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ABSTRACT: We synthesized a series of hybrid nanomaterials
combining organic dyes with polyhedral oligomeric silses-
quioxanes (POSS) based on three different azobenzenes:
monoazobenzene (4-phenylazophenol), bis-azobenzene (Dis-
perse Yellow 7 and Fast Garnet derivative), and push—pull
azobenzene (Disperse Red 1) via hydrosilylation coupling. The
azo-functionalized POSS compounds possess high thermal
stability, and their branched architecture resulted in effective
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suppression of molecular aggregation and allowed for direct imaging of individual dye—POSS structures with expected molecular
dimensions. Stable, uniform, smooth, and ultrathin nanocomposite films with mixed silica—organic composition and relatively
low refractive indices can be fabricated from all azo—POSS branched conjugates. Finally, the photoisomerization behavior of
POSS-conjugated 4-phenylazophenol was investigated in solution as well as in ultrathin nanocomposite film. We found that
conjugation to POSS core did not affect the kinetics of trans—cis photoisomerization and thermal cis—trans relaxation.
Furthermore, rapid and reversible photoisomerization was observed in azo—POSS nanocomposite films. We suggest that the
highly stable branched azo—POSS conjugates with high dye grafting density described here can be considered for nanometer-
sized photoswitches, active layer material with optical-limiting properties, and a medium with photoinduced anisotropy for

optical storage.

B INTRODUCTION

Organic—inorganic oligomeric silsesquioxanes with a general
formula RSiO;/, are widely used to improve the thermal,
mechanical, and optical properties of nanocomposite materi-
als.' > Well-defined cubic cage structures, termed polyhedral
oligosilsesquioxanes (POSS), are particularly attractive as
building blocks and scaffolds due to their monodispersity,
ease of preparation, and covalent functionalization.*”” Con-
jugation of small organic molecules to a POSS core results in
novel hybrid materials with unique physical characteristics.®’
For example, attachment of hydrogen-bonding groups to
oligomeric silsesquioxanes enables formation of supramolecular
polymers.'"” POSS modification with ionic groups opens the
possibility to prepare thin films using a layer-by-layer (LbL)
assembly technique.'' Furthermore, complexation with metals
is possible when the POSS cage is modified with chelating
moieties."”"> Conjugation of organic chromophores to POSS
core was shown to increase the thermo- and photostability of
dyes and enhance optical properties.'"* Furthermore, the bulky
POSS core disrupts the stacking of conjuigated molecules,
therefore increasing fluorescence efficiency.”'® The amor-
phous character of these conjugates results in solution
processability, which makes it possible to manufacture
nanocomposites by versatile wet chemistry approaches.'”'®
Organic dyes containing an azobenzene fragment are used
extensively as tunable chromophores and light-responsive
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moieties due to reversible trans—cis photoisomerization.™”

Photoresponsive azobenzene behavior has been the subject of
an intensive research, which resulted in a good understanding
of the properties of azobenzene-containing molecules in
solution as well as thin films and molecular monolayers.*"**
So far, in order to obtain processable materials, azo groups were
introduced into main and side chains of various polymers.*>**
These materials were shown to exhibit photoinduced
l:)irefringence,25 dichroism,*® and photoactuation proper-
ties.””*® Applications in optics and photonics require the active
material to have high photo- and thermostability and optical
transparency.””** Therefore, attachment of photoresponsive
azo dyes to POSS may result in novel hybrid materials with
broad applications. Several recent studies demonstrated the
utility of this approach by grafting simple azobenzenes onto
cubic POSS cages.

In fact, Chi et al. showed that monofunctionalization of
POSS by a single dye increased the decomposition temperature
of a resulting conjugate by 177 °C comparing to the initial
dye.31 POSS cages functionalized with one, two, and three
azobenzene moieties at a single corner by Zhou et al. also
showed high thermal stability and rapid photoisomerization in
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Figure 1. Preparation of azo—POSS conjugates implemented in this study. Only two azobenzene arms are depicted for clarity.

Scheme 1. Synthetic path for compounds D1-D4 (a) and PD1-PD4 (b)
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solution.> Finally, Miniewicz et al. demonstrated the photo- POSS into a liquid crystalline matrix.>® Substitution of an
induced birefringence variation by mixing azo-functionalized azobenzene fragment strongly affects the azobenzene absorb-
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Figure 2. (a—d) UV—vis absorbance spectra of D1—D4 and respective conjugates PD1—PD4 in CHCl; (0.01 mg/mL).

ance spectra and isomerization behavior. Simple azobenzene
derivatives such as those prepared from 4-phenylazophenol
(Solvent Yellow 7) with well-separated z—z* and n—rx*
transitions have been demonstrated to have a relatively low rate
of cis—trans isomerization, which can take days in the dark. On
the other hand, push—pull azobenzene derivatives, such as N-
ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline (Dis-
perse Red 1) have a red-shifted 7—z* azobenzene absorbance
and a very low energy barrier between two isomers. By
increasing the number of photochromic groups in bis-
azobenzenes, such as Disperse Yellow 7, it is possible to
achieve higher photoinduced anisotropy than in monoazoben-
zene-based materials.>* To the best of our knowledge, multiarm
conjugation of bis-azo and push—pull azo dyes to POSS cores
has not been reported yet. Despite the large variety of synthetic
methods available for POSS modification, steric hindrance and
hydrolytic instability under the basic conditions of octameric
silsesquioxanes may complicate the synthesis of monodisperse
conjugates with large number of arms.*

Thus, here we focus on the synthesis of novel dye-modified
POSS cages that can be achieved either by hydrolysis—
condensation of appropriately substituted alkoxysilanes or by
using functionalized POSS cages for covalent attachment of a
series of organic dye molecules with large (>80%) substitution

(Figure 1).3'6’3'7
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In this work, we prepared a series of highly substituted azo—
POSS structures based on three different classes of
azobenzenes: monoazobenzene (4-phenylazophenol), bis-
azobenzene (Disperse Yellow 7), and push—pull azobenzene
[Disperse Red 1 (DR-1)] via hydrosilylation coupling (Scheme
1). For these compounds, a degree of functionalization within
80—90% was achieved according to nuclear magnetic resonance
(NMR) spectroscopy data. We found that thermal stability
strongly depends on the type of organic substituent, with
simple monoazobenzene having the highest decomposition
temperature and the DR-1 derivative the lowest. All conjugates
were shown to have a glass transitions in a range from 10 to 70
°C. Due to the amorphous character of conjugates, stable
uniform ultrathin films could be prepared by spin-coating from
organic solutions of azo—POSS conjugates. Finally, photo-
isomerization behavior of POSS-conjugated 4-phenylazophenol
was investigated in solution as well as in thin film, and
preservation of photophysical properties was observed in
conjugated azo—POSS materials.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Azo—POSS Con-
jugates. Hydrosilylation is a reliable method for Si—C bond
formation under Pt(0) catalysis. We chose an octakis-
(dimethylsilyloxy)silsesquioxane (POSS-H) as a scaffold for
attachment of a variety of azo dyes bearing reactive allyloxy
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Figure 3. TGA (a) and DSC (b) curves of POSS—dye conjugates PD1—PD4. DSC curves are offset for clarity.

groups. Commercially available azo dyes served as precursors (Supporting Information). According to these calculations, the
for synthesis of compounds D1-D4 (Scheme 1la). The allyl degree of functionalization was 90% for PD1, 80% for PD2,
handle for the subsequent hydrosilylation reaction was 88% for PD3, and 81% for PD4. It is noteworthy that the
introduced by etherification of the corresponding alcohols increase of the reaction time from 72 to 150 h did not result in
with allyl bromide in the presence of potassium carbonate, or a higher degree of POSS functionalization.
potassium hydroxide as a base. D1, D2, and D4 were prepared Compound D1 has a typical azobenzene absorbance with a
from 4-phenylazophenol (1), Disperse Yellow 7 (2), and strong 7—n* band at 348 nm and a weaker n—7* transition at
Disperse Red 1 (S), respectively, with yields of 62—82%. around 430 nm (Figure 2a). The substitution of an electron-
Similarly, D3 was prepared from compound (4) obtained by donating NH, group of Fast Garnet (compound 3) with an
diazotation of Fast Garnet (3) followed by phenol coupling. allyloxyphenyldiazene fragments leads to the hypsochromic
Compounds D1—D4 were obtained as pure crystalline orange- shift of D3 absorbance in the UV—vis spectrum comparing to a
brown-colored solids. (See the Supporting Information for parent compound. Therefore, a pair of bis-azobenzene dyes, D2
NMR and Fourier transform infrared spectroscopy (FTIR) and D3, have almost identical absorbance spectra with an
spectra). absorbance maxima, corresponding to the 7—z* transition, at
Having a series of functionalized dyes with absorption around 385 nm (Figure 2b,c). In this case, the n—7* transition
covering a spectral range from 350 (D1) to 480 nm (D4) in appears as a shoulder of a main peak at around 470 nm.
hand, we moved to preparation of substituted POSS—Dye Dye D4 derived from Disperse Red 1 (5) has the
(PD) conjugates (Scheme 1b). In a typical procedure, characteristic absorbance spectra of push—pull azobenzene
hydrosilylation was conducted by stirring octakis- molecules, with overlapping 7—7z* and n—z* transitions,
(dimethylsilyloxy)silsesquioxane with 8 equiv of respective resulting in a single absorbance peak at around 485 nm (Figure
allyloxy derivative (D1—-D4) in dry toluene at 40 °C in the 2d). The 7—7z* transition of azo dyes is sensitive to aggregation.
presence of 2 mol % of platinum(0)-1,3-divinyl-1,1,3,3- In particular, a hypsochromic shift is observed when
tetramethyldisiloxane. azobenzene molecules form H-aggregates.” The absence of a
It has to be noted that the increase of the hydrosilylation pronounced shift of absorbance peak positions before and after
reaction temperature to 100 °C facilitates the carbon—carbon dye conjugation to the POSS core indicates that in dilute
double bond reduction of the dyes. The formation of solution aggregation is insignificant. Moreover, the proximity of
hydrogenation side products is known to occur in hydro- the azobenzene molecules attached to the cubic POSS core also
silylation reactions.”® The reactions were terminated after 72 h does not induce intramolecular stacking. Azo dyes are poor
and the products were isolated by evaporation of solvent fluorescence emitters, as the nonradiative decay of the
followed by silica-gel chromatography. The purification gave photoexcited state through isomerization dominates the
compounds PD1-PD4 in yields of 22—53%. The successful radiative pathway with quantum yields of around 107° reported
grafting of dyes onto POSS-H was indicated by IR spectra, for DR-1.* We observed only a very weak fluorescence around
which showed the disappearance of the Si—H stretching band 580 nm (A, = 490 nm) with a Stokes shift of 90 nm in
at 2140 cm™' (Supporting Information). Furthermore, both chloroform solutions of D4 and PD4*" (Supporting Informa-
sets of signals from the POSS core (Si—C at 1250 cm™, Si— tion).
O-Si at 1090 cm™) and aromatic dyes (C—H at 3050 cm ™, Thermal Properties of Azo—POSS Conjugates. In order
C=C at 1600 and 1500 cm™") were present in the conjugate’s to evaluate the thermal stability of POSS—dye conjugates,
spectra. '"H NMR spectroscopy indicated nearly complete thermogravimetric analysis (TGA) was performed in an
modification of the octavalent POSS core with azo dyes. From atmosphere of nitrogen (Figure 3a; see the Supporting
comparison of the integral areas of CH; proton signals of the Information for a derivative plot). In general, TGA of
POSS cage and the total integral area of attached dye compounds featured two decomposition steps. Apparently,
molecules, the degree of functionalization can be obtained the first decomposition corresponds to the cleavage of the azo
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Figure 4. (Left) 1 X 1 yum? and (right) 10 X 10 um* AFM images of thin films prepared by spin-coating from 20 mg/mL solution in toluene at 3000
rpm: (a) PD1, (b) PD2, and (c) PD3. (d) Images of PD4 spin-coated from 10 mg/mL solution in toluene at 3000 rpm. The z-scale is 60 nm for

PD1 and 20 nm for PD2—PD4.

Table 1. Optical Characteristics of Ultrathin Films of Azo—POSS Conjugates

compd Amax s ﬂmaxb (nm) K a (10° cm™)
PD1 346, 340 0.32 1.16
PD2 386, 384 0.41 1.33
PD3 383, 384 0.48 1.57
PD4 480, 484 0.35 0.92

1(Amax) fmae (at 4, nm) d (nm)b
1.62 1.81 (385) 60.1
1.60 1.81 (435) 56.0
1.59 1.86 (437) 57.9
1.59 1.81 (560) 7.9° (124.6)7

“Determined by UV—vis spectroscopy of a thin film. “On the basis of spectroscopic ellipsometry. “For the film obtained by spin-coating from 10
mg/mL solution in toluene at 3000 rpm. ¥For the film obtained by spin-coating from 20 mg/mL solution in chloroform at 500 rpm.

group between 250 and 400 °C.*> The second stage between
400 and 500 °C corresponds to decomposition of the
remaining organic fragments and the POSS core. The
decomposition temperatures were then determined as a
temperature at which the weight loss reaches 5%. PD1 has
the highest thermal stability with a decomposition temperature
of 340 °C and a peak weight loss rate at around 390 °C.
Compounds PD2 and PD3 had identical onset of decom-
position, with decomposition temperatures of 320 and 310 °C,
respectively. Compound PD4 was the least stable out of the
four azo—POSS derivatives, with a decomposition temperature
of 240 °C.

Decomposition of substituted oligomeric silsesquioxane
depends strongly on the nature of the grafted organic groups.
In general, POSS derivatives with small aliphatic side chains
sublimate during TGA in the absence of oxygen and have
relatively low char yield* Larger aliphatic and aromatic
substituents prevent sublimation, and polymerization of the
POSS cage may occur, which hinders the release of the gaseous
products of decomposition, resulting in a larger amount of
residue.***> Indeed, for azo—POSS conjugates PD1—PD4 we
observed a char yield of 50—60% after heating to 1000 °C. The
relatively low decomposition temperature of PD4 can be
explained by an early loss of a nitro group and the larger
saturated aliphatic portion of D4 comparing to the other dyes
in this study.

Thermal properties of PD1—PD4 were further investigated
using differential scanning calorimetry (DSC) (Figure 3b). The
DSC was performed in a temperature range of —80 to 200 °C
with heating and cooling rates of 10 °C/min. The second
heating cycle was used to determine the glass transition

8860

temperatures of the conjugates. As determined from the
inflection point position on the DSC curve, PD1 has a T, of 14
°C. A small crystallization peak was observed at 80 °C, followed
by melting at 114 °C. In contrast, compounds PD2—PD4 only
showed glass transitions at 60, 38, and 40 °C, respectively,
without apparent melting transitions. The effect of POSS cores
on inhibiting the crystallization process is well-documented.*
The bulky POSS cage and short spacers disrupt the packing of
its azobenzene arms into a crystal lattice.

Thin films Prepared from Azo—POSS Conjugates. We
contemplated that the amorphous character of azo—POSS
conjugates will facilitate the formation of uniform ultrathin
films as opposed to unmodified dyes. We therefore investigated
the formation of thin films from azo—POSS conjugates PD1—
PD3 by spin-coating toluene solution (20 mg/mL) onto quartz
and silicon substrates. PD4 has a lower solubility in toluene and
therefore 10 mg/mL solution was used for spin-coating. Atomic
force microscopy (AFM) imaging revealed diverse but uniform
surface morphologies of thin films derived from azo—POSS
conjugates based on different azo dyes (Figure 4).

The thickness of the resulting films was estimated using
spectroscopic ellipsometry to be 60.1, 56.0, 57.9, and 7.9 nm for
PD1, PD2, PD3, and PD4 respectively (Table 1). Ultrathin
films prepared from PD2 and PD3 had an extremely smooth
surface with root-mean-square (RMS) roughness of 0.32 and
0.31 nm, respectively, as determined based on 1 X 1 um* AFM
scans (here and hereafter). PD1, on the other hand, under the
same conditions formed a relatively rough film, with a
roughness of 3.2 nm. In this case, formation of crystalline
domains and up to 30 nm deep cavities was observed on the
film surface. The thin film prepared from PD4 had a smooth

dx.doi.org/10.1021/1a501930e | Langmuir 2014, 30, 8856—8865
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Figure S. (a) UV—vis absorbance spectra of PD1—PD4 thin films on quartz substrate. Dispersion curves for compounds PD1—PD4 determined
from spectroscopic ellipsometry, where n and k are the real and imaginary parts of the complex refractive index, respectively: (b) PD1, (c) PD2, (d)

PD3, and (e) PD4.

surface with microroughness of 0.36 nm. We observed small 2—
3 nm deep circular cavities on the film surface. The possibility
of film dewetting was ruled out by annealing the sample for 3 h
at 80 °C, after which the cavities became less pronounced
(Supporting Information). These cavities could originate from
the residual moisture absorbed by the relatively polar PD4
compound. In general, it appears that the larger organic
component of bis-azobenzenes D2 and D3 has a positive effect
on the film-forming properties of azo-based POSS conjugates.
Attempts to produce continuous films from dyes D1—D4 were
unsuccessful due to crystallization of organic compounds. The
UV—vis absorption spectra of POSS—dye conjugates spin-
coated on quartz slides closely resembled solution spectra
(Figure Sa). The peak positions were identical for PD2 and
PD3 at 384 nm, 346 nm for PD1, and 484 nm for PD4 (Figure
Sa).

POSS doping is used extensively to improve the optical
properties of materials, due to the low refractive index and
scattering of oligomeric silsesquioxanes.”” Thus, for testing
optical properties, we determined the real (1) and imaginary
parts (k) of a complex refractive index of PD conjugates over a
spectral range from 245 to 900 nm by using spectroscopic
ellipsometry (SE) (Figure Sb—e). Since the spin-coated film
from PD4 was too thin for reliable measurement of optical
constants, we conducted these measurements on a 125-nm-
thick film obtained by spin-coating of PD4 from a solution in
CHCI; (20 mg/mL) at 500 rpm.

The extinction coefficients (k) obtained for PD1—PD4 from
SE match closely with UV—vis absorbance spectra in Figure Sa.
Peak positions are tabulated in Table 1 along with
corresponding data from UV-—vis absorbance spectra. The
molar extinction coefficient (@) can be estimated from k using
the following equation: @ = 4ak,,/Ay,. The real refractive

8861

index (n) values for conjugates PD1—PD4 fall within a range of
1.59 to 1.62 at the absorption maxima (4,,,,). The maximum
value of n for PD1, PD2, and PD4 is 1.81 at 385, 435, and 560
nm, respectively. Compound PD3 had a highest real refractive
index of 1.86 at 437 nm according to SE. These parameters are
comparable with traditional low refractive index materials based
on azobenzenes and polycarbonates or polyacrylates.*®

Individual Azo—POSS Conjugates. Unique properties of
oligomeric silsesquioxanes stem from the well-defined nano-
meter sized cubic structure that can be imaged directly by AFM,
as was demonstrated for various branched compounds.**° For
sample preparation, 0.01 mg/mL solutions of POSS-H, PD1,
and PD3 were spin-cast at 1000 rpm on a precleaned silicon
slide. We observed individual azo—POSS particles as well as a
certain number of aggregates (Figure 6a—c) on AFM images.51
Statistical analysis revealed that the height of POSS-H particles
was smaller than that of PD1 and PD3 (Figure 6d).

The sizes of POSS-H, trans-PD1, and trans-PD3 particles
were estimated from 3D modeling using Chem3D. After energy
minimization using the MM?2 force field, the ranges of effective
diameters were estimated to be 1.1—1.6, 1.4—2.7, and 1.4—3.8
nm, respectively. On the basis of AFM analysis, POSS-H height
agreed well with the estimated particle diameter, and the largest
fraction could be found within 0.9—1.5 nm range. The height of
PD1 particles was also within the estimate of 1.2—1.8 nm, and
PD3 showed a rather broad size distribution with smallest
height peak of 1.2—1.5 nm. The slightly smaller height of PD3
particles could be attributed to the propensity of longer bis-
azobenzene arms to adopt an extended conformation. On the
other hand, for POSS-H, maxima at 2.5 and 3.3 nm could be
attributed to a limited clustering of individual nanoparticles.
The distribution of PD1 particles is broad, from 2.4 to 3.6 nm,
and that of PD3 particles shows a maxima at 2.7 nm. Despite

dx.doi.org/10.1021/1a501930e | Langmuir 2014, 30, 8856—8865
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Figure 6. AFM images of (a) POSS-H, (b) PD1, and (c) PD3 individual molecules and aggregates on silicon substrates. (d) Statistical height
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configurations of POSS-H and PD conjugates.

Figure 7. Molecular models of POSS derivatives: (a) POSS-H, (b) PD1, and (c) PD3.

broad distributions, the measured dimensions were in the range
of dimensions estimated from molecular models for different
orientations of the compounds and state of organic arms
(Figure 7).

Azobenzene Isomerization in Solution and Thin Film.
Azobenzenes can undergo a rapid trans—cis photoisomerization
when the 7—7z* transition is excited. The back-isomerization
occurs in the dark with rates dependent on the structure of
azobenzene. Push—pull azobenzenes (D4) and bis-azobenzenes
(D2, D3) back-isomerize instantaneously;52 the derivatives of
4-phenylazophenol, such as D1, however, can exist in cis form
for many hours in the dark. Relatively slow kinetics and distinct
UV—vis profiles of the trans and cis form of monoazobenzene
allow monitoring the conversion with a simple spectrophoto-
metric setup. We therefore chose D1 and PD1 as representative
compounds to investigate the effect of conjugation to POSS
core on the kinetics of trans—cis photoisomerization and cis—
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trans thermal back-isomerization. Furthermore, we compared
the rate constants of these processes in solution and on a thin
film for the example of PDI. In order to achieve photo-
isomerization of azobenzene derivatives D1 and PDI, the
respective 0.01 mg/mL solutions and 60 nm thin film of PD1
on quartz substrate were irradiated with 365 nm UV-light. The
photoisomerization was monitored by following z—n*
absorbance at 345 nm, which corresponds to a trans
nitrogen—nitrogen double bond. Interestingly, 4-phenylazophe-
nol itself has a very short cis form lifetime and we were not able
to observe the photoisomerization with conventional UV—vis
spectroscopy (Supporting Information). Apparently, the ether-
ification of phenol, even with a short allylic group, stabilizes the
cis-azobenzene dramatically. Previously this effect was only
reported for relatively long aliphatic chains.”®> We found that
the photoisomerization reached a photostationary state within

dx.doi.org/10.1021/1a501930e | Langmuir 2014, 30, 8856—8865
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Figure 8. Photoisomerization of D1 and PD1. (a) D1 in CHC solution, (b) PD1 in CHCI, solution, (c) PD1 in a thin film. (d) Kinetics of the
trans—cis photoisomerization of D1 in CHCI, solution and PD1 in CHCl, solution and a thin film. (e) Kinetics of cis—trans thermal isomerization
of D1 in CHCl, solution and PD1 in CHCI; solution and a thin film.

30 s for solutions of D1 (1.6 X 10~° M) and PD1 (3.6 X 107°
M) in chloroform (Figure 8a,b).

It is worth noting that the photoisomerization of PD1 in a
thin film was slower than in solution, with a significant portion
of trans isomer present even after 70 s of UV irradiation (Figure
8¢c). The first-order rate constant of photoisomerization can be
determined from the slope of the plot of In[(A, — As)/(A; —
Ay)] vs time,>* where A) A, and A, are the absorbances
before irradiation, after reaching a photostationary state, and at
a given time, respectively.

The photoisomerization experiment was performed in
triplicate for each sample, and the averaged data points along
with linear fits are presented in Figure 8d. Compounds D1 and
PD1 in chloroform solution had similar observed rate constants
of 0.193 + 0.015 and 0.186 + 0.029 s, respectively, which
indicate that the spacer between the azobenzene and POSS
core eliminates steric hindrance from grafting, which could
affect the photoisomerization kinetics. Photoisomerization of
PD1 in a thin film was significantly slower, with an observed
rate constant of 0.078 + 0.010 s™', which is expected by
considering the reduced free volume, which hinders the trans—
cis photoisomerization through reconfiguration of a double
bond.>®

Next, we studied the thermal cis—trans isomerization by
monitoring the recovery of trans-azobenzene absorbance in
irradiated samples (Figure 8e). Similarly, the rate constants can
be found from the slope of a plot of In[(A,, — Ay)/(Ae — A)]
vs time, where A, A, A, are the absorbances after UV
irradiation, after reaching a ground state, and at a given time,
respectively. Again, D1 and PD1 relaxed to the thermodynami-
cally more stable trans-azobenzene form with similar rate
constants of 2.3 X 107* and 2.5 X 107* min~’, respectively.
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Interestingly, PD1 in a thin film showed a higher rate constant
of back-isomerization than in solution, 4.5 X 10™* min~!. This
observation could be due to the high level of azobenzene
aggregation, which could preferentially stabilize a more planar
trans isomer; however, as mentioned previously, there was no
change in azobenzene absorbance spectra of a film compared to
PD1 solution. A more likely explanation is that in solid matrix
the cis isomer can be trapped in a strained conformation, which
quickly relaxes back to the trans isomer.***” Furthermore,
trans—cis isomerization increases the overall volume of PD1
molecule, and the resistance of the surrounding matrix to
reorg;i;lization shifts the equilibrium toward trans-azoben-
zene.

It is important to note that photoisomerization of D1 and
PD1 compounds was completely reversible and can be repeated
over multiple cycles (see Supporting Information). Further-
more, cis—trans back-isomerization could be achieved within
several minutes by irradiating samples with white light.*>** The
stable trans—cis cycling could also be achieved in PD1 ultrathin
films.

In conclusion, we synthesized a series of branched azo—
POSS structures based on three different azobenzenes, mono-,
bis-, and push—pull azobenzenes, with suppressed crystalliza-
tion and stacking ability as well as high thermal stability and
nanocomposite film-forming ability. Conjugation to POSS core
does not affect the kinetics of trans—cis photoisomerization and
thermal cis—trans relaxation. Branched azo—POSS conjugates
with preserved reversible photoisomerization and easy process-
ability synthesized in this study can be used in photoresponsive
devices for various applications as a promising photochromic
medium for optical storage and sensing. These applications
almost certainly will benefit from a high grafting density of

dx.doi.org/10.1021/1a501930e | Langmuir 2014, 30, 8856—8865



Langmuir

azo—POSS conjugates and hence a high photoinduced
anisotropy and refractive index variation. Furthermore, the
high thermal stability and low aggregation of star-shaped POSS-
based conjugates may improve the performance of photo-
switchable devices.
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