleum ether/ethyl acetate
7/3 as an eluent, afforded 5 as a deep red solid (65%, 180 mg). T
123 °C; UV—vis (toluene), Amax (nm) [e (mol~! L cm™1)]: 474
[22800], 328 [29600]; 'H NMR (400 MHz, CDCl;, TMS):
(ppm) = 8.27 (d, J(H,H) = 8.7 Hz, 2H), 7.94 (d, 3J(H,H) = 8.7 Hz, 2H),
7.88 (d, 3J(HH) = 9.1 Hz, 2H), 7.56 (d, 3J(HH) = 8.2 Hz, 4H),
7.28—7.19 (m, 8H), 6.92 (d, 4(HH) = 2.3 Hz, 1H), 6.88 (dd,
4(H,H) = 2.3 Hz, 3|(H,H) = 7.7 Hz, 1H), 6.45 (dd, 4(H,H) = 2.3 Hz,
3J(H,H) = 7.7 Hz, 1H), 5.40 (s, 1H), 3.80 (s, 3H, — CO,CH3), 3.79 (s, 3H,
— CO,CH3), 1.37 (s, 18H; —tBu); *C NMR (100 MHz, CDCl3, TMS):
(ppm) = 166.06, 165.99, 164.97, 156.03, 153.75, 151.19, 150.21,
148.27,147.52, 147.10, 146.75, 145.95, 145.46, 145.24, 141.28, 137.40,
137.14,134.92,131.19, 129.98, 128.03, 126.45, 125.84, 125.77, 124.88,
124.55, 125.35, 122.48, 121.36, 117.98, 117.59, 112.18, 111.30, 52.54,
51.85, 51.56, 34.53, 31.35; HRMS (MALDI-TOF), m/z [M"+H]: for
Cg5H57N307H calculated 992.4275; found 992.4269.

2.3. Experimental techniques

All comparative photoisomerization and holographic photo-
migration experiments involving AzoMe and AzoDA were per-
formed on isoabsorbing solutions or thin films to avoid artifact
interpretations.

2.3.1. Absorption spectroscopy and kinetic studies

UV—vis absorption spectra in solution and thin films were
measured with a Varian spectrophotometer (model Cary 500).

The E—Z photoisomerization reaction was induced in toluene
solution by means of a continuous white light Hg—Xe source
(Hamamatsu, Model LC8) equipped with a quartz optical guide and
a narrow bandpass filter at 485 nm, and in thins films by means of
a continuous wave argon ion laser working at 488 nm as a pump
source. Kinetics of the Z—E back thermal relaxation was recorded on
samples in the photostationary state, by following the absorbance
change at specific wavelengths. Rate constants k; were determined
by modeling the back thermal reaction in fluid solution and thin
films with a monoexponential fit a x exp(—kt) and a biexponential
fit a; x exp(—kit) + az x exp(—kat) respectively.

2.3.2. Holographic setup and refractive index measurements

Holographic inscriptions were carried out on spin-coated thin
films by means of a two-arm interferometer setup splitting an Ar*
laser beam working at 488 nm into two coherent beams of equal
intensity. Polarization and fluence were varied with regard to the
experiments to be performed. Interference gratings were obtained
with a spatial period 4 = 1.40 um in accord with the bissecting
incident angle # = 10° between both interfering beams following
Bragg’s diffraction law A = 1/2sin(f)). Surface relief grating (SRG)
height measurements were carried out by using a Veeco Explorer
atomic force microscope working in a tapping mode. Formation of
SRGs was followed in situ by recording the first diffracted order of
a low-power He—Ne laser (1.9 mW) working at 632.8 nm by means
of a photodiode detector (Ophir — PD300 and PD300 UV heads)
(Fig. 1).
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Fig. 1. Holographic setup for SRG recording: HWP, half-wave plate; P, polarizer; L;, lens
f50; PH, pinhole (& 25 um); Ly, lens f150; BS, cube beam-splitter; M, mirror; PD,
photodetector; Ar™, argon ion laser working at 488 nm; He—Ne laser working at
633 nm (spot diameter of 2 mm).

Refractive index measurements were performed by ellipsom-
etry using a spectroscopic ellipsometer Jobin-Yvon-Horiba UVISEL-
SE working from the UV to NIR range (250—1100 nm). Thickness
measurements were independently performed by means of a Dek-
tak 6M stylus profilometer (Veeco).

3. Results and discussion
3.1. Synthesis and thermal properties

The introduction of different ester moieties allows for the
straightforward variation of group bulkiness without affecting the
charge transfer within the generic backbone. Keeping the absorp-
tion maximum wavelengths and molar absorption coefficients
almost similar from one compound to another is of high impor-
tance for comparative purposes since the photoisomerization effi-
ciency and consequently the extent of photomigration are primarily
ruled by the absorbed quantum energy as well as the energy levels
of both the E and Z isomers. We then chose the triphenylamino unit
as an electron-donating moiety not only for its stronger donating
properties compared to hydroxyl or ether units but also for its
twisted geometry impairing strong intermolecular interactions.
The latter were reduced by the introduction of two peripheral tert-
butylphenyl subsituents, which yielded amorphous materials as
revealed by thermal analyses (vide infra). In order to assess the
influence of additional steric crowding and/or larger free volume
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created around the azo derivatives, we introduced the 2,6-dihy-
droxy-9,10-dihydro-11,12-dicarbomethoxy-ethenoanthracenyl
moiety at the ester unit. Swager et al. showed that anthryl Diel-
s—Alder (DA) adduct moieties substituting semi-conjugated poly-
mers led to highly porous materials, hence analyte diffusion for
sensing applications or chain organization for mechanically-
resistant stretchable materials were much facilitated [28].

We adopted a modular synthesis involving the condensation
between the appropriate nitroso derivatives and the primary
aromatic amine bis(4’-tert-butylbiphenyl-4-yl)-4-aminophenyl-
amine 1, obtained after reduction of the corresponding nitro
compound by hydrazine in the presence of charcoal-supported
palladium(0) (Scheme 1).

Following this pathway, both the carboxylic acid and the cor-
responding methyl ester derivative were obtained in excellent
yields of about 95% as bright red and orange pure precipitates,
respectively, with no need of further purification except thorough
washing of the powders with water. This method is even more
appropriate for the carboxylic acid compound which was further
engaged in a mild monoesterification process, assisted by diiso-
propylcarbodiimide in the presence of dimethylaminopyridinium
p-toluenesulfonate, with the DA biphenol 1 used in a twofold
excess, to limit diesterification. The monoester was very easily
separated by silica gel column chromatography from the diester
side-product and the unreacted reagents due to their much distinct
adsorption properties.

Differential scanning calorimetry measurements showed, for
both esters, a clear second-order transition characteristic of a glass
transition at a temperature T, = 68 °C and 123 °C for AzoMe and
AzoDA respectively. No further recrystallization peaks were
observed at higher temperatures, ensuring time-stable glass-
forming properties for the azo materials. The Tg value for AzoDA,
twice as high as that for AzoMe, stems from the presence of the
bulky anthryl DA adduct creating larger internal geometrical
constraints and less apparent “fluidity”. Contrary to the intuitive
perception, steric crowding does not necessarily reduce the effi-
ciency of bulk migration as demonstrated below.

3.2. UV—vis absorption spectroscopy and photochromic studies

All comparative experiments were performed on isoabsorbing
solutions or thin films to avoid artifact interpretations. Both

N@X X ="CO,Me 2

AzoMe

Meo,C

COzMe COZMe

OH

Scheme 1. Synthetic pathway to the glass-forming azo esters AzoMe and AzoDA. i) 4-nitrosobenzoic acid or methyl 4-nitrosobenzoate, acetic acid:DMSO 1:1 or acetic acid, RT, 48 h,
95%. ii) 2,6-dihydroxy-9,10-dihydro-11,12-dicarbomethoxy-ethenoanthracene, dimethylaminopyridinium p-toluenesulfonate, diisopropylcarbodiimide, anhydrous dichloromethane

RT, 12 h, 65%.
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Table 1
Thermal and UV—vis spectroscopic properties of AzoMe and AzoDA in toluene
solution (5 x 10~ mol L~') and as 200 nm-thick films.

Compound Ty [°CP? Amax(abs) [nm] Amax(abs) [nm]
(e [mol~! L cm™"]) in solution thin films®

AzoMe 68 465 (17900), 330 (26600) 471

AzoDA 123 473 (22800), 328 (29600) 474

3 Measured by DSC using a 20 °C min~' thermal gradient.
b Spin-cast from 2 wt.% chloroform solutions and dried under vacuum for 24 h.

compounds exhibited very similar absorption properties in solution
and in the solid state with a first band in the UV range involving
biphenyl-centered transition and a second band in the visible
around 465 nm (471 nm) and 473 nm (474 nm) for toluene solu-
tions (spin-coated thin films) of AzoMe and AzoDA respectively
(Table 1) [27].

Irradiation with a continuous mercury—xenon lamp equipped
with an optical fiber and a narrow bandpass filter at 485 nm led to
a significant decrease of the maximum in the visible region
attributed to the formation of the corresponding Z isomers. In the
first assumption of non-absorbing Z isomers at 485 nm, the
minimum photoconversion yield pmin was estimated to be 50% and
47% for AzoMe and AzoDA in toluene, respectively (Fig. 2).

Once the photostationary state has been reached, the thermal
back relaxation of the Z forms into the E isomers occurring at room
temperature in the dark could be modeled by a monoexponential
law [Z] = [Z]oexp(—kt) in accord with fluid environments. The rate
constants k were found to be equal to 8 x 10> s~! and
9.8 x 10~° s~! for AzoMe and AzoDA respectively (Table 2). Given
the very similar absorption spectra, photoconversion yields pmin
and Z thermal decays for both azo esters in solution, it is clear that
the DA adduct does not impact the electronic properties of the azo
unit and lets the azo photoisomerization behavior almost
unchanged. Photochromic discrepancy in the solid state, if any,
would thus mainly originate from large geometrical rather than
electronic effects. We indeed measured a lower photoconversion
yield pmin for AzoDA which dropped down to 16%, namely one
quarter less than that for AzoMe which was found to be 21%.
Similar differences were observed for the back thermal relaxation
rate constants k;, emphasizing the existence of steric constraints.
After fitting the experimental data with a double exponential law,
two rate constants were determined. The slower components kj,
valued at 3.3 x 107> s~ ! and 2.4 x 107> s~! for compounds AzoMe
and AzoDA, represent the major relaxation regime (Table 2). By
contrast, the faster components k,, which are larger than those in
solution and attributed to very unstable Z geometries due to
environmental constraints, were found to be 2.1 x 1074 s~ ! and

— before irradiation
- - - photostationary state

3.0} AzoMe

1
)
g
(8)]
T

0.0

300 400 500 600
Wavelength (nm)

Table 2

Kinetic components of the back thermal relaxation AzoMe and AzoDA in toluene
solution (5 x 10~ mol L) and as spin-coated thin films (200 nm-thick) irradiated
to the photostationary state.

Compound Solution? Thin film®

k(107 s7'] pmin [%]° k1 [10° s 1 k2 [10° 57" f2 ppmin [%]°
AzoMe 8 50 33 92 21 8 21
AzoDA 9.8 47 2.4 97.5 37 25 16

¢ First-order kinetics.

b Biexponential fit a;exp(—kqt) + a,exp(—kot) with k; = 1/t; and normalized
fractions defined as f; = aj7i/(ajti + ajt;).

¢ Minimum photoconversion yield E—~Z (assuming that the Z form is not
absorbing at 465 nm) obtained by irradiation at 465 nm (30 mW cm2).

3.7 x 1074 s~ for compounds AzoMe and AzoDA. All of these data
converge toward stiffer surroundings around the azo unit linked to
the DA adduct, hence unstabilized Z isomers revert back even faster
than the isomers of the unsubstituted azo ester only for steric
reasons. We will see later that this bulkiness is actually responsible
for the dramatically enhanced height modulation of the surface
relief gratings.

3.3. Formation of surface relief gratings and influence of extrinsic
and intrinsic parameters

Holographic irradiation using a two-beam interferometer setup
was first performed on thin films of unsubstituted azo ester AzoMe.
Three sets of parameters were explored, namely the polarization,
the power as well the film thickness to assess their influence onto
the process efficiency of surface relief grating formation. AFM
measurements were performed immediately after the illumination
process. Formation of the surface relief gratings was followed in situ
by recording the first diffracted order of a low-power He—Ne laser
(1.9 mW) working at 632.8 nm. The diffraction efficiency n was
defined as follows: n = 2 I11/lp with Ip and I, related to the
energies of the incident beam and the first-order diffracted beam
respectively of the He—Ne laser.

3.3.1. Influence of the laser polarization

We first investigated three polarization settings: s/s, p/p
and +45°/—45° generating respectively pure intensity gratings,
mainly intensity gratings largely modulated along the grating
vector direction with a small amount of polarization variation, and
mainly polarization grating with an irradiation intensity nearly
constant (Fig. 3).

The film thickness was kept constant at 270 nm while the
intensity for each laser beam was set at 160 mW cm 2 (15 mW). As

(=2

3.0 AzoDA —— before irradiation

- - - photostationary state

-1

-1

e (10* molL"em™)
o

0.0 s . s
300 400 500 600

Wavelength (nm)

Fig. 2. UV—vis absorption spectra in toluene before irradiation and at the photostationary state reached upon irradiation at 485 nm a) AzoMe. b) AzoDA.
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Fig. 3. Electric field vector distribution at the sample surface for three sets of polari-
zation. The coordinate system of the electric field vector, corresponds to the coordinate
system.

commonly observed for the formation of SRGs, the s/s configuration
creates very weak gratings less than 10 nm high with a maximum
diffraction efficiency hardly reaching 0.05%. By contrast, SRGs
written with p/p (where p features light polarization parallel to the
incident plane) and +45°/—45° configurations generated a first-
order diffraction efficiency two to four orders of magnitude
larger, namely 2.8% and 20% respectively (Fig. 4).

These results strongly contrast with those commonly reported
for azo polymers and several molecular glasses where both
configurations yielded SRGs with similar modulation heights, albeit
diffracting more efficiently for p/p with regard to +45°/—45°-
polarized beams. Straight comparisons with other studies are
however sometimes rather difficult since the experimental condi-
tions in terms of irradiation powers and film thicknesses can differ
considerably. In our condition, 270 nm-thick films exhibited
absorbance close to 1, which lets suspect a homogeneous laser
absorption throughout the sample in contrast with 50 pm-thick
samples where deep layers, screened by the top layers, obviously
undergo a less efficient photoisomerization reaction [22].

3.3.2. Influence of the laser intensity

All experiments were performed onto 230 nm-thick films. The
polarized configuration was fixed at +45°/—45°; both laser beams
were of equal intensity and tuned between 55 mW cm~2 (5 mW),
105 mW cm™2 (10 mW), 210 mW cm™2 (20 mW), and finally
320 mW cm 2 (30 mW) (Fig. 5).

As already reported on azo polymers, a higher irradiation
power speeds up the SRG growth rate [29]. Surprisingly, in our
case the maximum heights achievable were the same, and
measured to be 170 nm. It is worth noting that a high diffraction
efficiency of almost 25% could be reached in less than 100 s up to
250 s for the lowest intensity regime, which contrasts with the
saturation obtained with polymers usually achieved after 1200 s
and longer.

A. Jacquart et al. / Dyes and Pigments 92 (2012) 790—797
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Fig. 5. Evolution of the diffraction efficiency for a 230 nm-thick AzoMe thin film
subjected to various incident intensities for each Ar® laser beam fixed with
a +45°[—45° polarization configuration (A;; = 488 nm).

3.3.3. Influence of the film thickness

We finally studied the influence of the film thickness which was
reported to dramatically impact the migration inscription rate for
azo polymers on grounds of surface tension effects. For the latter, in
the framework of the photomechanical effect model based on the
existence of pressure gradient, migration was assumed to follow
a laminar flow model described by Eq.(1), derived from the
Navier—Stokes relationship [30,31]:

oh 1 h% a’P(x)

o 30 ol M

where h refers to the initial film thickness, 5, to the kinematic
viscosity and P to the internal pressure.

In order to keep a uniform irradiation across the samples, we
considered the following three thicknesses: 100 nm, 180 nm and
250 nm. The irradiation conditions were set at +45°/—45° with an
equal intensity of 15 mW cm 2 for both beams. For all samples, the
modulation heights were found by AFM measurements close to the
initial film thickness, and reached 130 nm, 190 nm and 260 nm
from the thinner to the thicker film samples (Fig. 6a).

No change in the periodic sinusoidal structure was observed
with a periodic spacing invariably measured at 1.40 pm (Fig. 6b).
The diffraction efficiency also increased with the film thickness in
accord with deeper SRG peak-to-trough amplitudes. Finally the
maximum inscription rate defined as the slope of the holographic
growth curve appeared very sensitive to the initial thickness, and
changes one order of magnitude from the thinner sample to the
thicker one (Fig. 7). The graphical representation of the experi-
mental rate as a function of the thickness showed a positive
curvature which could be nicely modeled by a 3rd order polynomial
fit following the cubic rate dependence on the initial film thickness.

This curvature contrasts with the negative curvature and the
restricted amplitude of the growth rate variation for azo polymeric

a b c
= = =
083:5)“04_3!5 _ § plp % 02 | +45°/-45° .
c
G 4k 4 2 002} {1 @
= ] o
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3 2t {1 2 <
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Fig. 4. Evolution of the diffraction efficiency of 270 nm-thick AzoMe thin films subjected to various polarization configurations of two 160 mW cm~? interfering Ar* laser beams
(Airr = 488 nm). Configuration: a) s/s (n = 0.048%); b) p/p (n = 2.8%); ¢) +45°/—45° (n = 20%).
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Fig. 6. AFM measurements of surface reliefs gratings written on AzoMe thin films using a +45°/—45° configuration with a 160 mW cm~2 incident intensity for each Ar* laser beam.

a) AFM imaging for a 250 nm-thick film. b) Z-profile for various film thicknesses.

films thicker than 100 nm [30,31]. For azo polymers, it has been
reported to scale with the cube of the initial thickness h, and
progressive deviations appeared for samples thicker than 100 nm
due to marked difference in pressure/tension effects between the
substrate interface and the film surface. The high sensitivity
observed for the azo molecular glasses is likely to stem from the
absence of long chains creating multiple anchoring points on the
glass substrate as encountered for polymer chains where bulk mass
transport undergoes strong acceleration for thin thicknesses until
the chains are no longer in contact with the substrate surface or
entangled with polymer chain interacting with the latter.

3.3.4. Photorewritability

We investigated the rewritability of the surface relief gratings
previously written onto a 270 nm-thick AzoMe thin films. To this
aim, a series of three writing—erasure cycles was performed dis-
playing nice reversible modulations of the diffraction efficiency
(from 20% to less than 0.2%) and relief height (from 280 nm to less
than 10 nm), with a slight 2.5% increase of the diffraction efficiency
from one cycle to another (Fig. 8).

This slight increase could be ascribed to small plasticization
effects due to global disorganization of the azo molecules in surface
after photoisomerization. While the writing step involved two
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45°|—45°-polarized interfering beams with each a 160 mW cm 2
incident intensity, the erasure step involved homogenous irradiation
using only one 45°-polarized beam with a twofold intensity of
320 mW cm 2, which was shown to be very efficient. Under such
conditions, the diffraction efficiency saturated (vanished) after an
exposure period of 420 s (700 s) for the writing (erasure) step, which
corresponds to a growth (disappearance) rate constant of
2.80 x 1072571 (1.56 x 1072 s~1). Erasure requires more stringent
conditions than writing in terms of beam energy and irradiation time,
which has already been noted for other polar azo molecular glasses,
and ascribed to poled molecules whose rotational and translational
disorientation needs repeated cycles of Z—E photoisomerization,
especially for azo units with less push—pull character compared to
that of nitro-containing derivatives like Disperse Red 1 [32].

3.3.5. Influence of the azo bulkiness

Thin films were made from AzoMe and AzoDA solutions in
chloroform with identical azo mass concentrations (2% wt. both) to
avoid differences in light absorption, which in turn would influence
the migration dynamics and efficiency. Both compounds indeed
exhibit close molar absorption coefficients in solution. Provided
that the absorption properties in solution and in the solid state are
alike, the molecular quantities of photoactive units can be
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Fig. 7. a) Evolution of the diffraction efficiency for various thicknesses of AzoMe thin films subjected to a 160 mW cm™? incident intensity for each Ar* laser beam fixed in
a +45°/—45° polarization configuration (4 = 488 nm). b) Inscription rate as a function of the film thickness.



796 A. Jacquart et al. / Dyes and Pigments 92 (2012) 790—797

" writing erasure ’
_ —O— +45°/-45° +45°
> 0.21 r 7
D
=
[ = .
=
=
So01} 1
[&]
o
= | ¢ 4
fa)

0 3 : |
0 1000 2000 3000 4000
Time (s)

Fig. 8. Writing—erasure cycles for surface relief gratings formed on a 270 nm-thick
AzoMe thin film. Writing involves two-beams interferential illumination with
a +45°/-45° polarization configuration (160 mW cm~2 intensity per beam,
Airr = 488 nm). Erasure involves one-beam (45°-polarized) homogenous illumination
(320 mW cm 2 intensity, A = 488 nm).

considered the same. Thin film absorbances were indeed found to
be very close at 1.07 and 1.14 for AzoMe and AzoDA respectively at
the laser radiation wavelength (Anax = 488 nm). The beam incident
intensity was fixed at 15 mW cm~2 while a +45°/—45° polarization
configuration, proved the most efficient one in our experimental
investigations, was again adopted.

The evolution of the diffraction efficiency of the probing He—Ne
laser revealed two major facts: the SRG growth is slower for AzoDA
than AzoMe; the diffraction efficiency saturated after 250 s for
AzoMe against 1100 s for AzoDA (Fig. 9).

This slow growth for AzoDA however led to substantially larger
diffraction efficiency of 30% against 20% for AzoMe. AFM
measurements confirmed a higher peak-to-trough amplitude for
AzoDA, which was found equal to 490 nm compared to 240 nm for
AzoMe. This unexpected modulation difference is to be related to
the initial thickness of the films which were 420 nm for AzoDA and
280 nm for AzoMe. Since the quantity of azo units, being almost the
same, cannot explain this discrepancy, we assumed that each
AzoDA unit occupied more space than the AzoMe due to the bulky
backbone of the Diels—Alder substituent. This hypothesis was
nicely confirmed by ellipsometry measurements of refractive
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Fig. 9. Comparative inscription dynamics of surface relief gratings onto isoabsorbing
azo thins films AzoMe and AzoDA exposed to two-beam interferential illumination
(+45°/—45° polarization configuration; 160 mW cm™ intensity per beam,
Airr = 488 nm).

indices n, which provided n = 1.750 for AzoDA and n = 1.770 for
AzoMe at 600 nm. Smaller values of refractive index feature a lower
electronic density, which supposes less compact materials as also
evidenced in thin films made of triptycenyl-containing semi-
conductive polymers [33].

Therefore crowded scaffolds do exert steric constraints which
slow down the SRG growth but do not inhibit their formation.
Another reasonable explanation could be related to the additional
mass of bulky substituents, reducing the molecular diffusion coef-
ficient, hence larger photomechanical work is required by the azo
units to tow the whole molecular ensemble during their migration
process. The apparently paradoxical higher modulation for AzoDA
despite its crowded molecular structure is related to the large free
volume created around each azo unit by the large substituents.
After photoisomerization, each azo unit AzoDA would free larger
space compared to AzoMe, since photoisomerization is accompa-
nied with large geometrical modifications. Consequently, migration
in AzoDA thin films persists and produces even higher surface
grating reliefs than those for AzoMe samples as it has already been
mentioned with other bulky azo molecular glasses [34]. The
common statement following which increasing size impedes SRG
formation needs to be revisited in the light of the azo geometry,
especially when multiple azo units are connected to each other and
can respond to light excitation by migrating in a competitive and
destructive fashion [23,35].

4. Conclusion

In summary, formation of surface relief gratings in polar azo
molecular materials displayed high sensitivity to irradiation
conditions (polarization and incident intensity) and structural
parameters (thickness and azo bulkiness) as commonly reported
for other azo molecular thin films. They however considerably
differ in the sense that: first, a +45°/—45° configuration provided
more contrasted reliefs than those obtained with a p/p configura-
tion; second, high diffraction efficiency up to 20% was achieved
with thin films (270 nm-thick) in less than 200 s by using a low
irradiation power (160 mW cm~2); third, the inscription rate of
surface relief gratings showed larger sensitivity to film thickness
than that observed for polymers (especially over 100 nm), which
may be due to the absence of multiple chain interactions with the
glass substrate. This latter argument tends to assume that gradient
pressure, often evoked for polymeric systems, may not significantly
contribute to the migration process within azo molecular glasses.
Finally, the appropriate introduction of bulky groups such as
anthryl Diels—Alder adduct around the azo chromophores induced
a large free volume which is highly beneficial for the azo unit
migration. The slower observed growth rate lets us suggest that the
rise of SRGs may be described by a cooperative diffusion-based
model where the chromophore concentration and the molecular
diffusion coefficient along with the photoresponse efficiency need
to be considered.
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