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ABSTRACT: Light-responsive supramolecular self-assemblies exhibit interplay between order and dynamics of the self-
assembling motifs, through which the thermal isomerization rate of azobenzene chromophores can be tuned by orders of
magnitude. By using supramolecular complexes of 4-(4-alkylphenylazo)phenols hydrogen-bonded to poly(4-vinylpyridine) as
model systems, we demonstrate that the thermal isomerization rate of the hydroxyazobenzene derivatives increases 5700-fold
when the material undergoes a transformation from a disordered, low-azobenzene-concentration state to a high-concentration
state exhibiting lamellar, smectic-like self-assembly. Drastically smaller thermal isomerization rates are observed in disordered
structures. This allows us to attribute the change to a combination of increased number density of the hydroxyazobenzenes
inducing plasticization, and cooperativity created by the chromophore−chromophore interactions through self-assembled
molecular order and alignment. Our results pinpoint the importance of molecular self-assembly and intermolecular interactions
in modifying the dynamics in supramolecular complexes in a controlled manner. We foresee this to be important in light-
controlled dynamic materials.

■ INTRODUCTION

Light is an attractive means to control order and disorder as
well as functional properties of soft materials by incorporating
suitable chromophores that allow light-induced shape
changes.1−4 For controlling functionalities, the interplay of
light and order is pertinent for amplifying the molecular-scale
response through the cooperativity of the self-assembled motifs.
In liquid crystals the mesogens are densely laterally packed and
affect each other, which leads to cooperative effects. Therefore,
the shape changes of only a small fraction of mesogens can lead
to a macroscopic, light-induced order−disorder transition.5 The
dynamics of the macroscopic responses are typically related to
the dynamics of the molecular constituents. However, any
macroscopic change simultaneously alters the local micro-
environment of the molecular constituents, resulting in
interlinked dynamics. Understanding and controlling the
mechanisms underlying this interplay is essential for designing
material systems with desired light responses.
Azobenzene derivatives have been widely used as light-

responsive units in self-assembled structures,6 owing to their

reversible switching, i.e., a change in dipole moment and shape
upon the trans−cis photoisomerization. The rod-like trans-
isomers are feasible motifs for liquid crystalline or self-
assembled structures, whereas the kinked cis-isomers typically
suppress the order due to reduced packing tendency. This
allows to control order with light.5 The cis-isomer is metastable,
which is a drawback if bistable photoswitchable systems are
pursued. On the other hand, several light-induced processes
occur as a result of “dynamic photoisomerization”, i.e.
continuous cycling between the trans- and cis-isomers,
benefiting from short lifetime of the cis-isomer.7−9 The
chemical substitution of the aromatic rings and the environ-
ment of the azobenzene molecules affect the thermal
isomerization process.10 The isomerization has been studied
in different solvents,11,12 polymers,13−15 and as liquid crystal
dopants,16 but the cooperativity, i.e., effects due to the
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chromophore−chromophore interactions induced by molecular
order, has received less attention, especially in supramolecular
self-assemblies.
Supramolecular chemistry allows a modular approach for

self-assembled materials, and light-responsive systems based on
complexing chromophores to polymer chains through, e.g.,
ionic interactions,17,18 halogen bonding19 and hydrogen
bonding20,21 have been developed. Therein, hydrogen bonding
between phenols and poly(4-vinylpyridine) is particularly
useful.21,22 Considering the photoresponsive properties, hydro-
gen-bond-assisted tautomerization10,23 of the phenol group
renders hydroxyazobenzenes particularly sensitive to environ-
mental factors. Therefore, they could allow probing the effect of
cooperativity and intermolecular interactions on the dynamics
of the chromophore. These effects are generally present in
light-responsive supramolecular self-assemblies, and are, there-
fore, important for controlling their functionality.
Herein, we use supramolecular hydrogen-bonded complexes

(Figure 1) of 4-(4-alkylphenylazo)phenols with poly(4-vinyl-

pyridine), P4VP, to study the effects of cooperativity and self-
assembly on the kinetics of the thermal cis−trans isomerization
in glassy polymeric matrices. Hydrogen bonding of 4-(4-
octylphenylazo)phenol (8PAP) to P4VP renders a smectic-like
self-assembly involving lamellae of azobenzenes, promoted by
repulsion between the nonpolar octyl chains and polar polymer
backbone.20 By contrast, the complex of 4-(4-ethylphenylazo)-
phenol (2PAP) and P4VP renders a disordered material, due to
insufficient repulsion between the short ethyl chain and P4VP.
Yet also for 2PAP, hydrogen-bonded complexes are formed,
which leads to bottle-brush structures with approximately
radially aligned azobenzene moieties around the polymer
backbone, with reduced lateral packing of the chromophores
in comparison with the smectic packing of 8PAP. The two
molecules, in combination with controlling their number
density in P4VP, provide a powerful platform for exploring
the effect of chromophore density and packing on the
dynamics.

■ EXPERIMENTAL SECTION
Sample Preparation. The poly(4-vinylpyridine), P4VP (Mw = 50

000 g/mol), and solvents were purchased from Polysciences, Inc. and
Sigma-Aldrich, respectively, and were used without further purification.
The 4-(4-alkylphenylazo)phenols (nPAP) were synthesized through
diazotization reaction of 4-ethylaniline or 4-octylaniline and phenol
according to previously reported procedures.24 The samples were
prepared by dissolving P4VP and nPAP into chloroform as 15 mg/mL
solutions, and mixing them at desired molar ratios. 4-(4-
octylphenylazo)phenol (n = 8) and 4-(4-ethylphenylazo)phenol (n =
2) were selected, as they should give rise to self-assembled smectic and
disordered complexes upon hydrogen bonding to P4VP, respectively.
The nominal molar ratios of nPAP vs pyridines of P4VP were x = 0.01,
0.05, 0.10, 0.25, 0.50, 0.75, and 1.00. Throughout this paper, the
complexes are denoted as P4VP(nPAP)x. From the mixtures, thin films
were spin-coated on quartz substrates. The absorbances of the films

varied with the degree of complexation, and the absorbance maximum
ranged from 0.3 to 1.5 depending on the sample.

Fourier Transform Infrared Spectroscopy. FTIR was measured
using Nicolet 380 infrared spectrometer in ATR mode by averaging 64
spectra with 2 cm−1 resolution.

Small-Angle X-ray Scattering. SAXS measurements were
performed with a rotating anode Bruker Microstar microfocus X-ray
source (Cu Kα radiation, λ = 1.54 Å) with Montel Optics. The beam
was further collimated with four sets of slits, resulting in a beam area of
about 1 mm × 1 mm at the sample position. Scattering intensities were
measured using a 2D area detector (Bruker AXS).

Differential Scanning Calorimetry. DSC was measured with a
Mettler Toledo Stare with Stare 8.10 software. The samples were
placed in perforated aluminum crucibles and successively heated/
cooled with a rate of 10 °C/min. The second heating scan is used for
the analysis.

UV−vis Spectrometry. The initial absorbance spectra were
recorded with a PerkinElmer Lambda 950 UV/vis/NIR absorption
spectrophotometer and the isomerization experiments were carried
out using a USB2000+ spectrometer (Ocean Optics, Inc.) with a
deuterium−halogen light source. The samples were studied at 25 °C
under nitrogen atmosphere. The intensity of the measuring beam was
set such that it did not cause significant isomerization in the samples in
the used time scales. In long measurements a shutter was used to
prevent any isomerization effects of the measuring beam. For the
trans−cis isomerization, the films were irradiated with a 365 nm UV-
LED (Thorlabs, Inc.) equipped with a 10 nm bandpass filter (Edmund
Optics, Ltd.). The irradiation intensity varied in the range 5−50 mW/
cm2 between the experiments. The thermal cis−trans isomerization was
followed from the time development of the absorbance at 340 nm.

■ RESULTS

The hydrogen bonding between the pyridine nitrogen and the
phenolic hydroxyl of nPAP can be verified by FTIR (Figure 2),
where the absorbance corresponding to the free pyridine
moieties at 993 cm−1 decreases and the absorbance of the

Figure 1. Molecular structures of the compounds used in this work.

Figure 2. Infrared spectra of (a) P4VP(8PAP)x and (b) P4VP(2PAP)x
complexes at different nominal mole fractions x, confirming the
complexation of 8PAP and 2PAP to the pyridines.
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hydrogen-bonded moieties at 1008 cm−1 strengthens with
increasing nPAP content for both complexes. However, the
peak at 993 cm−1 does not completely disappear even for x =
1.0, which indicates that a small fraction of the pyridine groups
remains uncomplexed at the nominally equimolar ratio. All
samples are macroscopically homogeneous, also the ones with x
= 1.0. Note that the equimolar complexes have nPAP weight
fractions even up to 80 wt %, and yet all the spin-coated films
are of high optical quality, indicating the robustness and
excellent film-forming properties of the supramolecular
complexes.
The structures of the complexes containing 8PAP and 2PAP

were characterized by small-angle X-ray scattering (SAXS) and
polarized optical microscopy. At low fractions of 8PAP (see
Figure 3a), broad scattering maxima are observed, indicating
correlation-hole behavior, typical for disordered material.25 At
higher fractions (x ≥ 0.25), the reflections become narrower,
and for P4VP(8PAP)1.0 a narrow reflection q* = 0.165 Å−1 and

second-order reflection 2q* are observed. This confirms a
lamellar order with periodicity of 3.8 nm, indicative of end-to-
end packing of the 8PAP molecules. P4VP(8PAP)0.75 and
P4VP(8PAP)1.00 also exhibit birefringent textures in polarized
optical microscope (Figure 3c). Therefore, the lamellar order
can be assigned to smectic-like self-assembly, where the
azobenzene chromophores are laterally tightly packed, as
shown schematically in Figure 3b. With low fractions of
8PAP, the complexes do not show birefringence in POM,
confirming their disordered nature. These observations agree
with previous structural findings.20

By contrast, hydrogen bonding of 2PAP to P4VP (see Figure
4) leads only to a broad correlation peak centered at 0.23 Å−1,
even at nominal complexation degree of 1.00. The maximum of
the broad peak corresponds to a dimension of 2.3 nm. The
broadness of the peak indicates the lack of order, as also
confirmed by POM showing no birefringence (Figure 4c) when
viewed between crossed polarizers. As the FTIR data shows

Figure 3. (a) SAXS data for P4VP(8PAP)x. Note that pure 8PAP reference is a crystalline material, and the data depicts the packing in the crystal.
(b) Schematic structures of P4VP(8PAP)x at low and high degrees of complexation, and (c) the corresponding polarized optical micrographs of the
complexes x = 0.1 (bottom) and x = 1.0 (top), imaged after thermal annealing.

Figure 4. (a) SAXS data for P4VP(2PAP)x and (b) schemes of the corresponding structures formed at low and high degrees of complexation. (c)
Polarized optical micrograph after thermal annealing.
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2PAP complexation to the polymer chain, the disordered
nature seen in SAXS and POM data infers disordered
bottlebrush-like structures, depicted schematically in Figure
4b. Bottle-brush structures have been previously reported for
hydrogen bonded complexes of alkylphenols and P4VP.26 In
the case of 2PAP, the repulsion of the ethyl chain is insufficient
to drive for self-assemblies and cylindrical brushes are thus
formed. Importantly, the 2PAP molecules are not ordered with
respect to each other in this case, i.e., not laterally packed,
whereas the 8PAP molecules are aligned in the smectic phase,
i.e., tightly packed side by side.
Hydrogen bonding of low-molecular-weight compounds into

glassy polymer matrix can lead to plasticization and reduced
glass transition temperature, Tg. The Tg’s for the complexes
were analyzed by differential scanning calorimetry (DSC), as
shown in Figure 5. Pure P4VP has a Tg of ca. 150 °C, and the

addition of nPAP gradually lowers the Tg to as low as 50 °C.
Even though the Tg’s were lowered significantly, all complexes
are still in a glassy state at room temperature where the optical
experiments are conducted. The Tg’s of the two complexes
behave approximately similarly as a function of the nPAP
content, and at x = 1.00 the Tg’s are practically the same, thus,
allowing the comparison of self-assembled and disordered
complexes at similar plasticization states. In addition to the Tg,
an order−disorder transition for the P4VP(8PAP)1.0 is
observed passing 103 °C, where the lamellar order is destroyed,
seen also as disappearance of the birefringent texture in POM.
The photoisomerization behavior (Figure 6a) of P4VP-

(nPAP)x was measured from thin films at room temperature
(25 °C) under nitrogen atmosphere, in order to reveal the
effects of the degree of complexation and self-assembly on the
isomerization kinetics. The initial spectra of complexes of 2PAP
and 8PAP are dominated by the π−π* absorption peak of the
trans-isomer around 360 nm, and the weaker n-π* absorption
peak at ca. 450 nm. Upon increasing the azobenzene
concentration, the absorption maximum exhibits an 8 nm
blue-shift from 362 to 354 nm in both complexes (see
Supporting Information, Figure S1), indicative of stronger
chromophore−chromophore interactions.27 Figure 6b shows
the isomerization measurement using P4VP(8PAP)0.50 as a
characteristic example (see Supporting Information, Table S1
for details for all complexes). The film is illuminated with 365
nm UV-light for 60 s, during which a cis-isomer-rich
photostationary state is reached, which is seen as lowering of

the peak at 355 nm and as an increase of the peak at 450 nm.
Isosbestic points are observed for all samples, indicating that no
other spectral changes occur during the relaxation. Upon the
trans-cis isomerization, the lamellar assembly of the P4VP-
(8PAP)x observed at high degrees of complexation may
partially break due to the geometrical shape change of the
8PAP molecules into the kinked cis-state. The wavelength 340
nm is used to follow the time dependence of the spectrum as
shown by the inset of Figure 6b. The photostationary states
vary somewhat depending on the azobenzene concentration
due to the changes in thermal isomerization speed. However,
the absorbance change at 340 nm is in the range 55−75% in all
the complexes (for both P4VP(8PAP)x and P4VP(2PAP)x).
After the UV-illumination is stopped, the cis-isomers relax
thermally back to the trans-form, with relaxation rates
drastically increasing as a function of the azobenzene
concentration as illustrated in the inset of Figure 6b.
The thermal cis−trans isomerization in glassy polymeric

matrices deviates from monoexponential behavior observed in
isotropic solutions.28 In soft medium the isomerization follows
first-order kinetics, but below the Tg, the constraints caused by
the frozen polymer matrix cause deviations due to free-volume
distributions and possible constrained states of the isomers.
The isomerization in glassy matrices has previously been fitted
with two- or multiexponent functions,28 or a stretched-
exponent function.11 The present data is captured by the
two-parameter fit (k, β) of the stretched-exponential function,
which is here defined as

= − − +∞
− ·

∞
β

A t A A e A( ) ( ) k t
0

( )

where A∞ is the absorbance after full thermal isomerization (all-
trans state), A0 is the absorbance in the photostationary state, k
is the rate constant, and β is the stretching exponent. The fits
are of good quality for all the complexes (see Supporting
Information, Figure S2).
The azobenzenes isomerize efficiently in all compositions,

but importantly, the thermal cis-trans isomerization speeds up
substantially with increasing nPAP fraction (Figure 7). At low x,

Figure 5. Glass transition temperatures for P4VP(nPAP)x as a
function of the molar fraction of nPAP molecules.

Figure 6. (a) Isomerization of azobenzene molecules. (b) Spectral
changes upon thermal cis−trans isomerization for P4VP(8PAP)0.50.
The inset shows the time development of the normalized absorbance
and thermal relaxation for complexes P4VP(8PAP)x with x = 0.01,
0.50, 1.0.
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both 2PAP and 8PAP complexes are disordered, and their
isomerization kinetics are approximately similar. However, at
higher molar ratios (x ≥ 0.25), there are significant differences.
In complexes of 8PAP the relaxation coefficient increases from
2.1 × 10−5 (x = 0.01) to 0.12 s−1 (x = 1.00), which by taking
the stretching exponents into account correspond to the mean
lifetimes of 25 h and 8 s, respectively. Such 5700-fold difference
in the relaxation coefficient of the same azobenzene molecule
has not been previously observed in the solid state. As a result,
the relaxation kinetics of the cis-isomer can be modularly tuned
between metastable (low concentration) and “dynamic” (high
concentration) by controlling the chromophore concentration
in the supramolecularly bound complexes. With complexes of
2PAP, the corresponding change is from 3.1 × 10−5 to 3.4 ×
10−3 s−1, which is also a notable increase, yet significantly less
than for the self-assembled 8PAP complexes. Also the
stretching exponents (see Supporting Information, Figure S3)
vary with concentration, starting from values of 0.5 at low nPAP
concentrations, and increasing close to 1 at high concen-
trations. This indicates smaller deviation from the first-order
kinetics at higher nPAP contents, which is consistent with the
plasticization, alleviating the constraints brought about by the
polymer matrix.
The effect of the self-assembly on the isomerization dynamics

is clearly reflected in the difference between 2PAP and 8PAP
complexes at high molar fractions. Above the threshold of 25
mol %, the complexes of 8PAP show significantly faster thermal
isomerization. As was seen from the SAXS data, the 8PAP
complexes start showing evidence of self-assembled order
around the same molar fraction. The structural features of the
smectic-like self-assembly of P4VP(8PAP)1.0 complex lead to
36-times faster isomerization when compared to the disordered
P4VP(2PAP)1.0 complex. Besides the difference that the 8PAP-
complex has self-assembled order with molecular alignment
whereas the 2PAP-complex does not, the complexes are
comparable as they show similar Tg’s and also identical
absorption spectra.

■ DISCUSSION
The 5700-fold increase in the rate constant as a function of
concentration is overwhelmingly large as compared to previous
articles, which have reported 2−100−fold differences between
different polymeric phases.28,29 These differences are generally
attributed to the different free volumes,13 chemical environ-
ments,30,31 and site- and order-specific properties.32 In our

complexes, we account the concentration dependence of the
rate constant to two different mechanisms: (1) increased
number density of the nPAP resulting in plasticization and (2)
cooperativity induced by self-assembly. The two mechanisms
are interconnected, yet our data unequivocally shows that the
former alone is insufficient to explain the experimental
observations.
Plasticization of the polymeric phase caused by the dynamic

nature of the hydrogen-bonded low-molecular-weight nPAP is
an essential phenomenon in these complexes. In contrast, in
covalent side-chain polymers, the polymer backbone largely
determines the Tg, and in conventional doped systems, the
achievable chromophore concentration without phase separa-
tion is limited to moderate values. Previous reports indicate a
dependence of kinetics of the thermal cis−trans isomerization
on Tg, and for example a Williams−Landel−Ferry-type
dependence15 has been reported. However, also a lack of
significant effects on Tg

28 or even an indirect evidence
suggesting increasing thermal lifetime upon decreased Tg in
supramolecular complexes33 have been reported. In all these
cases, the changes of the cis-lifetime have been far less
significant than in the present study.
Hydroxyazobenzene derivatives form a special group among

azobenzenes as they exhibit hydrogen-bond-assisted tautome-
rization.10,23 We expect this to play an important role in the
isomerization behavior of our complexes which are in the solid
glassy state. In polar protic solvents, the tautomerization is
triggered by the hydrogen bonding of the solvent molecules to
the −NN− moiety. This causes intrinsic changes in the
isomerization, and allows the rotational pathway for the thermal
isomerization instead of the inversional one.10,23,34,35 Therefore,
thermal cis−trans isomerization of hydroxyazobenzene deriva-
tives in protic solvents can be significantly faster than in aprotic
solvents, even up to 5 orders of magnitude. In our solid state,
solvent-free complexes, the only hydrogen-bond donors are the
phenol groups of the nPAP molecules, and the complexes can
exhibit tautomerization only through chromophore−chromo-
phore hydrogen bonding to the −NN− moiety. Upon
increasing the nPAP concentration, the probability of
intermolecular hydrogen bonds between the nPAP molecules
increases, and thus more nPAP molecules are able to
tautomerize. Combined with the dynamic and interchanging
nature of the hydrogen bonding, also seen as plasticization, this
speeds up the overall thermal isomerization speed. This effect is
present in both 2PAP and 8PAP complexes, but it is the main
mechanism for the change of cis-lifetime in the disordered
2PAP complexes.
The self-assembly of 8PAP molecules induces aligned

packing, which leads to cooperativity between the mesogenic
azobenzene molecules, as the chromophores interact with each
other. The alignment and proximity increase the tendency of
hydrogen bonding to the −NN− moiety especially after the
UV-irradiation and trans−cis isomerization, which we believe to
partially destroy the microstructure. This increases the
tautomerization, seen as increased thermal isomerization
speed. The self-assembly-induced structural features promoting
hydrogen bonding create the 36-fold difference between two
complexes as the disordered phase of 2PAP complexes lack
these mechanisms. The dependence on the self-assembly
process highlights the effects that specific intermolecular
interactions, alignment, and local environments of the
molecules can have on the kinetics of the thermal isomerization
process. Such a strong dependence on the molecular order

Figure 7. Thermal isomerization constant as a function of the nPAP
content for P4VP(nPAP)x.
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indicates that the interactions between 8PAP molecules, i.e.,
cooperativity, are essential for the thermal isomerization speed
in supramolecular self-assemblies. This has implications
especially in systems where the intermolecular hydrogen
bonding has an effect on the kinetics, like with hydroxyazo-
benzene derivatives, but also on other azobenzene derivatives,
even though the effect there should be smaller. The altered
intermolecular interactions upon self-assembly are a general
effect, and may affect also properties other than thermal
isomerization.

■ CONCLUSIONS
In conclusion, we have shown in solid glassy supramolecular
complexes that the intermolecular hydrogen bonding and the
dense lateral packing in smectic self-assemblies increases
significantly the kinetics of the thermal cis−trans isomerization
of hydroxyazobenzene derivatives. The speed may be increased
even by a factor of 5700, which is considerably larger than
changes that have been reported for covalently functionalized
azopolymers. The speed-up of the isomerization is attributed to
two phenomena: (i) increased number density of the
supramolecularly bound azobenzene derivatives resulting in
plasticization, and (ii) cooperativity due to self-assembly of the
tightly laterally packed chromophores within a smectic phase.
We also show a 36-fold difference between comparable self-
assembling and disordered complexes, demonstrating thus the
general importance of alignment-induced specific intermolec-
ular interactions and changed local microenvironment.
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