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ABSTRACT: The photochemical reaction of 9,10-dinitroan-
thracene (DNO,A) to anthraquinone (AQ) + 2NO has been
studied by means of lattice phonon Raman spectroscopy in the
spectral region 10—150 cm™'. In fact, crystal-to-crystal
transformations are best revealed by following changes in the
lattice modes, as even small modifications in the crystal
structure lead to dramatic changes in symmetry and selection
rules of vibrational modes. While analysis of the lattice modes
allowed for the study of the physical changes, the chemical
transformation was monitored by measuring the intra-
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molecular Raman-active modes of both reactant and product. On the basis of the experimental data it has been possible, at a
microscopic level, to infer crucial information on the reaction mechanism by simultaneously detecting molecular (vibrational
modes) and crystal structure (lattice phonons) modifications during the reaction. At a macroscopic level we have detected an
intriguing relationship between incident photons and mechanical strain, which manifests itself as a striking bending and unfolding
of the specimens under irradiation. To clarify the mechanisms underlying the relationship between incoming light and molecular
environment, we have extended the study to high pressure up to 2 GPa. It has been found that above 1 GPa the photoreaction
becomes inhibited. The solid-state transformation has also been theoretically modeled, thus identifying the reaction pathway
along which the DNO,A crystal lattice deforms to finally become the crystal lattice of the AQ_product.

1. INTRODUCTION

Crystal-to-crystal reactions represent a unique stage of play for
a number of cooperative phenomena involving structure and
dynamics of the lattice. The energetic cost needed to evolve to
products requires a large structural reconstruction of the lattice
of the reactant, which is often reached with the help of high
temperature or high pressure. When the chemical and physical
transformations are driven by photons, molecular displace-
ments follow light absorption, which promotes chemical
changes according to the relative positions and orientations
of the molecules in the crystal structure. The energy transfer
and the chemical reaction itself are then favored by the ordered
structure of the crystal, and the lattice becomes the actual cage
where the photoreaction takes place.' Its counterpart in
solution is the perfect fit of dimerized molecules in a confined
environment.”

The second aspect of photoreactions in the solid state is the
transformation of the photon energy in new forms, capable of
driving the chemical and the physical changes. The most
spectacular one is the mechanical motion obtained in response
to absorption of light, which manifests as a movement at the
supramolecular level (molecular machines)®™> or of the entire
crystal (photomechanical actuators).®™ '

Most recently Bardeen and co-workers have reported a
reversible twisting of microribbons of 9-anthracenecarboxylic
acid resulting from its photodimerization."" Their analysis of
the experimental data suggests that crystal motion is generated
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by the interfacial strain within the crystal between unreacted
monomer and photoreacted dimer regions.

Given this background, we have studied the crystal-to-crystal
photoreaction of 9,10-dinitroanthacene (hereafter indicated as
DNO,A) to anthraquinone (AQ) + 2NO. The reaction has
been previously observed in solution,'” and its mechanism has
been recently revisited,* but it reveals intriguing aspects when
performed by irradiation of the single crystal. In fact, the
reaction path requires a striking modification of the crystal
lattice, starting from the triclinic structure of DNO,A, with one
molecule per unit cell (Z = 1), to yield the monoclinic structure
of AQ with Z = 2. Indeed, this involves a considerable change
of the chemical environment, which implies the use of sensitive
probes of intermolecular interactions. For our investigation, we
have used the novel approach of following the reaction by
means of lattice phonon Raman microscopy, * a technique that
directly probes intermolecular modes, i.e., collective transla-
tional or rotational motions of the molecules in the unit cell.
These modes produce dynamical deformations of the crystal
called lattice vibrations or lattice phonons, whose frequencies,
resulting in Raman shifts in the range ~10—150 cm™, are very
sensitive to even slightly different molecular packing. Raman
spectroscopy in the energy range of molecular vibrations has
been successfully applied to follow solid-state reactions,'>'®
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while Prasad and co-workers had previously investigated also
the role of lattice phonons."”'® Our approach combines
microscopy and Raman spectroscopy with the additional
advantage of confocality. This has allowed us to follow the
evolution of the photoreaction in situ, yielding the Raman signal
at a spatial resolution below 1 pm. Crystal and molecular
spectral changes were compared with the optical images of the
sample.

While the analysis of the lattice modes allowed for the study
of the physical changes (lattice dynamics), the chemical
transformation was monitored by measuring the intramolecular
Raman-active modes of both reactant and product, on the very
same spot at the same time.

The experiments show that, once triggered, the reaction
proceeds rapidly until a complete transformation to the
product. The change in crystal morphology strongly depends
upon the different conditions of irradiation and on sample
history. In any case, the irradiated crystals undergo impressive
mechanical movements which manifest themselves as striking
bending and unfolding of the specimens under irradiation.

We have extended the study to high pressure, up to 2 GPa. It
has been found that above 1 GPa the photoreaction becomes
inhibited.

Finally, lattice dynamics methods were used to describe the
crystal-to-crystal transformation which takes place through a
complex cell doubling mechanism. The computational
approach has allowed us to select the best candidate structure
for the transition state in the pathway linking reactant and
product lattices.

2. EXPERIMENTAL SECTION

Single crystals of DNO,A were grown by sublimation of commercial
material from Aldrich. The most common morphology is that of
needles elongated along the a axis.

Lattice phonon spectra were obtained by placing the sample on the
optical stage of an optical microscope (Olympus BX40) interfaced to a
Jobin Yvon T64000 Raman spectrometer, with 50X or 100X
objectives, which allowed us to obtain a spatial resolution just below
1 ym and a theoretical field depth ranging from about 7 to 25 um.
Spectra were recorded spanning the low wavenumber region of the
lattice phonons (10—150 cm ™). The excitation wavelength was from a
krypton laser tuned at 647.1 nm, an excitation energy sufficiently low
to avoid both background fluorescence from the sample and its
photochemical change. The incoming power was reduced with a
neutral filter whose optical density was selected in each experiment to
prevent crystal damage, the actual power focused on the sample being
anyway less than 1 mW. Intramolecular vibrations of both DNO,A and
AQ were detected in the range 400—1800 cm™". For more details on
the spectroscopic characterization, see ref 14.

Two different procedures were followed to irradiate the crystal, ie.,
broadband and laser photoexcitations. For the former, a 75 W Xe lamp
was used, and the spectral range ~250—400 nm was selected with a
glass filter. Laser excitation was instead produced by a 25 mW diode
laser tuned at 405 nm.

High-pressure measurements were performed in different high-
pressure cells with sapphire windows (0—0.1 GPa) or diamond anvils
(>1 GPa). A 4:1 methanol—ethanol solution was used as hydrostatic
medium, and pressures were calibrated with the ruby fluorescence
method."

3. RESULTS

3.1. Lattice Phonon Raman Spectra. The first step to
conveniently follow the photoreaction is to set the reference
data of pure reactant and product. The lattice phonon Raman
spectrum of DNO,A and AQ are both known from the

. 20,21
literature.”

For a convenient comparison, we report in
Figure 1 the ambient (p,T) spectra of the actual samples used in

the experiments.
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Figure 1. Lattice phonon Raman spectra of (left) DNO,A and (right)
AQ. The corresponding molecules in the unit cell are reported in the
insets.

The crystal structure of DNO,A is triclinic PT (C') with one
molecule per unit cell.”” Since Z = 1, only three k = 0 optical
lattice phc.)no%s are present and are of‘ A, symmetry, ie,
Raman-active.” They are all shown in Figure 1. The crystal
structure of AQ is monoclinic P2,/a (C3;,) with two molecules
per unit cell.**** Since Z = 2, nine k = 0 optical lattice phonons
are allowed, and six (34, + 3B,) are Raman-active.>* Five out of
the six”" are shown in Figure 1.

3.2. Crystal-to-Crystal Photoreaction of DNO,A to AQ.
Although studied in solution, no reports can be found in the
literature of this reaction in the solid state. When the reaction is
performed by photoexcitation of the crystal, the initial step,
following light absorption, is the localization of the exciton in
active sites, usually physical traps, which act as nucleation
centers for the its propagation throughout the entire crystal. In
this sense solid-state photoreactions can be classified as
cooperative. Selectivity and localization are then the dominant
factors of the process."

A collective propagation of the excited reactant molecules
into the product must necessarily follow the rule governing
ordered systems, that is, a topochemical principle or the
capability of the reactant molecules to be in the correct registry
to yield the product with a minimum of orientational
reconstruction. Crystal packing, in other words, already has
the capability of determining the chemical change produced by
incoming light.26’27 A historical survey of the early experiments
on the subject can be found in the literature.”® A remarkable
variant to the topochemical principle can be found when the
reaction starts in defective sites of crystals lacking perfect
crystalline order, such as, for instance, the photodimerization of
9-cyanoanthracene.' In this case the reaction is triggered by
defects.

3.2.1. Broadband Excitation. Single crystals of DNO,A
were irradiated by a Xe lamp with UV excitation in the range
~250—400 nm selected by a glass filter (radiative flux § X 10~°
W/cm?). A water filter was placed in the optical path to prevent
sample heating which can damage the crystal and lead to
formation of secondary products. Lattice phonon Raman
spectra were recorded as a function of time to monitor the
photoreaction. The UV excitation was focused on one end only
of the single crystal, in order to compare reacted and unreacted
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regions on the same specimen. Figure 2 reports the sample
morphology and the Raman spectra collected at regular time
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Figure 2. Lattice phonon Raman spectra of (left) irradiated and
(right) non-irradiated regions of a DNO,A single crystal, shown below.
In the upper part of the figures, the spectrum of the single crystal of
AQ_is reported as reference.

intervals. As a reference, the phonon spectrum of pure AQ_is
reported at the top of the figures. After only 2 min, a marked
color difference has been observed between the two ends of the
sample. Correspondingly, Raman profiles of the illuminated
region show the fast growth of AQ lattice phonons which
initially overlap the phonon bands of the starting DNO,A
crystal and eventually fully replace them. The right side of the
figure shows only the phonon bands of DNO,A in the region of

the sample not subjected to irradiation. The reaction quickly
proceeds to completion after only 4 min. We remark that the
reaction is not limited to the surface area of the specimen. In
fact, the presence of AQ molecules into the bulk of DNO,A
crystal was confirmed by changing the microscope objectives
from 100X to 10X, corresponding to a theoretical range of field
depth from 7.5 to 450 ym.

Completion of the reaction over the entire crystal was further
proved by mass spectra, which showed no residual signal of the
reactant. The resulting phonon spectrum of the photoproduct
shows broader bands with respect to those of a pure pristine
single crystal AQ (red trace in Figure 2). This can be accounted
for by the inhomogeneuos broadening induced by local
disorder in the photoproduct.

3.2.2. Laser Excitation. A focused beam from a 25 mW
diode laser tuned at 405 nm (radiative flux 340 W/cm?)
unfailingly produced an immediate and explosive breaking of
the crystal. The experiments were then performed with a series
of variable optical density filters attenuating the incoming light
up to 3 orders of magnitude, which resulted in an increase in
the time required to complete the reaction in the order of
hours. Results are reported in Figure 3. Although slower, the
modification of the lattice is accompanied by a gradual change
of the whole phonon spectrum from the lattice modes of pure
crystalline DNO,A to those of pure AQ. The better control of
the photoreaction can also be deduced by the absence of any
background fluorescence, whose presence would certainly be an
indication of the formation of secondary photoproducts, acting
as emitting impurity traps. The pictures of the crystal in the
right-hand side of Figure 3 show that in any case, although less
dramatically, the crystal that is initially a few hundreds
micrometers long breaks up in a number of fragments at the
end of the reaction (f = 530 min). The large mechanical strain,
which starts in the middle point of crystal where the laser beam
is focused, obviously produces this destructive process. The
post analysis of the Raman spectra of these fragments indicates
that they certainly belong to pure AQ_(upper spectrum of the
Figure), an indication that the reaction had indeed reached its
full completion. Unlike the spectra of figure 2, all phonon bands
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Figure 3. (Left) Lattice phonon Raman spectra of a DNO,A single crystal as a function of time (UV irradiaton from a focused laser). (Right)
Pictures of the crystal before (bottom) and after (top) the photoreaction.
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Figure 4. (Left) Lattice phonon Raman spectra of a DNO,A single crystal as a function of time under uniform irradiaton from a defocused UV laser
beam. (Right) Snapshots, at the corresponding times, of the irradiated crystal during the course of the reaction.
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Figure 5. (Left) Lattice phonon Raman spectra and (right) internal vibration spectra in the region 300—1800 cm™"
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at different times of irradiation of

are well resolved and compare well to those of the reference
single crystal spectrum of AQ.

To avoid the fragmentation of the crystal, we defocused the
laser beam on the crystal surface to get a more controlled and
uniform irradiation (radiative flux 3 X 1072 W/cm?), an
expedient also used to control the interfacial strain in the
photodimerization of 9-anthracenecarboxylic acid."' Indeed,
under these conditions, the mechanical deformation of the
crystal during the progress of the photoreaction is always
homogeneously distributed over the entire size of the crystal,
avoiding its destructive fragmentation. It looks as if the
macroscopic boundaries of the crystal, edges and surface,
soften the strain produced by photons. One of the most
intriguing results obtained under these experimental conditions

is shown in Figure 4.

17674

Here the photoreaction completes pretty much in the same
time scale as that of the previous experiment where, though
attenuated, the laser beam was focused on the crystal. However,
now the starting crystal avoids breaking into smaller fragments
and undergoes after irradiation a striking series of mechanical
movements, which result in bending, twisting and unfolding, as
shown in the right side of the figure. The well-shaped single
crystal (a) initially bends, especially at one of its ends (b—c),
then rotates by 180° along the stack axis to reach, after the
unfolding (d) and further twisting (e), its initial shape (f). The
transformation is not complete, as indicated by the spectral
profiles after 365 min, where residual phonon bands of DNO,A
lattice are still present. The final step, up to the complete
formation of AQ, requires a new and fast deformation of the
crystal, as explained in section 3.4. This eventually leads to pure
AQ (g), the phonon bands of which undergo a minor
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broadening, as shown by the congested region around 60 cm™".

A different intensity spectral distribution with respect to that of
the reference crystal can be accounted for by an orientational
change of the anisotropic crystal formed after irradiation.
Similar trends have been observed for other crystals of
approximately the same shape and size. A short movie
documenting this spectacular behavior can be found in the
Supporting Information.

During the course of the photoreaction, the extensive study
of the Raman phonon spectra (changes of the lattice) has been
completed by the simultaneous detection of the intramolecular
modes (molecular modifications), in order to compare the
molecular transformation of DNO,A to AQ with the
corresponding changes of the crystal lattice (from triclinic to
monoclinic). This investigation is crucial for the determination
of the reaction mechanism following the photon absorption.
Figure S shows these data.

Quite interestingly, at reaction times for which no remarkable
variations in the lattice phonon spectrum have been observed,
the internal vibrations of molecular AQ are already well visible,
as can be seen in Figure S, where sample bands have been
marked by vertical lines. The relative intensities of the bands at
1403 and 1675 cm™!, corresponding to intramolecular modes
for DNO,A and AQ, respectively, have been analyzed at a time
(575 min) where the lattice still appears to be as that of pure
triclinic DNO,A crystal. Taking into account the ab initio value
of the Raman intensities calculated for the isolated molecules
(from the calculations of section 4), we can estimate that about
40% of DNO,A has already reacted at this time and therefore a
surprisingly large amount of AQ_ is already present. In other
words, it is as though the photoproduct AQ occupies
substitutional sites of the triclinic lattice of DNO,A; i.e., the
molecular transformation by far precedes the transformation of
the crystal lattice, an important finding that will be discussed in
section 4.

3.3. Photochemical Reaction at High Pressure.
Pressure is a most efficient tool for the perturbation of
intermolecular interactions, though leaving basically unchanged
the molecular environment. Since large mechanical strains are
undoubtedly involved in the crystal-to-crystal transformation of
DNO,A to AQ, we have investigated the reaction as a function
of pressure to get further hints on its mechanism. Pressure is a
very sensitive probe of molecular interactions and it seems
therefore appropriate to use it in a transformation where
incoming light and molecular constraints play a crucial role on
the route to the photoproduct.

Several measurements have been performed over a wide
pressure range and different irradiation conditions. We limit the
description of the experiment to a few typical cases, one of
which is illustrated in Figure 6. More experiments are reported
as Supporting Information. Here the crystal has been irradiated
by the diode laser at 405 nm and has been subjected to a
constant pressure of 0.7 GPa in a gasketed diamond anvil cell
(DAC). Changes of the crystal morphology have been
simultaneously detected at constant time intervals.

After 80 min the reaction reaches its full completion in the
irradiated region, and the observed phonon bands are uniquely
attributed to AQ_lattice vibrations. It is of some interest to
follow the changes of the shape of the crystal during the
reaction. Although the crystal is subjected to the strong
mechanical strain induced by the incoming light, it is
nevertheless constrained in the gasket area, which produces a
sort of physical barrier in limiting the sample movement. The
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Figure 6. (Left) Lattice phonon Raman spectra at p = 0.7 GPa.
(Right) Corresponding changes in crystal morphology at constant
time intervals.

crystal bends and curiously forms a sort of ring at the point
where the focused laser light, strongly attenuated by optical
density filters, had started the photoreaction. By further
increasing the pressure to about 1 GPa, a process similar to
that described in Figure 7 occurs. Eventually, above 1 GPa and
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Figure 7. Lattice phonon Raman spectra of a crystal irradiated at (left)
1.0 and (right) 1.4 GPa. Inset: picture of the irradiated crystal at 1.0
GPa.

irrespective of prolonged irradiation, no transformation to AQ_
occurs, as shown in Figures 7 and SI-1 (Supporting
Information). Besides, the very same DNO,A crystal that
went unreacted at 1.4 GPa completely transforms to AQ_after
20 min after the pressure was released to 0.4 GPa (Figure SI-2).
The complete absence of molecular modes of AQ_(Figure SI-3)
confirms that the reaction has not started at either the physical
or chemical level. The picture of the crystal correspondingly
changes, showing that, although it undergoes a longitudinal
fracture under pressure and light, it never bends. It seems as
though the release of the mechanical energy (revealed by the
crystal motion) is indeed the driving force required for the
advancement of the photoreaction.

Examples of photochemical dimerizations inhibited at high
pressures can be found in some experiments a few decades
0ld.**° We believe that the most important factor which can
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explain the inhibition of the reaction at high pressure is that the
release of NO cannot take place if the external pressure is too
high.

3.4. Progress of the Reaction. We describe the following
steps to advance a plausible hypothesis on the evolution of the
reaction as shown by the experiments.

3.4.1. Triggering the Reaction. The trigger of the reaction
occurs through a well-known mechanism for photochemical
reactions in organic crystals."”*® Following light absorption, a
delocalized exciton (ideal crystal) forms, which eventually
localizes (real crystal) into chemical or physical traps of the
crystal. These traps are sites of local disorder that become the
active sites, that is, the nucleation centers which trigger the
photoreaction. The transformation in these local sites of
molecules of DNO,A to AQ provides further disorder,
increasing the number of active sites capable of driving the
reaction. The reaction starts, and as long as DNO,A molecules
continue to transform to AQ, the latter, being in a foreign
lattice, creates further trapping sites which favor the course of
the reaction, following a collective autocatalytic mechanism.

3.4.2. Chemical Reaction in a Cage: The Cage Is the Unit
Cell. Once the reaction has been triggered, the ordered
structure of the crystal is the dominating factor for its
propagation. By looking at the crystal parameters of DNO,A
and AQ (Table 1, section 4), it is tempting to think of a simple
reaction mechanism mostly based on a cell doubling, in a
direction that could be the b or ¢ axis, or a more complicated
combination of axes. This would result in a convenient
topochemical path to justify how the reaction easily completes,
starting from the triclinic cell (Z = 1) of DNO,A to get the
monoclinic cell (Z = 2) of AQ with about double the volume.
The triclinic unit cell of DNO,A can thus be considered as the
chemical cage where the photoreaction begins."

The reaction path leading to the cell doubling is computa-
tionally modeled in section 4.

3.4.3. Propagation of the Reaction: From the Cage to the
Whole Crystal. The information on the crystal structure
obtained through the Raman phonon spectra gives some hints
on the progress of the reaction. A crucial information is that the
molecular transformation precedes the transformation of the
crystal lattice, as clearly indicated by Figure S. AQ guest
molecules, which at the beginning of the reaction occupy
substitutional sites in the DNO,A lattice, i.e., maintain positions
and orientations of the host molecules, soon reach a
concentration high enough as not to allow the existence of a
stable triclinic unit cell. This is possibly why, at this very
moment, the energy stored in the system under stress is
released and gives rise to mechanical deformations of the whole
crystal, as illustrated in the right part of Figure 4. We believe
that this is the step (Figure 4, picture c) when the triclinic
lattice of DNO,A is transformed into to the monoclinic lattice
of AQ, whose lattice phonons soon become predominant in the
Raman profiles. Therefore, the mechanical movement induced
by light absorption, as shown in Figure 4, pictures c—f, provides
the energetic cost of the crystal-to-crystal transformation.

3.4.4. Complete Formation of Crystalline AQ. At the final
stage the AQ molecules, formerly guest molecules in the
triclinic DNO,A lattice, become themselves host molecules in a
monoclinic lattice where DNO,A molecules are now guests.
This implies that, although the new crystal lattice is formed, the
reaction is not complete until all reactant molecules are
transformed to AQ_in the AQ lattice. This would explain why in
Figure 4, picture g, the crystal, which has recovered its initial

shape at time 365 min, undergoes further distortion (from
picture f to g) by shrinking and bending in a fashion similar to
the process previously shown in pictures a—f. Indeed, the
completion of the photoreaction still requires that a sizable
amount of DNO,A molecules react and a corresponding
stoichiometric amount of NO molecules leaves the crystal,
which therefore shrinks to keep its cohesion. At this stage only,
the reaction ends.

We must remark once again the importance of the
correlation between the intramolecular vibrational spectra and
the intermolecular lattice phonon spectra. This relationship is
of paramount importance in probing the photochemical
transformation of the molecules and, at the same time, the
change of the crystal lattice.

4. MODELING THE REACTION

Now we aim to describe the transformation of DNO,A to AQ
in the solid state by emulating the experimental process, that is
by first chemically transforming DNO,A into AQ_without
changes to the lattice and then by continuously deforming the
crystal lattice into the final AQ_structure,”® without further
chemical changes and along the path with the lowest energy
barrier. We must, in effect, identify the transition state, which is
the minimum energy saddle point between reactants and
products. To implement this program we need a model for the
molecules and then a model for their interactions in the crystal.

For the molecular model we have chosen the minimum
energy geometries of isolated DNO,A and AQ_ molecules,
determined ab initio with the program GAUSSIANO3,*! using
the B3LYP/6-31G* combination of density functional and basis
set. The model is adequate, since the equilibrium geometries so
obtained closely match the experimental molecular geometries
in the crystals,””** with the only noticeable difference being a
small deviation (below 5°) in the C—C—N—O torsion angles in
DNO,A.

Intermolecular interactions were modeled by an atom—atom
potential with electrostatic and Buckingham terms, V;(r) = q,q;/
r+ Ay exp(—B,-jr) - Cy/ #°. The atomic charges g; are the ESP
charges™* fitted to the electrostatic potential evaluated in the
above-mentioned ab initio calculations on the isolated
molecules. The A Bj, and C; parameters for H, C, N, and
O atoms are from a potential model®* specifically designed to
be internally consistent and transferable. Crystal structures were
determined by seeking minimum energy lattice configurations
using the WMIN program,* with molecules maintained rigid in
their ab initio geometries. Several experimental and hypothetical
initial lattice structures have been considered, as discussed
below. The stability, or lack of stability, of the optimized
structures was assessed by computing the phonon frequencies
which, as a necessary and sufficient condition for local
stability,>* must be real and >0 (non-negative force constants).

As a first validation of the molecular and 2potential models,
starting from the experimental structures>> of DNO,A
(triclinic, space group PI, with Z = 1) and AQ (monoclinic,
space group P2,/a, with Z = 2), we have determined the
equilibrium configurations by minimizing the potential energy
with respect to all independent structural parameters allowed
by the space group symmetry. The resulting structures,
hereafter labeled as D; and A,, are shown in Figure 8, while
their lattice parameters are listed in Table 1. The excellent
agreement between calculated and experimental®>*® parameters
confirms that the models are realistic. Also excellent is the
agreement between the computed binding energy of the lattice
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Arbitrary reaction coordinate

Figure 8. Reaction path from DNO,A to AQ. D, is the Z = 1 DNO,A
structure which, when photochemically transformed to AQ, becomes
the Z = 1 metastable structure A;. A; is mathematically equivalent
(through a cell doubling) to A,’, which may be transformed into the
transition state T,. Finally, T, spontaneously converts to A, (the Z =2
AQ structure). Axonometric views of the various computed structures
along the path are shown close to their energies. AQ and DNO,A
molecules maintain their ab initio geometries (with D,, and Cy,
symmetry, respectively) and reside on inversion sites. Graphics by
MolScript.

and its closest experimental equivalent, namely the sublimation
enthalpy, available only for AQ.*®

As discussed in sections 3.2 and 3.4, the photochemical
molecular transformation of DNO,A to AQ precedes the
transformation of the lattice. To model this behavior, starting
from the known structure of DNO,A,** we have converted all
DNO,A molecules into AQ molecules and then minimized the
lattice energy. We have thus reached a triclinic AQ_structure
with Z = 1 (labeled A,), which represents a local energy
minimum since all computed force constants are non-negative.
This hypothetical structure, although mechanically stable, is
predicted to be thermodynamically unstable, since it is less
bound than the Z = 2 monoclinic structure A, (see energies in
Table 1). Immediate conversion of A; into A, is hindered by
the energy barrier that separates the two structures. To estimate
this barrier, we have searched all possible reaction paths
between A, and A,. The procedure used to identify the
transition state is described below and is extremely artificial.
Nevertheless, we will immediately see that the resulting
reaction path, illustrated in Figure 8, describes a quite obvious
and easily understandable process.

The transition state, labeled T,, is a Z = 2 nonprimitive
monoclinic structure with space group C2/m. The two
molecules are equivalent by translation and parallel the to ac
plane. The structure, optimized with respect to all structural

parameters allowed by the monoclinic lattice, sits on an energy
saddle, since some of its phonons have negative force constants.
Thus, the system experiences no recall forces for displacements
along these phonon modes, which describe out-of-plane
molecular rotations. When first perturbed by slightly rotating
the two molecules, either in the same or in opposite directions,
and then optimized without constraints, the state T, in fact falls
to either one of two different minima. One minimum (reached
by rotating the two molecules in opposite directions)
identical to the (optimized) experimental AQ structure A,. The
other minimum (reached by rotating the molecules in the same
direction) is a Z = 2 triclinic structure, labeled A,’. It may be
noticed that A," and A, have exactly the same energy. As shown
in Figure 8, in fact, A, is just a cell halving of A,’, with cell axes
a=b,b==b"+c,and c= (a’ — V")/2.

Having the trajectories from T, to A; and from T, to A,, one
may simply invert the first segment to obtain a composite path
from A; to A,. We may now fully describe the transformation,
illustrated in Figure 8, from D, (the Z = 1 DNO,A lattice) to
A, (the Z = 2 AQ lattice). We first photochemically transform
D, into A; (AQ in the Z = 1 DNO,A lattice), which is
immediately doubled into A;’, with cell axes a’ = a + 2¢, b’ = g,
and ¢’ = a + b (a purely mathematical transformation, with no
effect on the energy). We then progressively deform the Z = 2
triclinic lattice A,” into a monoclinic lattice, while simulta-
neously rotating the two molecules until they lie parallel to the
ac plane. The T, saddle structure is thus reached, by paying an
activation energy of 1.11 kcal/mol. We then rotate the two
molecules in opposite directions, finally reaching the
monoclinic A, lattice and recovering 2.21 kcal/mol, with a
small net gain.

The computational procedure with which we have identified
the transition state T, is essentially the opposite of the process
just described. For the reasons discussed in section 3.4, we had
deduced that the transformation from A; to A, is a cell
doubling process. Several early attempts to reach a transition
state by doubling A, (followed by optimization of the doubled
structure) failed since all structures immediately reverted back
to the initial A; structure. On retrospect, we could have
predicted this, since A; is already a locally stable energy
minimum. We may likely experimentally identify this
intermediate state as the crystal arrangement of the triclinic
structure with one AQ molecule per unit cell. However, in
analogy with previous work,3¢ direct structural evidence would
require XRD time-resolved snapshots during the progress of
the reaction. Halving A, (after rotation of the two molecules to
ensure that are equivalent by translation) does not present the
same problem (because by halving the cell we effectively

22,25

Table 1. Experimental and Computed Lattice Parameters

Z space group structure a (A) b (A) c (A) a (deg) B (deg) 7 (deg) vV (A3) E(kcal/mol)
DNO,A
1 PT expt” 3.950 8.680 8.760 106.77 98.98 98.02 278.59
cale, D 3.713 8.824 8.825 105.69 98.09 98.13 270.67 —-36.38
AQ
1 P1 calc, A, 4.157 8.258 7.778 107.74 85.60 106.30 244.08 —-27.99
2 P1 cale, A’ 16.407 4.157 8.138 77.08 101.47 70.83 488.15 —-27.99
2 C2/m cale, T, 15.314 3.532 9.163 90.00 98.90 90.00 489.63 —26.88
2 P2/a expt™>3 15.780 3.963 7.868 90.00 102.69 90.00 480.21 272 + 48
calc, A, 16.010 3.929 7.80S 90.00 102.71 90.00 478.75 —-29.09
17677 dx.doi.org/10.1021/ja307088n | J. Am. Chem. Soc. 2012, 134, 17671-17679
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prevent the return to A,). We have systematically tried all cell
halving transformations consistent with the molecules at
positions (0,0,0) and (1/2,1/2,0) in A, (see Figure 8), for a
total of 504 possibilities. As expected, we have found that many
transformations simply lead to different crystallographic
representations of the same structure. Overall, there are only
four distinct halved structures, ie., four distinct accessible
saddles around A,, of which only one has negative energy. This
specific saddle (the lowest among all saddles) is the previously
discussed transition state T).

5. CONCLUSIONS

Solid-state reactions, being related to crystal structure
modifications, are strictly mediated by lattice phonons which
couple to the electronic excitation of the light field. Structure
and dynamics of the crystal lattice are then equally involved,
and this must be considered when setting up experiments to
reveal the evolution of photoreactions. In this study we show
how useful Raman spectroscopy can be to monitor both
molecular and structural changes.

The photoinduced reaction of dinitroanthracene to anthra-
quinone fits the general picture of molecular materials that
change shape and dimensions by means of the transformation
of photon energy into mechanical work.”® What we aim to
emphasize most here is the mechanism underlying the crystal-
to-crystal transformation, a process complicated by the need to
consider all changes occurring in the molecular environment
during the course of the reaction. It is self-evident that
molecular changes ultimately produce modifications of the
crystal lattice. Raman spectroscopy has proved to be the ideal
tool to conveniently follow the evolution of the photoreaction.
While analysis of the lattice modes allowed for the study of the
physical changes, the chemical transformation was monitored
by measuring the intramolecular Raman-active modes of both
reactant and product. Working in confocal microscopy, with a
Raman signal at a spatial resolution below 1 um, has also
allowed us to follow the evolution of the photoreaction in situ
and to compare crystal and molecular spectral changes during
the reaction with the microscopic optical images of the sample.
The structural reconstruction required to drive the photo-
reaction explains the different evolution of crystal morphology
under irradiation. We have shown that a completely destructive
process is observed when irradiation is produced by an intense
focused laser beam, whereas a uniform distribution of the
exciting radiation with a lower intensity permits a more
controlled structural change. In the latter case the crystal
initially keeps its shape, propagating the mechanical strain to
edges and surfaces rather than undergoing cracks or breaking in
small fragments.

One of the major and most surprising outcomes of this study
is that molecular and lattice transformations do not proceed at
the same rate. The molecular transformation precedes the
structural crystal change, as illustrated in section 3.4. We
emphasize the key role played by host and guest molecules
which interchange in the substitutional sites of the unit cell.
Former guest molecules (AQ) eventually become the host
molecules and, at the same time, former host molecules
(DNO,A) take the place of guests. This is a key point when
explaining the large and spectacular deformation of the crystal
under irradiation.

The observed time mismatch between chemical and lattice
transformation indeed allows for a clear way of modeling the
crucial step of the cell doubling. In fact, once the AQ molecules

are formed inside the DNO,A lattice, the system relaxes to a
readily accessible mechanically stable structure still with Z = 1.
From here, a local minimum, the thermodynamically stable
structure with Z = 2 can be attained with a relatively small
energy expense which leads the system through a plausible
transition state.

To clarify the mechanisms underlying the relationship
between incoming light and molecular constraints we have
extended the study to high pressure up to 2 GPa. It was found
that after 1 GPa the photoreactions becomes inhibited, since
the release of NO cannot take place if the external pressure is
too high. Consequently, no crystal movement is observed
above 1 GPa.

The crucial point is the role played by the mechanical strain
induced by light. A large structural reconstruction, as that
involved in the doubling of the triclinic unit cell of DNO,A to
yield the monoclinic structure of AQ, cannot occur without
striking crystal deformations accompanying the photoreaction.
Light energy initially produces the chemical transformation of
the molecular units in the lattice. This change induces the
mechanical deformations which eventually become the driving
factor of the structural change. At high pressure (>1 GPa),
where crystal movements meet with molecular constraints, the
photoreaction lacks its driving force and cannot reach its
completion.
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