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ABSTRACT: Trans−cis photoisomerization in an azo com-
pound containing azobenzene chromophores and long alkyl
chains leads to a photoinduced crystal-melt transition
(PCMT). X-ray structure analysis of this crystal clarifies the
characteristic coexistence of the structurally ordered chromo-
phores through their π···π interactions and disordered alkyl
chains around room temperature. These structural features
reveal that the PCMT starts near the surface of the crystal and
propagates into the depth, sacrificing the π···π interactions. A
temporal change of the powder X-ray diffraction pattern under
light irradiation and a two-component phase diagram allow qualitative analysis of the PCMT and the following reconstructive
crystallization of the cis isomer as a function of product accumulation. This is the first structural characterization of a compound
showing the PCMT, overcoming the low periodicity that makes X-ray crystal structure analysis difficult.

■ INTRODUCTION

Photoreaction in organic crystals is a valuable technique for
synthetic chemistry because it is feasible for stereoselective and
solvent-free reactions. Various kinds of photoreactions, such as
dimerization, cyclization, and isomerization, proceed success-
fully in a solid state.1,2 X-ray crystallography is an effective way
to obtain an understanding of the mechanism of these
photoreactions. Photodimerization of cinnamic acids in a
crystalline phase was the first example of a reaction mechanism
revealed by X-ray crystallography.3 That and subsequent
crystallographic work established the features of photochemical
reactivity at a solid state: adjacency of reactants or reactive
groups and limited motion of molecules in a solid phase.2,4

Recently, it was proposed that a photochemical phase
transition accompanying a solid-state reaction must begin by
formation of a solid solution (dilute mixed crystal of the
product in the crystalline phase of the reactant) and ultimately
reach either a same stable, a same metastable, a new stable, or
an isotropic (melt or glass) phase of product.2,5 The case of
reaching a same stable phase is classified as a single crystal-to-
single crystal reaction. In this type of reaction, initial, final, and
possibly even intermediate phases in the reaction process can
be directly observed by X-ray crystal structure analysis.6,7

Reactions reaching a same metastable or new stable phase often
lose long-range order in the initial crystalline phase, and it

becomes increasingly difficult to track the reaction process by
X-ray crystal structure analysis. In those cases, combining X-ray
crystallography for the initial phase and spectroscopy and
powder X-ray diffraction (PXRD) to track the phase change is
effective in obtaining details about the reactions.8−14 Crystals
showing amorphization or melting by photoreaction have a
tendency to become unsuitable for X-ray crystal structure
analysis. It is difficult to obtain a suitable single crystal from
recently reported solid-to-solid photoreactions that proceed via
an amorphous5 or a melt15,16 phase, so discussions are based on
PXRD, thermal analysis, spectroscopy, and observation with a
microscope. Those data enable to researchers to reach a well-
considered conclusion about the characterization of phases and
macroscopic appearance of compounds during the reaction.
However, to evaluate how solid solution sites are formed and
macroscopically spread throughout a crystal during amorphiza-
tion or melting, X-ray crystal structure analysis is required.
Herein, we describe the photochemical phase transition in an

organic crystal reaching a melt phase (photoinduced crystal-
melt transition, PCMT) on the basis of X-ray crystal structure
analysis. An azobenzene derivative, azobenzenophane, in which
two trans-azobenzene units with four dodecyloxy chain
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substituents are connected by methylene bridges (trans/trans-1,
Figure 1a),15,16 was selected as a target compound. The PCMT
in trans/trans-1, observed using a microscope, is shown in
Figure 1b,c and Supporting Video 1.

In a crystal of trans/trans-1, the azobenzene moiety is
expected to have two important roles in the PCMT. One is the
formation of structural order in the crystal via self-assembly of
aromatic rings by π···π interactions. The other is a large
geometric change caused by trans−cis photoisomerization,
which results in the transition to a melt phase and sacrifices
the π···π network. The long alkyl chains in trans/trans-1 are
expected to enhance the dynamic nature of molecules in a
crystal.16 However, their role in the PCMT has not been
clarified. The thermal behavior of long alkyl chains can change
the phase and properties of crystals17 and is expected to enable
the PCMT. In fact, trans−cis photoisomerization in crystals of
some azobenzene derivatives only occurs near the surface,18,19

and all reported azobenzene-based compounds showing the
PCMT caused by trans−cis photoisomerization possess long-
chain functional groups.15,16,20

The crystal structure of trans/trans-1 should provide a
rationale for trans−cis photoisomerization in a crystalline state
and clarify the roles of azobenzene and alkyl chain moieties in
the PCMT. However, clarification of the detailed crystal
structure to describe its photomodulable character remains a
formidable challenge because the reported PXRD pattern of
trans/trans-1 shows very low diffraction intensity, except for the
lowest Bragg peak,15 indicating that data with sufficient
intensity for single-crystal X-ray structure analysis could not
obtained under typical conditions. In this study, we successfully
obtained the crystal structure of trans/trans-1 using bright
synchrotron X-rays and elucidated structural features governing
the PCMT.

■ RESULTS AND DISCUSSION
Dynamic Nature of Alkyl Chains Due to the Thermal

Effect. Single-crystal XRD was performed at beamline PF-AR
NW14A in KEK, Japan. The experimental setup at this
beamline has been reported elsewhere.21,22 All crystal structures
were solved by direct methods (SIR201123) and refined using
the full-matrix least-squares method (SHELXL-9724). Exper-
imental details are described in the Supporting Information. To
clarify the influence of the thermal behavior of long alkyl chains
on the self-assembly of azobenzene groups in trans/trans-1, the
temperature dependence of its crystal structure was examined.
ORTEP diagrams of trans/trans-1 at 90, 140, 190, 240, and 293
K are presented in Figure 2. All atomic displacement
parameters (ADPs) in trans/trans-1 increased with temper-
ature. In particular, the ADPs around the termini of alkyl chains
increased and geometric changes were observed in this region
at 240 and 293 K. This shows that the disorder of alkyl chains
induced by their thermal dynamic motion starts during heating

from 190 to 240 K, and becomes greater with increasing
temperature. The thermal dynamic motion degrades molecular
order in the crystal, especially in the regions containing alkyl
chains. XRD intensities in the high-angle region decreased
considerably with increasing temperature (Figure S1), confirm-
ing the degradation of order.25 The ADPs and geometry of
trans/trans-1 were restored by cooling the crystal to 90 K
(Figure S2).
The thermal effect on alkyl chains is evaluated in terms of

their rigidity and size. Analysis of the ADPs by Hirshfeld’s
“rigid-bond” test26 was used to describe rigidity of bonds in
trans/trans-1. The differences of mean-square displacement
amplitudes (ΔMSDA) along bond directions, utilized by the
Hirshfeld test, at 90 and 293 K are summarized in Figure 3
(MSDAs at all temperatures are tabulated in Table S1). In the
present work, a bond in which ΔMSDA is within 3 times its
standard deviation is regarded as a rigid bond. All bonds in
trans/trans-1 are rigid at 90 K; however, at 293 K, many bonds
lose rigidity, and ΔMSDAs around the termini of alkyl chains
especially represent high conformational flexibility of those
chains as a result of the thermal effect.
The sizes of alkyl chains at all temperatures are estimated by

calculation of the Hirshfeld surface27 of every alkyl chain using
the program CrystalExplorer.28 The volumes surrounded by the
Hirshfeld surface of alkyl chains are tabulated in Table 1, and
surface drawings at all temperatures are shown in Figure S3.The
volumes around C9−C18 and C62−C73 gradually increased
until reaching 190 K, and jumped at 240 and 293 K. The
behaviors of the C25−C36 and C44−C55 chains differ from
the others. The jump of the volume around the C25−C36
chain was seen at 293 K, and volume decrement above 240 K
was shown on the C44−C55 chain. The reason for this

Figure 1. (a) Chemical structure of trans/trans-1. (b,c) Photographs of
trans/trans-1 on a microscope (b) before and (c) after 30 s of UV
irradiation (UV-irradiated area is surrounded by a blue dashed line).

Figure 2. ORTEP diagrams of trans/trans-1, with thermal ellipsoids
drawn at the 50% probability level and atom numbering shown, at 90,
140, 190, 240, and 293 K. Gray fragments at 240 K represent the
disordered model obtained by structure analysis.
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decrement is a large conformational change of the adjacent
C25−C36 chain, which penetrates toward the C44−C55 chain
above 240 K (Figure 2). An increment of the sum of the
volumes around the C25−C36 and C44−C55 chains (619.68,
619.92, and 637.67 Å3 at 190, 240, and 293 K, respectively)
ensures a monotonic increase of the volume around their alkyl
chains’ sites with increasing temperature and a jump at 293 K.
Self-Assembling Nature of Azobenzene. The self-

assembly of azobenzene in trans/trans-1 can be evaluated by
considering the diagrams of the packing motif of four selected
molecules at different temperatures (Figure 4a). The dynamic
thermal change of the crystal packing of trans/trans-1 is shown
in Supporting Video 2. The packing motif remained up to 190
K and then changed, accompanied by increasing disorder of the
alkyl chains at 240 and 293 K. The self-assembly of azobenzene
through weak intermolecular π···π interactions was also affected
by the change in the packing motif. trans/trans-1 contained
π···π interactions between the offset-stacked (so-called parallel-
displaced29) benzene rings: Ph1 (consisting of C19−24) or Ph2
(C56−61) and the ring related symmetrically by an inversion
center (Figure 4a). The distances between vertical and
horizontal centers of mass of two selected benzene rings (R1
and R2 in Figure 4b; values at 90, 140, 190, 240, and 293 K are

presented in Table 2)30,31 are used to evaluate π···π
interactions. The distances R1 and R2 between Ph2’s were
ca. 3.7 and ca. 3.1 Å, respectively, at all temperatures. Such
values indicate π···π interactions between these rings because
substantial stabilization energies for similar R1 and R2 distances
in theoretical calculations have been reported (1.394 kcal mol−1

for R1 = 3.6 Å and R2 = 3.5 Å; 1.205 kcal mol−1 for R1 = 4.0 Å
and R2 = 3.0 Å).31 In contrast, the distances between Ph1’s
showed a notable temperature dependence. The R2 distances
between Ph1’s are ca. 6 Å at lower temperatures (90, 140, and
190 K). Reported stabilization energies for parallel-displaced
configurations indicate that the π···π interaction under such
conditions is very weak (e.g., stabilization energies are 0.357
kcal mol−1 for R1 = 5.0 Å, R2 = 4.0 Å; 0.213 kcal mol−1 for R1
= 5.5 Å, R2 = 1.8 Å).31 R2 became shorter by more than 2 Å
with increasing temperature up to 293 K and became similar to
the distance between Ph2’s. This shortening indicates the
formation of a relatively strong π···π interaction between Ph1’s
and a 1D network of azobenzenophanes involving these two
kinds of π···π interactions around room temperature. This
temperature dependence can be explained by considering the
dynamic thermal motion of alkyl chains in terms of lattice
energy minimization in the crystal. At lower temperature,
because the dynamic motion of alkyl chains is thermally
restricted, formation of numerous alkyl···alkyl and alkyl···π
interactions is preferred over π···π interactions between Ph1’s
to minimize lattice energy. Conversely, at higher temperature,
the thermal dynamic motion of alkyl chains prevents formation
of these interactions. Instead, π···π interactions between Ph1’s
form, accompanied by reorganization of the packing motif to
minimize the lattice energy at higher temperature. The shortest
R2 between Ph2’s at 240 K is considered as due to the
alternative lattice energy minimization instead of insufficient

Figure 3. Differences of mean-square displacement amplitudes for all bonds in trans/trans-1 at 90 (blue) and 293 K (red). The ΔMSDAs exceeding
3 times the standard deviation are underlined, and the corresponding bonds are shown by bold red lines.

Table 1. Volumes Surrounded by the Hirshfeld Surface of
Alkyl Chains at Increasing Temperatures

temp/K C9−C18/Å3 C25−C36/Å3 C44−C55/Å3 C62−C73/Å3

90 294.10 289.63 317.20 287.79
140 297.10 292.28 320.32 290.52
190 300.80 295.44 324.24 293.71
240 311.43 298.44 321.48 305.05
293 320.60 320.22 317.45 313.57
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formation of π···π interactions between Ph1’s at this temper-
ature (R1 = 3.604 Å, R2 = 4.034 Å).
Recently, the σ···σ interaction between alkanes was

investigated as significant for molecular stacking. Compared
to the π···π interaction, the σ···σ interaction has similar
stabilization energy and is more localized and directional.32

Reorganization of the packing motif by heating in the present
study clearly shows that the σ···σ interactions between the alkyl
chains at low temperatures reduce their mobility and contribute
to the parallel arrangement of trans/trans-1. The prevention of
interactions involving alkyl chains by their thermal motion at
high temperatures is reflected in the localized and directional
character of the σ···σ interaction.

Temperature-Dependent Responsivity of the PCMT.
The responsivity of the PCMT of trans/trans-1 depending on
temperature was evaluated on the basis of the temporal change
of its PXRD pattern around the strongest reflection (01−1; the
001 reflection for the lattice at 293 K, see Supporting
Information) under UV irradiation (λ = 365 nm), as depicted
in Figure 5. [Note that no reflections except for the strongest
one could be collected with significant intensity because a
polycrystalline thin-film sample was used for this measure-
ment.] Experimental details are described in the Supporting
Information, Figure S4. Generation of a Bragg peak at 2θ ≈
2.1° upon UV irradiation was found at 240 and 293 K. This
new peak originates from the fully photoisomerized cis/cis-1
crystallized from the photoinduced melt phase.15 At 90, 140,
and 190 K, on the other hand, the intensity of the 01−1
reflection decreased slightly, and no new peak was observed.
This temperature dependence indicates that the crystal lattice
change by thermal dynamic motion of alkyl chains and
formation of the 1D network of π···π interactions between
azobenzene moieties is required for the PCMT. The observed
small decrease in the reflection intensity at 90, 140, and 190 K
suggests partial amorphization due to the heterogeneous solid-
state photoisomerization.2 A heterogeneous solid-state reaction
means preferential formation of product via a geometric change
at defect sites and near the surface. The photochemical phase
transition requires sufficient amounts of the solid solution
site.2,5 According to the reported geometry of trans/trans-1,
trans/trans-[1,1]3,3′-azobenzenophane, and their isomers,4,33

geometric change of trans/trans-1 by trans−cis photoisomeriza-
tion (even in partial photoisomerization from trans/trans-1 to
trans/cis-1) would be sterically prevented in the crystal,34,35 and
so an amorphous phase of photoproducts would form near the
surface only. Some studies of trans−cis photoisomerization of
azobenzene derivatives only near the surface have been
reported, as an illustration.18,19 This partial amorphization
indicates that a sufficient amount of solid solution sites for the
photochemical crystal−amorphous transition was formed by
photoisomerization of trans/trans-1 near the surface. An
example of reconstructive crystal growth of a photoproduct
from an amorphous phase during a photochemical phase
transition process was reported elsewhere.5 However, in the
present work, no new Bragg peak generation was observed
under the UV irradiation conditions at 90, 140, and 190 K. This
indicates that the amount of solid solution sites of cis/cis-1 in

Figure 4. (a) Overlapping packing motif containing four molecules.
The π···π interactions are shown by red dotted lines. (b) The
definition of R1 and R2 used to evaluate the π···π interactions.

Table 2. Distances between Vertical (R1) and Horizontal
(R2) Centers of Mass for Selected Two-Benzene Rings

between Ph1’s between Ph2’s

temp/K R1/Å R2/Å R1/Å R2/Å

90 3.658 5.922 3.752 3.122
140 3.681 5.960 3.763 3.150
190 3.706 5.997 3.778 3.183
240 3.604 4.034 3.789 2.960
293 3.241 3.753 3.780 3.145
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this partial amorphous phase is not enough for reconstruction
of its crystals.
The same heterogeneous solid-state reaction is expected to

occur at 240 and 293 K. In contrast to the lower temperature
conditions, the PCMT occurred instead of amorphization near
the surface only. At 240 and 293 K, the crystal lattice is mainly
stabilized by the 1D network of π···π interactions between
azobenzene moieties, because alkyl chains are barely ordered at
those temperatures (as shown in Figures 2 and S1). When the
1D network of π···π interactions is sacrificed by photo-
isomerization of trans/trans-1, its structural order is entirely
deteriorated, and the PCMT occurs. The slower temporal
intensity decrement of the 01−1 (or 001) reflection and
increment of the one corresponding to cis/cis-1 at 240 K rather
than at 293 K (see Figure 5a,b) indicates the shortest R2
between Ph2’s (Table 2) and incomplete thermal size
expansion of the C25−C36 and C44−C55 chains at 240 K
(no jump yet in the heating process, Table 1). These results
suggest that the stronger binding between Ph2’s by the π···π
interaction than at 293 K and the insufficient dynamic nature of
the C25−C36 and C44−C55 chains reduce the reaction rate of
trans−cis photoisomerization and the production rate of cis/cis-
1 for crystallization.
A similar loss of weak intermolecular interactions accom-

panied by trans−cis photoisomerization in another photo-
induced macroscopic phenomenon, crystal bending, has been
proposed to occur in other azobenzene derivatives.8 In that
case, mechanical stress-induced photoisomerization transforms
a single crystal into polycrystals.8,9 However, in the present
case, thermal dynamic motion of long alkyl chains alters the
role of the σ···σ interactions between them from stabilization of
parallel ordering of trans/trans-1 to increment of isotropic
character at the regions containing alkyl chains in the crystal.
This mitigates the mechanical stress accompanying photo-
isomerization and enables transformation to a completely
disordered melt phase.
The temporal change of PXRD also indicates that the PCMT

is not a thermal phenomenon. Simulated PXRD patterns based
on the crystal structures obtained at the studied temperatures

are shown in Figure 6a. The strongest reflection, used as an
indicator for responsivity of the PCMT in the above discussion,
showed a significant shift toward the low-angle region upon
heating above 240 K (enlarged in Figure 6b). This shift is
induced by lattice deformation due to thermal dynamic motion
of alkyl chains (the interplanar distances associated with that
reflection at 90 and 293 K are shown in Figure 6c,d). In
contrast, the diffraction angle of that reflection under UV
irradiation was maintained at the position before irradiation
(PXRD at 0 min in Figure 5) at all temperatures, therefore
showing that the effect of heating by light irradiation is
negligible. Further, the transition temperatures of trans/trans-1
are reported as 383 (crystal to liquid-crystal) and 418 K (liquid-
crystal to melt),15 which are substantially higher than the
measurement temperatures in the present study. Those clearly
indicate that the PCMT can be classified as a photochemical
phase transition, characteristic of a photoinduced process.

Phase Characterization during the PCMT. On the basis
of the results of the present study and the existing general
model for photochemical phase transitions, a two-component
phase diagram as a function of photoreaction progress2,5

(shown in Figure 7) is applied for qualitative understanding of
the PCMT. The melting points of trans/trans-1 and cis/cis-1 (at
least 373 K15) are expressed as Tm(Reactant) and Tm(Product),
respectively. Partial amorphization by UV irradiation at 90, 140,
and 190 K indicates that the eutectic temperature (TEut) is
between 190 and 240 K. The absence of the diffraction
representing crystallization of cis/cis-1 from the amorphous
phase indicates that the accumulation of cis/cis-1 near the
surface was not enough for the reaction to progress at the
amorphous−PLP line in the diagram.
At 240 and 293 K, the PCMT and generation of the new

Bragg peak indicate that the reaction progressed at the PLP +
liquid region. Partial melting near the surface propagates into
the depth of the crystal using the solid−liquid interface, and so
the PCMT was undergone with high conversion. However, the
reaction could not progress to the PLP region because the
generated cis/cis-1 absorbs and attenuates the excitation
light,15,16 preventing sufficient accumulation of cis/cis-1 in

Figure 5. Photoinduced change of the powder XRD pattern of trans/trans-1. Temporal changes around the strongest Bragg peak at (a) 293, (b) 240,
(c) 190, (d) 140, and (e) 90 K are shown. Diffraction data were recorded every 5 min for a total of 60 min after starting photoirradiation.
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that region.36 In fact, the residual 01−1 (or 001) reflection,
having ca. 15% of the initial intensity, similar to the reported
sum of ratios of trans/trans-1 and trans/cis-1 (ca. 20%) in the
thin-film condition at a photostationary state,15 after 60 min of

UV irradiation suggested that ca. 15% of the phase remained as
the RLP. This attenuation effect was reflected in a gradual
decrement of the initial diffraction intensity, despite a constant
diffraction intensity corresponding to cis/cis-1 since 5 min after
the start of UV irradiation at 293 K (Figure 5a). The generated
cis/cis-1 attenuated the excitation light, and so not enough
photons to progress the reaction to the PLP + liquid region
could reach the solid−liquid interface. As a result, after 60 min
of UV irradiation, the crystal is considered to show a phase
gradient (shown schematically in Figure 8).

■ CONCLUSIONS
The detailed structural features governing the PCMT of trans/
trans-1 can be determined by single-crystal X-ray structure
analysis. In trans/trans-1, structural order (the 1D π···π network
of azobenzene moieties) and disorder (dynamically moved long
alkyl chains) coexist. The crystal structure and expected
geometry of isomers represent photoisomerization of trans/
trans-1 to form a solid solution as a precursor to the PCMT
near the surface at the beginning and a solid−liquid interface
during its propagation into the depth of the crystal. In case of
the reported well-ordered azobenzene-based crystals7,8 and the
lower temperature conditions of the present study, trans−cis
photoisomerization of azobenzene occurs only near the surface,
and as a result, transformation from a single crystal to
polycrystals19 or partial amorphization is shown instead of
the PCMT. However, the coexistence of order and disorder in
trans/trans-1 around room temperature reported herein
indicates that the PCMT occurs as a consequence of trans−
cis photoisomerization of azobenzene moieties, involving loss of
the 1D order of the π···π network as expected and formation of
an entirely disordered isotropic phase of photoproducts with
the assistance of disordered alkyl chains. Along with this
assistance, the thermal behavior of the long alkyl chains also
affects the formation of the structure with coexisting order and
disorder. The σ···σ interactions between alkyl chains contribute
to the close parallel ordering of trans/trans-1 in the crystal at
low temperatures. However, the thermal dynamic motion of the
chains prevents formation of alkyl···alkyl and alkyl···π
interactions, and encourages interaction of the 1D π···π
network of azobenzene groups by self-assembly of their
aromatic rings around room temperature as a prerequisite for
the PCMT. Application of the two-component phase diagram
to the present study generalizes the PCMT as a function of
accumulation of photoproduct. The difference in photo-
chemical phase transition at the higher temperatures (240
and 293 K, showing the PCMT) and lower temperatures (90,

Figure 6. Temperature dependences of PXRD and the interplanar
distance in trans/trans-1. Simulated PXRD patterns at all measured
temperature are in the ranges (a) 5° < 2θ < 12° and (b) 5.2° < 2θ <
6.6°. The interplanar distances correspond to the 01−1 (yellow area,
001 at 293 K) reflections at (c) 90 and (d) 293 K.

Figure 7. Two-component phase diagram for the PCMT of trans/
trans-1. Reactant-like (product-like) phase is a solid solution
containing the products (reactants) in the crystalline phase of the
reactant (product). The arrows in the diagram represent reaction
progress in the present study.

Figure 8. Schematic drawing representing a phase gradient expected in
the PCMT process of trans/trans-1.
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140, and 190 K, showing the partial amorphization) can be
clearly classified on the basis of accumulation of cis/cis-1. Our
insights will contribute to enhancing the general understanding
about photochemical phase transitions, especially transitions
reaching an isotropic phase, which should be valuable in the
design of photofunctional materials and the development of
selective and solvent-free synthesis by photoreactions at a solid
state.
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