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Mechanisms for High-Performance and Non-Local
Photoisomerization Gratings in a Sol-Gel Material

Francisco Gallego-Gémez,* Francisco del Monte, and Klaus Meerholz*

Novel azo-containing sol-gel films exhibiting outstanding properties for
optical applications via nonlocal photoisomerization gratings were reported
recently, although the underlying mechanisms were not well understood,
especially regarding the unexpected non-local effect. Here, this photoisomer-
izable sol-gel material is characterized in-depth, analyzing the design and
fabrication strategy, and discussing the aspects that enable the efficient pho-
toresponse, with focus on the holographic recording. The material consists
of an azochromophore-rich silica matrix containing glycidoxypropyl groups,
which provide increased flexibility and internal free volume for improved dye
photoresponse. The matrix characteristics allow a novel procedure for fabrica-
tion of thick optical films, in which chromophore aggregation is ruptured by
thermal annealing while keeping the material centrosymmetry (beneficial for
high hologram contrast). The molecular photo-orientation promotes align-
ment of microscopic domains in a cooperative motion, not reported previ-
ously in sol-gel materials. This collective mechanism enhances the material
response and explains some intriguing features of photoisomerization grat-
ings. In particular, there is evidence that spatially shifted domains are related
to the grating nonlocal nature. Different recording (write—erase—write) proce-
dures that distinctly affect the photoalignment at both molecular and micro-
scopic level are studied. The holographic performance drastically changes,
which can be selectively exploited for either long-term or dynamic holography.

materials allow hologram recording
without application of an electric field as
a result of photoinduced anisotropy in
the medium that, upon light absorption,
becomes dichroic and birefringent (BR).
Materials containing azobenzene-type
chromophores (anisotropic, cigar-shaped
molecules with the optical transition
dipole moment lying along the long axis)
constitute a representative example of BR
systems achieved via photoisomerization
(PI), based on trans — cis — trans transi-
tions under exposure to polarized light:23]
successive PI cycles tend to line up the
molecules in a dominant direction or
plane, which ultimately provides macro-
scopic anisotropy. For a particular chromo-
phore, the performance and stability of
Pl-induced alignment mainly depends
on the chromophore interaction with the
surrounding matrix.**! Since 1984, PI sys-
tems have been proposed for holographic
data storagel® but their efficiency has
been competitive in a few cases only”!
and generally inferior to, for example,
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1. Introduction

Holography provides a unique technique for high-density infor-
mation storage and allows for a number of applications that are
not accessible by other recording methods. Organic materials
offer clear advantages not found in their inorganic counterparts
because of their compositional and morphological versatility,
easy processability, and low cost.!] Photoanisotropic organic
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organic photorefractive (PR) materials,*1¥
although the latter typically require high
operating voltages.['l Thus, there is a chal-
lenge in the design of new materials exhibiting highly efficient
PI to become well-suited systems for holography. To achieve
sufficient performance requires a good understanding of the
mechanism governing the processes triggered by PI.

We have recently reported on the recording of PI gratings
in a novel azo-containing sol-gel material exhibiting nearly
total diffraction and subsecond response times.'?l Remark-
ably, a non-local nature of the PI gratings was assessed (i.e.,
they were out-of-phase relative to the interference light pattern),
which had been assumed to be a unique feature of PR grat-
ings. This allowed very high energy exchange between beams
(optical gain) to be obtained, making PI materials suitable for
applications based on signal amplification or phase conjuga-
tion. However, although the grating behavior was satisfactorily
explained by a simple photoisomerization model, the material
features and underlying mechanisms were not discussed. Here,
we thoroughly characterize the material performance to eluci-
date the mechanisms responsible for the enhanced chromo-
phore photoresponse and demonstrate cooperative motions at
the microscale, which explain the unprecedented grating fea-
tures. The article is structured as follows: first, we examine the
strategy followed for material design regarding the composition
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Scheme 1. Synthesis of DR1-GP by chemical functionalization of the alkoxyde precursor ICPTS
and subsequent sol—gel process with GPTMS. Optically active (DR1-functionalized) groups are
represented in light gray and optically non-active (GP) groups in dark gray.

and the fabrication process of thick optical films; second, we
analyze the morphological features of the system, derived from
film annealing, which allow material photoresponse; and, third,
we investigate in-depth the holographic performance, particu-
larly as affected by two-level (molecular and microdomain)
photoalignment. In addition, our material is compared with a
conventional azo-containing sol-gel system to underline the
decisive factors improving the optical response.

2. Results and Discussion
2.1. Material Composition and Film Processing

The material of choice was organically modified silica, the com-
position and structure properties of which can be conveniently
tailored.'>1* To our purpose, silica was prepared via the sol-gel
process combining two organic precursors; one optically active,
the other one optically non-active (Scheme 1). The optically active
precursor was prepared as described elsewhere;!”! briefly, the well-
known azobenzene Disperse Red (DR1) was covalently bound to
3-isocyanatopropyltriethoxysilane (ICPTES) to obtain the DRI-
functionalized alkoxyde precursor DRIUPTES. DR1 is a pseudo-
stilbene-type  (push-pull) molecule, characterized by strong
overlapped 7n—m+ and n-m+ transition bands and a predominant
trans state even under light exposure (metastable cis state),>1%17]
so that light predominantly induces BR through molecular photoa-
lignment (via angular redistribution).’®l The optically non-active
precursor was glycidoxypropyltrimethoxysilane (GPTMS). Thereby,
glycidoxypropyl (GP) groups pending from the silica network are
intended to play the simultaneous roles of silica network plasticizer
and spacer between adjacent DR1 molecules. Both aspects should
improve chromophore reorientation upon PI by i) providing
more internal free volume to favor dye motion,'¥l ii) restricting
chromophore-chromophore interactions and aggregation,l*2% and
iiii) increasing the flexibility of the silica matrix (decreasing T;).”
The lower T, should also facilitate network reorganization due to
external stimuli (e.g., thermal treatment or illumination), which
could even promote motion of microscale domains.?!

The sol used for hydrolysis and condensation was composed
of 1 mmol of each precursor so that the final composition was
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DR1UPSiO; 5(1)-GPSiO; 5(1) in molar equiva-
lents (75:25 w/w). The resulting sol-gel mate-
rial is hereafter referred to as DR1-GP. The
corresponding amount of DR1 was 52 wt%,
which was confirmed by thermogravimetric
analysis. The strong covalent attachment of
the dye to the silica backbone allowed such a
high load of DR1 without phase segregation
and crystallization problems. Otherwise,
direct incorporation of DR1 (i.e., without
previous synthesis of DRIUPTES) led to
unstable materials above 20 wt% composi-
tions. In order to evaluate the eventual ben-
efits of the incorporation of optically non-
active groups, we prepared a second set of
samples using tetraethyl orthosilicate (TEOS,
typically used in azo-containing sol-gel mate-
rials)>2 instead of GPTMS. This reference
material, referred to as DR1-TEOS, had a final composition of
DR1UPSIiO; 5(1):Si0;(1) in molar equivalents (88:12 w/w).
Reproducible plane-parallel, thick (2 to 102 um) films,
having large area and high optical quality, could be easily fab-
ricated following the procedure described in the Experimental
Section. If the DR1-GP material is allowed to gelation without
further processing, the resulting films exhibited massive DR1
aggregation as revealed by the presence of a shoulder at approx-
imately 420 nm('¥! in the absorption spectrum (Figure 1). It
is well known that hydrolysis and condensation of silane pre-
cursors occur around aggregatesi??! so that they persist after

DR1-GP
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Figure 1. UV-Vis spectra of 2 um thick DR1-GP films, either subjected or
not to thermal annealing. Chromophore dimeric aggregation, evidenced
by the peak at 420 nm, is ruptured by the thermal treatment. For com-
parison, the spectrum of DR1 in solution is also shown, exhibiting the
characteristic absorption of non-aggregated DR1 species centered at
480 nm. Inset: spectral changes in the annealed DR1-GP film during and
90 min after illumination with linearly polarized 633 nm light (200 m\W
cm™2, normal incidence). The absorbance, in all cases, was basically inde-
pendent of the polarization of the probe light (spectrometer lamp). No
absorbance change was observed in non-annealed DR1-GP films.
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Figure 2. a) Cross-sectional SEM images and b) POM images of non-annealed (left) and annealed (right) 12 um DR1-GP films. Microscope light
polarization in POM was 45° with respect to the x-axis. c) Idealized matrix reorganization occurring upon annealing and solvent evaporation. Black
lines represent the silica network; blue rods, the DR1-functionalized groups; and circles, entrapped molecules of pyridine. Circular fringes in (b) are an
optical artifact. The z-axis represents a direction normal to the sample while (x, y) are in the film plane.

gelation. Aggregation is typically undesirable because of the
detrimental effect on PI processes.>!l This was actually the
case in our films, the response of which to illumination was
negligible, except for the photoinscription of surface relief
gratings (SRGs) by an interference pattern, as we observed
by atomic force microscopy (AFM). However, the SRGs were
slightly pronounced, with depth less than 400 nm. The film did
not respond to external poling either (even by applying electric
fields as high as 100 V um™).

Thus, aggregation rupture was mandatory to obtain any
optical response. This was achieved by subjecting the mate-
rial before complete gelation to abrupt heating by placing the
sample on a hot plate at 150 °C (see the Experimental Section).
Indeed, effective elimination of dye aggregates was verified
by the disappearance of the 420 nm shoulder in the absorp-
tion spectrum (Figure 1). As an immediate consequence, the
annealed film became responsive to optical stimulus as DR1
molecules were now capable of Pl-induced alignment. This
was readily confirmed by measuring in situ the film absorb-
ance (A) during and after illumination (Figure 1, inset). Under
linearly polarized 633 nm irradiation!?®l (normal incidence), the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

absorbance significantly reduced independently of the probe
light polarization, i.e., both perpendicular (A,) and parallel (A
absorbances were identical to that measured with unpolarized
probe light (Ag). This indicates that DR1 molecules became
preferentially photoaligned along the propagating direction of
the pump light (out-of-plane alignment).?*! Similar behavior,
different to conventional PI, has been observed in other pho-
toisomerizable systems, particularly under illumination at
633 nm.>2>20] After irradiation, DR1 molecules relaxed back to
random orientation and A was partially recovered. The spectral
shape did not change during the experiment.

3. Film Morphology Enabling Optical Response
3.1. Matrix Rearrangement Upon Film Annealing

The drastic effect of film annealing revealed that important
morphological changes were induced in the material. Further
evidence of such changes was provided by scanning electron
microscopy (SEM). Figure 2a shows a homogeneous bulk in

Adv. Funct. Mater. 2013, 23, 3770-3781
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non-annealed DR1-GP films after non-interfered gelation while
annealed films presented a striped bulk, with approximately
1 um thick bands disposed normally to the substrate, which
points to a microscopic matrix arrangement. This organization
was also observable with polarized optical microscopy (POM),
which, in addition, revealed some degree of anisotropy in the
rearranged matrix?’! (Figure 2b). Indeed, non-annealed films
appeared as a plain dark field corresponding to a homoge-
neous, isotropic bulk. On the contrary, bright areas appeared in
the annealed samples, indicating anisotropic domains of tens
of microns. This suggests microphase separation with forma-
tion of silica-rich domains (essentially isotropic) and DR1-rich
domains (anisotropic), the latter showing birefringence as a
result of some preferred direction for chromophore arrange-
ment. POM images barely depended on the polarization of the
incoming probe light, suggesting that the anisotropy of the
annealed film has uniaxial symmetry (normal to the sample
surface), in accordance to the vertical structures observed in
SEM.

All these observations compose a scenario consistent with
an evaporation induced self-assembly (EISA) process!?®! upon
film annealing (Figure 2c). The sudden increase of temperature
before complete gelation promoted both the softening of the GP-
modified silica network (with T, about 100 °C)"? and the prompt
evaporation of remaining pyridine (boiling point is 90 °C).
Under these circumstances, solvent evaporation and diffu-
sion through the bulk (from the bottom of the sample to the
top) caused drifting and reorganization of the softened silica
matrix, and simultaneous rupture of dye aggregates. Thus, the
vertical structures observed in SEM images can be attributed
to well-ordered silica chains. Such bulk structuring in samples
of thickness over several microns is remarkable since efficient
EISA-like assembly is typically restricted to several tens of
nanometers.?®l The persistence after cooling of the morpho-
logical changes indicates that the silica backbone retained the
arrangement, probably favored by an increase of rigidity in the
quenched network. This was confirmed by stiffness measure-
ments with nanoindentation, yielding a clear increase of the
Young’'s modulus in annealed films (ca. 32 GPa) with respect
to non-annealed samples (ca. 20 GPa). Such mechanical hard-
ening, together with the presence of GP groups acting as
spacers between DRI molecules, prevented the formation of
new dye aggregates after annealing. Permanent chromophore
disaggregation upon annealing has also been observed in other
highly amorphous azo-containing systems (polymers!*’l and
sol-gel materials).[?%]

3.2. Optical Properties: Centrosymmetry and Photoinduced
Birefringence

As the EISA-like reorganization also involves the organic moi-
eties, annealing can lead (before photoexcitation) to material
birefringence if the chromophore adopts an anisotropic distri-
bution in the annealed DR1-GP films, or even to material non-
centrosymmetry if the dipolar DR1 molecules point towards a
preferred direction.*”! On the one hand, fairly low electro-optic
(EO) coefficients (r;3 = 0.3 pm V™! and r;3 = 1.2 pm V1) were
measured,'? indicating that the orientation of dye dipoles was

Adv. Funct. Mater. 2013, 23,3770-3781
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approximately random (with slight alignment in the z-direction)
after annealing and the material was nearly centrosymmetric.
Further, the negative sign of r3;; reveals a certain tendency of
the chemically bound chromophores to point their unbound
nitro group towards the film-air interface rather than the film—
glass interface, which is a consequence of the EISA process.
On the other hand, ellipsometry demonstrated that, right after
annealing, DR1-GP films exhibited low but non-vanishing bire-
fringence (| n. — n, | = 0.03), which agrees with the fact that r;;
was higher than ry;. This initial BR is also consistent with the
recognizable structures in POM images, which already revealed
some film anisotropy. Both EO and ellipsometric measure-
ments were basically insensitive to electrical poling of the films,
even at fields as high as 100 V um~. This demonstrated that
the high-T, matrix (even with the incorporation of GP groups)
hindered the capability of the DR1 molecules to reorient along
an electric field.

The main effect of annealing was to provide the material with
a photoresponse, as readily demonstrated by the absorbance
changes under illumination in annealed films (Figure 1, inset).
This is attributed to the matrix reorganization achieved during
annealing, which enabled DR1 molecules to exhibit PI-induced
alignment. Such optical response, allowing the photoinduction
of BR, was even observable by POM, demonstrating long-range
matrix reordering upon illumination (Figure 3a, showing a
2 um thick sample).?! Indeed, isotropic-anisotropic micro-
structures underwent rearrangement under 633 nm irradiation
towards higher birefringence (brighter stripes at t; compared
to ty, for better comparison, only the left half of the sample
was exposed to light). Changes occurred over several microns,
revealing that chromophore alignment due to PI took place not
only at the molecular level, but also in microscopic domains
due to cooperative motions. This was probably favored by the
high concentration of PI chromophores covalently bonded to
an organized structure. This also demonstrates that, even after
annealing, the silica network was flexible enough, in spite of
its high-T,, to allow conformational rearrangement on micro-
scopic scale, although restricting back relaxation, so the effect
was only partially reversible. Thus, after blocking the light, the
structures slowly tended to a somewhat different state (t,) com-
pared to the original one (fy). By contrast, the right half of the
sample, several tens of microns apart from the irradiated area,
remained unchanged. Microscale photomechanical motions
have previously been described in azo-containing liquid-crystal-
line and photoaddressable polymers(#2432l and in some small
molecules,! leading to overall enhancement of the optical
response. Nevertheless, their occurrence has not been demon-
strated in high-T, sol-gel materials previously.

Ellipsometry was employed to monitor the PI-induced material
anisotropy of DR1-GP films (Figure 3b). Irradiation by 633 nm
light (200 mW cm™2) induced a strong increase of BR (trans-
mitted signal Iy p increased), which reached remarkable values
(Ine = ny| =0.09 and 0.11 in 12 pm thick films exposed to light
for 300 and 5000 s, respectively), close to the best values ever
reported for photoinduced anisotropy in hybrid materials.!?>34
After switching the light off, the BR decreased only partially
and retained around 60% of the maximum value achieved,
in accordance with the permanent spectral change showed in
Figure 1, inset. The slow and incomplete back relaxation (over
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absorption at 633 nm). This demonstrates
the strongly beneficial incorporation of GP
groups to the silica network, as intended. On
the other hand, the more rigid matrix of DR1-
TEOS probably allowed optical response in
non-annealed films by preventing strong dye

t, aggregation. By contrast, non-annealed DR1-
GP films showed no response to illumination
(Figure 3b) or electrical poling. They exhib-
ited perfect isotropy at any time, i.e. negli-
50 um gible BR (| n. — n,| < 107%) and vanishing EO
coefficients (|1 /,] 7331 < 0.02 pm V).
0.5
! L0.4
- 4. Holographic Performance
L OFF DR1-GP o3 ) o
~  The large Pl-induced birefringence observed
2 \, in DR1-GP makes this material suitable for
- 02 _45q:/\) | 1T 0.2 . . . .
e holographic recording without applying
o1l DRiEos 1 5 11 \—__w o4 electric field. Indeed_, high-pe'rformar'lce
holograms were obtained by interfering
004 nensmnesied || non-amnesled oo two 633 nm write beams (WBs) in the film
5 100 200 300 400 so0 0 1000 2000 3000 4000 5000 soog 1O induce modulated photoalignment of the
time [s] time [s] DR1 molecules, that is, the PI grating (see the

Figure 3. a) Evolution of an annealed 2 um thick DR1-GP film under uniform irradiation
observed by POM: prior to illumination (i), after illumination for 3 min (t;) and after relaxa-
tion for 45 min in the dark (t,). For better comparison, only the left half of the sample was
exposed to light. b) Ellipsometric transmission of 12 um thick samples during uniform illumi-
nation (left) and subsequent relaxation in the dark (right —note the longer time scale). DR1-GP
(annealed and non-annealed) and DR1-TEOS (three-fold magnified) films are compared. In
all cases, samples were irradiated with a polarized 633 nm laser (200 mW cm~2) with normal

incidence (see inset).

more than 90 min) reflects the difficulty of the azo-molecules to
spontaneously randomize in a viscous environment, in which,
additionally, the chromophore mobility is restricted by the
strong covalent bond to the high-T, matrix.**) Nevertheless, the
degree of (spontaneous) reversibility is higher than that typi-
cally found in azo-based systems,>#3+3! likely due to the GP-
containing silica network. The decay of Ig;p fits a biexponen-
tial function with typical fast and slow constant times of 5-10 s
and 200-400 s, respectively, which is compatible to the distinct
molecular and domain relaxation times. EO coefficients barely
changed upon 633 nm illumination (by less than 0.3 pm V!
at exposure of 200 mW cm™ for 15 min), which indicates that
PI provoked chromophore alignment (BR strongly increased)
rather than dipole orientation (the film remained centrosym-
metric). Light exposure induced no observable changes in SEM
images, supporting that the vertical structures correspond to
silica arrangements.

For comparison, DR1-TEOS samples were also analyzed. In
this material, film annealing at 150 °C barely had influence on the
optical properties, likely due to the higher matrix T, (ca. 145 °C);
note that annealing at higher temperature led to progressive
thermal degradation of DR1. No anisotropic domains were
observed by POM. Figure 3b also demonstrates significantly
poorer dye photoalignment than DR1-GP, exhibiting PI-induced
BR about one order of magnitude smaller and 20-fold slower
(note that both DR1-TEOS and DR1-GP films showed identical

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section). Near 100% diffraction
efficiency (h), large refractive index change
(An, beyond 107?) and very high optical gain
(gain coefficient I' up to 900 cm™) were
achieved.'”] The latter fact further revealed
that PI gratings can exhibit spatial shift with
respect to the interference light pattern.!l A
contribution of photorefractivity was ruled
out because of, among other reasons, the
absence of photogeneration agents in the material, leading to
vanishing photoconductivity in the films.'”! Further, no SRGs
were now photoinscribed in annealed DR1-GP films (as veri-
fied by AFM), probably due to the increased matrix rigidity after
thermal treatment.

Here we analyze the holographic performance with emphasis
on those aspects revealing the mechanisms responsible for the
material behavior. First, we underline the key material proper-
ties that enable the improved holographic response. Second,
we discuss the occurrence of Pl-induced cooperative motions
explaining some intriguing grating features. And third, we
investigate the recording reversibility/stability under different
grating erasure procedures, which provides further funda-
mental insights into the photoprocesses involved.

4.1. Improving Material Properties

i) As outlined above, GP groups provided both flexibility and
free volume to the silica network and diminished chromophore-
chromophore interactions in the annealed matrix. Similarly to
BR response, these factors led to a much superior holographic
performance of DR1-GP compared to DR1-TEOS (Table 1), not
only in terms of h and I, but also regarding the buildup times
(Ts0)- In both materials, the grating response times were similar
to those of Pl-induced birefringence (ellipsometry), confirming
the obvious correlation between both phenomena.

Adv. Funct. Mater. 2013, 23, 3770-3781
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Table 1. Steady-state grating properties (1 and I) and corresponding
buildup half-times (7s0) of gratings recorded in different materials.
Recording transmission geometry (6, = 26°, 6, = 34°) was used. Sample
thicknesses were 12 um.

n Ts0 (1) r 50 (I)

[%] [s] [em™] [s]
DR1-GP 52 43 (670 62
DR1-GP (prepoled) 20 49 (290 65
DR1-GP (non-annealed) 0 - 0 -
DR1-TEOS 6 850 (40 1040
DR1-TEOS (non-annealed) 4 900 (25 1120

ii) The material preparation preserved the symmetry of the
films, as discussed above. Thus, by holographic recording,
the azo-molecules became aligned in the bright fringes and
remained randomly oriented in the dark ones, leading to high
grating contrast. By contrast, most azo-containing materials
previously reported for holography were poled, optically or elec-
trically, prior to or during grating recording. According to this,
dye molecules were also aligned in the dark fringes, leading to
diminished grating performance. To confirm this, films were
subjected to corona poling during the annealing, which was
identical to that in the standard films. After cooling, perma-
nent field-induced alignment of the polar DR1 molecules was
verified by ellipsometry (| n. — n,| = 2 x 1073 without illumina-
tion, slightly superior to values reported in similar systems,!*!
probably due to presence of GP groups). Holograms recorded
in these pre-poled films were significantly weaker (lower 1 and
I, although showing similar response times (Table 1). The
latter fact suggests that the chromophore motion in the pre-
poled sample was barely altered by the poling, so the poorer
performance was, in fact, due to worse grating contrast rather
than hindered chromophore orientability. A similar detrimental
effect occurred if the sample was uniformly illuminated prior
to grating recording (which is a procedure used in PR polymers
to increase the speed).3®] Therefore, gratings were standardly
recorded by promptly opening both WB’s.

iii) The matrix arrangement (including efficient rupture
of dye aggregation) achieved by the EISA process during
annealing (Figure 2) appears as a paramount aspect to obtain
optical response. In fact, no holograms could be written in
non-annealed DR1-GP films (Table 1). The incorporation of GP
groups lowered the matrix T,, enabling efficient annealing at
150 °C, i.e., below dye degradation temperature. By contrast, as
previously mentioned, the higher matrix T, of DR1-TEOS likely
allowed some holographic performance without annealing
(Table 1) but strongly reduced the improving effect of thermal
treatment. The relevance of the matrix ordering in our mate-
rial was further corroborated as the performance worsened in
thicker samples. Figure 4 shows a drastic decrease of An and
I’ (both thickness-independent parameters)!!l and a clear slow-
down of the buildup by increasing film thickness. This indicates
more efficient matrix reorganization by annealing in thinner
samples, therefore better suited for holographic recording. It
must be noted that, given the high absorption of our material,
light penetration significantly reduced in thick samples, which

Adv. Funct. Mater. 2013, 23,3770-3781
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Figure 4. Thickness-dependence of: a) the steady-state grating proper-
ties (An and |I, solid and open symbols,respectively) and b) the cor-
responding buildup times (7so(1) and 7so(I), solid and open symbols,
respectively) of holograms recorded in DR1-GP films with varying thick-
nesses. A recording transmission geometry (6; = 26°, 6, = 34°) was used.
Data and error bars are, respectively, average values and their standard
deviations of measurements performed on 5 different samples of each
thickness.

surely reinforced the observed trend. However, as the grating
dynamics for a given sample thickness is basically independent
of the recording light intensity,!? the slower response times in
thicker samples confirm that the tendency is mainly related to
worsening of the matrix reorganization. This agrees with typical
behavior when solvent gradients are used for structural organi-
zation of films:?8 the thinner the film, the better the order of
the resulting structures.’”] In any case, annealing induced sig-
nificant volume ordering even in samples as thick as 100 um.

4.2. Cooperative Motions: Two-Level Mechanism

The POM images in Figure 3a revealed film rearrangements
over several microns upon illumination, which strongly sug-
gested that chromophore photoalignment triggered motions
along microscopic domains as a result of collective processes
in our material. We verified the existence of such a cooperative
effect in our material by alternatively interrupting and resuming
the hologram recording (Figure 5). After partially recording the
grating, both WBs were briefly blocked. Over this period, the
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Figure 5. Temporal evolution of: a) the grating properties 1 and I, and
b) the simultaneous ellipsometric transmission measured in a 35 pm
DR1-GP film. Both write beams were blocked between ¢t = 50 and 70 s
and between ¢t =100 and 120 s (in these intervals, the WBs were briefly
opened to measure I). A recording transmission geometry (6; = 26°,
6, = 34°) was used. Inset: scheme of the grating recording and read-out
(see the Experimental Section).

aligned azomolecules within the bright fringes randomly reo-
riented via thermal relaxation. Consequently, both the induced
birefringence and the grating contrast diminished (Igp and 1
decreased). By resuming the recording (WBs were unblocked),
both Ig;p and n rapidly recovered the values corresponding to
an uninterrupted recording. Most revealing, I" continued its
trend fully undisturbed, i.e., the grating shifted further from
the interference pattern during the dark period (the n decrease
was small enough not to affect I).

This behavior strongly conveys the occurrence of two orien-
tational mechanisms, each having its individual kinetics: the
first one based on chromophore alignment upon PI in a rela-
tively short time-scale (a few seconds or less); the second one
based on cooperative motion of microdomains, driven by the
aligned chromophores covalently bound to the matrix, which
occurs over longer times (tens of seconds) since it involves
rearrangement of the silica network rather than simple con-
formational changes. Upon interrupting the illumination for a
short period, chromophore alignment is partially randomized
within the domains (so Iz p and 1 decrease) while the domains
keep their emplacement within the film. They continue to
pull off the silica network, the drift of which leads to further
shift of the grating from the light pattern, so I' increases even

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Grating buildup half-times (750(n) and 750(I'), solid and open
symbols, respectively) as function of the fringe spacing A. Holograms
were recorded in 12 um DR1-GP films using different recording transmis-
sion and reflection geometries.

in the dark. Thus, the molecular alignment appears to mainly
govern the grating modulation (diffraction efficiency) while the
domain motion rather affects the grating shift (optical gain). By
resuming the recording, dye molecules need to reorient again
but not the domains, so the grating is rapidly recovered. These
features are further discussed in the next section.

Two further observations corroborate the proposed scenario.
On the one hand, the role of microdomains in the grating shift
agrees with the delayed occurrence of optical gain with respect
to diffraction. This is evident in the initial stage in Figure 5 as
well as in the buildup half-times, 75o(I') being always higher
than 50(n) (Table 1, Figure 4, and Figure 6). On the other
hand, there is a direct correlation between the dimensions of
the interference fringes and the grating dynamics (Figure 6).
By recording with transmission geometries, the interference
pattern has broad fringes of some microns, so the PI grating
buildup involves realignment of whole microdomains. Indeed,
buildup response times of transmission gratings range tens of
seconds, which corresponds to the time scale of microscopic
conformational changes. By contrast, reflection gratings have
much narrower fringes (ca. 0.2-0.4 pm), so the grating forma-
tion requires alignment of chromophore rather than of domains.
Accordingly, much faster buildup times (with 75(n) of a few sec-
onds and even sub-second) were measured. Nevertheless, 75o(I')
values were still in the range of tens of seconds, which agrees
with the relevance of domain motion in the attaining of optical
gain, as proposed above. Note that the steady-state values of n
and I" did not depend directly on the fringe spacing but rather
on the Poynting vector in each recording geometry, as found in
the literature.['

4.3. Reversibility of the Holographic Recording: Grating
Mechanisms

Grating stability and reversibility are crucial properties for mate-
rial applicability. While long grating lifetimes after recording are
mandatory for long—term information storage, erasability and
rewritability are indispensable for dynamic applications. Sev-
eral recording schemes were examined to address these issues,
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will prevail. Thus, the moderate grating dete-
rioration in the dark was mainly due to some
randomization at the molecular level, while

Figure 7. Different write/erase/write schemes for reversible holographic recording, in which,
before rewriting, the sample was: a) kept for 30 min in the dark (both WBs were blocked),
b) uniformly illuminated for 15 min (WB, was blocked), or ¢) first uniformly illuminated for
15 min and then kept in the dark for further 15 min. Grating buildup curves (n, left, and I
right) in the pristine sample (black lines) and after successive cycles (decreasing gray levels) are
displayed (decay curves are not shown). Inset in (c): normalized RB diffracted intensity along
8 cycles 2 min-write/30 min-erase. Experiments were performed on a 35 um DR1-GP sample

domains mostly retained their arrangement.
The decay curves of both n and Igp (not
shown) were biexponential, with fast and slow
constant times of about 5 s and 200 s (attrib-
utable to molecular and domain relaxation,

using a recording transmission geometry (6; = 26°, 6, = 34°).

which further provided relevant insights into the mechanisms
governing the material behavior. We analyzed the evolution of
a recorded grating under either dark conditions (dark decay) or
uniform illumination (optical erasure), and posterior rewriting.
Finally, we demonstrated efficient reversible holography using
mixed erasure.

The first approach (Figure 7a), allowing grating relaxation for
30 min, was equivalent to the experiment shown in Figure 5
(both WBs were blocked) except for the length of time keeping
the sample in the dark. Figure 7a shows that an important frac-
tion of the grating was stable, even after long times (typically,
40-60% of the diffraction efficiency remained after 2 months,
or even 70-80% if recording was performed for several hours).
This proves the material potential for long-term storage appli-
cations, similarly to other photochromic materials previously
reported.[>3] By rewriting (in this and further cycles), the max-
imum 1) value was quickly recovered, showing a 15-fold faster
buildup. Contrary to Figure 5, keeping the sample longer in
the dark perturbed the behavior of I', which slightly decreased
during dark decay and recovered by rewriting. In the second
approach (Figure 7b), the sample was uniformly illuminated
(in practice, by blocking one WB) to induce homogeneous
alignment for 15 min. The grating was efficiently erased, as 1

Adv. Funct. Mater. 2013, 23,3770-3781
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respectively). By rewriting, only the molec-
ular alignment needed to be restored, which
is much faster than reorganization motions
at the microscale. Besides, the behavior of the optical gain
shows that the grating shift mostly persisted, probably related
to the domain stability. The relatively poor reproducibility of the
cycles (Figure 7a) suggests that rewriting was quite sensitive to
the exact grating progression during the dark periods. Note that
the initial material centrosymmetry enables the high contrast
of the first hologram as it allows An to remain close to 0 in the
dark fringes (where the originally randomly oriented dye units
are unaffected). This status does not change during this erase/
write scheme, so the high hologram contrast is achieved again.

On the other hand, optical erasure succeeded (large decrease
of the modulation of An in Figure 8, bottom middle) as the uni-
form irradiation led to homogeneous alignment of both mol-
ecules and domains, also including the former dark grating
fringes (also confirmed by the increase of BR during erasure,
measured by ellipsometry). The loss of modulation was almost
complete although the persistence of the optical gain I" (being
calculated using the initial, i.e., before the first recording, beam
intensities) demonstrated that the residual grating remained
shifted. Note that the induced uniform alignment leads to an
increase (on average) of An, but a reduced contrast (this fact, how-
ever, is unnoticed by 7 in the following write cycles, Figure 7b,
left, since the diffraction efficiency only depends on the spatial
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optical
erasure

Figure 8. Sketch of the grating evolution along reversible recording schemes, in which the sample is either kept in the dark or uniformly illuminated
before rewriting. White and black areas represent bright and dark pattern fringes, respectively. Photoisomerizable (DR1-containing) units (small black
rods) are able to re-orient in the bright fringes upon illumination, also promoting the alignment of microscopic domains (gray ellipsoids). On the
contrary, the randomly oriented chromophore units, given the initial material centrosymmetry, are not affected in the dark fringes. Relaxation proc-
esses in the dark, predominantly at the domain level, are restricted by the rigid silica network (denoted by the curled line at the background) and the
dense chromophore content. The Pl-induced spatial (sinusoidal) modulation of the refractive index (An) is represented in each case (dashed line is

the original An modulation, i.e., after the first writing).

modulation of An along the grating). Again, the decay of n
during erasing was biexponential, with constant times scaling
of the intensity of the erasure beam. Even though the grating
was erased, rewriting was faster than the first writing, sug-
gesting a memory effect in the material 38 probably allowed by
the deformed silica network and favored by the already formed
microdomains. Note that the speed improvement was less pro-
nounced than after dark decay, likely because domain realign-
ment is involved in this case. However, dark fringes retained
after rewriting most of the alignment, which strongly reduced
the maximum grating contrast achievable.?” This explains the
loss of performance, not profiting from the high hologram con-
trast allowed by the initial material centrosymmetry, similarly to
the case of pre-poled samples discussed above; note that sample
poling or pre-illumination did not improve the response time,
contrary to the behavior found here, as no memory effects were
involved. The worsened performance obtained by erasing over
longer times suggests that nearly irreversible homogeneous
alignment can be induced.

Both recording schemes were unsatisfactory for rewritable
holography, since the first approach did not effectively erase
the hologram, while the second approach led to strong loss of
grating contrast and rather low increase of the buildup speed.
A trade-off can be reached by combining both schemes: the
sample was uniformly illuminated for 15 min and kept in the
dark for further 15 min (Figure 7c). The hologram was almost

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

completely erased but showing an acceptable diffraction effi-
ciency by rewriting (30-40% of the original grating) and about
20-fold increased buildup rate. I" almost vanished as well, and
it practically recovered the original value. Such improvement
must be attributed to the misalignment of the dye molecules in
the dark fringes allowed during no illumination, after grating
erasure. The I' disappearance suggests that no residual phase-
shift remained after the combined erasure. The loss of grating
contrast by rewriting is due to some persistent arrangement in
the dark fringes. Note that the inverse procedure (dark decay
followed by uniform illumination) was much less efficient as
the homogeneous alignment induced at the second step pre-
vailed. Both 1 and I" curves in Figure 7c showed high repro-
ducibility upon repeated optical erasure/rewrite cycles, which
supports the suitability of the films for reversible recording,
including photoswitching applications (inset).

To conclude, only erasure upon thermal treatment above T,
resulted in absolute randomization at both levels. Indeed, by
heating the film at 130 °C for 10 min, the hologram was com-
pletely erased (not only 1 and I, but also the photoinduced BR
vanished) and rewritten gratings exhibited identical perform-
ance as in the fresh sample. That is, the material history was
lost (no memory was preserved) and the material recovered its
pristine state. The fatigue-resistance to the thermal erasure was
remarkable and the holographic performance barely degraded
even after more than 50 heating cycles.

Adv. Funct. Mater. 2013, 23, 3770-3781
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5. Conclusions

In summary, we have characterized in-depth a highly pho-
toisomerizable sol-gel material consisting of a silica matrix
heavily doped with the azo-chromophore DR1 (52 wt%). The
material properties were analyzed by a broad number of experi-
ments with emphasis on the holographic performance. In order
to improve the dye photoresponse, the flexibility and internal
free volume of the silica network was decisively increased by
incorporating glycidoxypropyl groups. The lowered matrix T,
further allowed straightforward fabrication of thick optical
films, in which chromophore aggregation was ruptured by
simple thermal annealing without additional photochemical
treatment. The matrix rearranged in an evaporation-induced
process, leading to favorable dye structures but keeping mate-
rial centrosymmetry (which enabled high hologram contrast).
We proved the occurrence of cooperative motions promoted by
the molecular photoalignment. The formation of microscopic
domains, not previously demonstrated in sol-gel materials,
positively contributed to the large PI material response (bire-
fringence of 0.11 at low irradiation intensities). The photoalign-
ment at both molecular and microscopic level directly affected
the holographic recording. In particular, spatially shifted
domains appeared to play a relevant role in the achievement
of optical gain, so collective motions might be related to the
non-local nature of the photoisomerization gratings. Different
recording (write—erase-write) schemes procedures were inves-
tigated, proving the material suitability for either long-term or
reversible holography.

This work provides a solid knowledge on the properties and
acting mechanisms in this novel material, and identifies some
key aspects for further performance enhancement, especially
regarding the dynamic range. On the one hand, a more flex-
ible silica backbone or chromophore attachment by noncova-
lent bonds should be explored for improved material response
without compromising stability and chromophore load. On the
other hand, optimized recording configurations (for example,
using reflection geometry and combined erase/re-write pro-
cedure) will accelerate the grating speed as well, which is of
interest for specific applications.

6. Experimental Section

Material and Film Preparation: Acid hydrolysis (8 mmol of H,0, pH =
1) of sol-gel precursors was accomplished at 65 °C in pyridine solvent
(2.5 mL). The conditions of gelation prevented the polymerization of
the GP groups,*¥ as verified by FTIR spectroscopy. The sol was filtered
(0.45 um) to remove particle impurities. After filtering, the reaction was
allowed to proceed until the sol reaches a maximum viscosity, which
was then casted on an indium tin oxide (ITO) glass. Micrometer-thick
sandwich-like films were obtained by placing a glass slide on top of the
sample prior to its gelation at room temperature. The sample thickness
(d) was controlled by glass spacers. For sample annealing, the upper
glass slide was removed after 24 h and the film was readily tempered
on a hot plate at 150 °C for 10 min. After shrinkage of 4-8% due to the
annealing, d ranged between 2 and 102 um. When the application of
an external electric field was needed, a second ITO glass was glued on
top of the annealed sample. Pre-poled samples were prepared by corona
poling (a voltage of 5.6 kV was applied by a tungsten needle electrode
held at 1 cm above the film), performed simultaneously to thermal
annealing.
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By contrast to other hybrid optical materials, this procedure
allowed easy fabrication of reproducible, plane-parallel films with large
areas (up to 4 cm?) and controllable thickness above 100 um. After
annealing, bubble-free, non-scattering, and transparent films were
attained, exhibiting excellent optical quality for more than three years
after preparation, with no sign of chromophore aggregation or phase
segregation under regular laboratory conditions. Both annealed and
non-annealed films were rigid and very stable against mechanical strain.

Glass transition temperatures (T,) and chromophore load were
measured by means of both differential scanning calorimetry (DSC) and
thermogravimetry with a Mettler Toledo DSC/TGA 1 apparatus, during
the second heating cycle (rate of 20 K min~"). Absorbances (A) were
measured with a Cary Variant UV-Vis spectrophotometer in films of d =
2 um. Absorbance changes were measured in situ by coupling 633 nm
light into the spectrometer. Absorption coefficients o were calculated as
o= 1In10 A/d before irradiation. Films were inspected by atomic force
microscopy (Veeco), field emission SEM (FEI Nova NANOSEM 230),
and polarized optical microscopy (Nanofilm). Mechanical stiffness
was measured on 12 um thick samples with a NanoTest platform
(Micromaterials Ltd.)

Ellipsometry and Electro-Optical Measurements: Null-transmission
ellipsometricl*l measurements were performed using a weak NIR probe
beam (Agp = 785 nm), which illuminates the sample placed between
two crossed polarizers, set at £45° with respect to the plane of incidence
(Figure 3a, inset). The internal angle of incidence 6 was 29°. Assuming
that the probe beam does not induce PI, light transmission is due to
both photoinduced birefringence and EO effect, according to (for

symmetry C..):142
H3 rsz— s E
(1= nae P06

lewp = sin2< 2rd

ELP Zen G

where g p is the (normalized) transmitted intensity of the probe beam,
Ine — ny| is the birefringence (BR), where n. and n, are the refractive
indices referred to the extraordinary — parallel to the sample plane — and
ordinary — perpendicular to the sample plane — axes, respectively, r3;
and 3 the EO coefficients, and G = n(n? — sin?6)'/2/sin?@ is a geometric
factor (n is the average material refractive index, about 1.7, yielding G =
11.8). Measurements of r;3 and ry; were carried out by using a Mach-
Zehnder interferometric setup.*}l Hereby, the origin of axis 3 (normal to
the sample) is set on the film/glass surface.

Holographic Experiments: Photoisomerization gratings were induced
by the light-intensity modulated interference pattern resulting from the
overlap of two coherent 633 nm WBs within the sample, without applying
electric field. A HeNe laser (30 mW output) was used to generate
p-polarized WB; and WB, with incident angles 6, and 6,, both having
equal internal intensities (200 mW cm™2). The subindex 1 designates the
beam closer to the sample normal (see inset in Figure 5). Diffraction
properties of the recorded hologram were characterized by degenerate
four-wave-mixing (DFWM). Thereby, a weak independent p-polarized
read beam (RB) of the same wavelength with incident intensity Igg inc,
and counter-propagating to one WB is diffracted by the recorded grating
into the direction of the other WB (see inset in Figure 5). The internal
diffraction efficiency 1 is directly calculated from DFWM measurements
according to

m

Irg. diff

U (2)

I8 trans + IrB.diff

where Iggyans and Ipg g are, respectively, the transmitted and
diffracted RB intensities after the sample. Assuming thick transmission
holograms,*l the index modulation of the grating, An, can be obtained
from 1 according to

TdAn

— in? 3
7= sn (l(cos«% cos@z)m) G)
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where A is the RB wavelength and 6,, are the incidence angles of
WB; . In thick reflection gratings, An can be obtained from the external

diffraction efficiency (Nex = Irg gifi/ Irs, inc) according tol*443l

2
Next = ]/<§/v+ WCOthm) (4)

nd |Any| \cos (6, — 61|
V= ——————|cos (0, —
A/—cosb, cosb, ? ! ()

with & = ad (1/costh—1/cosb,)/4, which includes the absorption
coefficient o.. Note that v is a real-valued parameter since (cos6, cos6,)
< 0 in reflection gratings.

Two-beam coupling (TBC), common in PR studies but very rare in
photoisomerization studies, was used to investigate the energy exchange
between WBs (optical gain). Thereby, the internal intensities of WB, ,
were measured before (/1 ,(0)) and after/during (I, ;) recording, and the
gain coefficient I" obtained as

(b0
F—d(ln I

cos 6,

n IZ—(O)> (6)

cos 6 I,

Non-vanishing I'is a signature of non-local gratings, i.e. the index
grating is phase-shifted with respect to the light-interference pattern. A
positive (negative) I"implicates that WB, gains (loses) energy.

In dynamic measurements, buildup rates were estimated in each case
by the half-time 754, given by the time needed to reach half the steady-
state value. The stability of both the recording laser and the optical
setup was verified during all holographic measurements by an auxiliary
Mach-Zehnder interferometer, which allows ruling out of spurious
contributions to the optical gain. Absorption losses and reflection at
the interfaces were considered in all calculations. No light guiding was
observed in the film.
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