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Abstract: A molecular movie showing migration of a sulfur atom
between molecules of realgar (o-As4S4) was obtained by a series
of structure determinations of the dark stage of this all-solid
autocatalytic reaction set.

In view of the need to understand the structural/energetic factors
that determine the outcome of a solid-state photochemical reaction
or a physical process at an atomic level, direct monitoring of the
temporal reaction course stands at the frontier of current structural
research. If the single-crystal integrity is retained during the reaction,
the mechanism and dynamics of a slow chemical reaction can be
conveniently studied by determining the three-dimensional structure
using steady-state X-ray diffraction (XRD) analysis at consecutive
time points that are typically separated by hours.* On the other
hand, accurate geometrical facets of very fast processes (down to
the picosecond time scale) following excitation can be observed
with ultrafast time-resolved XRD.? A prerequisite for stepwise
analysis of the reaction mechanism for the process of interest in
each case is its gradual course (on the respective time scale), that
is, kinetics that is slow relative to the time interval at which the
process is being probed. Herein, we report experimental evidence
of a fast and discontinuous photoinduced process obtained by
steady-state single-crystal XRD: migration of a sulfur atom during
the photoinduced transformation of the molecular inorganic solid
realgar (o-AssSy) into its isomer pararealgar. We anticipated that
the extremely rare combination of solid-state cooperativity and
balanced thermochemistry would turn the dark stage of this reaction
into a phototriggered autocatalytic reaction set.® Similar reaction
sets are known in the life sciences® and nonlinear chemical
dynamics in solution,® and a recent report on a [4 + 4] photo-
dimerization has provided the first example of solid-state autoca-
talysis with an organic compound.® To our knowledge, the
photoinduced isomerization of realgar is the only known example
of an inorganic al-solid system with self-sustainable dynamics.
Moreover, this appears to be the first case where the solid-state
isomerization is initiated with atmospheric oxygen.

Realgar absorbs visible photons with energies in the range
1.85—2.48 eV,” with the absorption peaking at the bandgap, 2.40(5)
eV, whereby it irreversibly isomerizes to pararealgar, in which
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Scheme 1. Reaction Mechanism Based on Light (egs 1 and 2) and
Dark [egs 3 and 4 (=2)] Stages Suggested for the Photoinitiated
Rearrangement of Realgar to Pararealgar via Uzonite

5As,S,(realgar) + 30, + hv — 4As,S;(uzonite) + 2As,O;

D
As,S;(uzonite) — As,S,(pararealgar) + S 2
o-As,S,(realgar) + S — As,S;(uzonite) 3
As,S(uzonite) — As,S,(pararealgar) + S 4

the positions of one arsenic atom and one sulfur atom in the As,S,
cluster have been exchanged.® A four-step mechanism based on
initiation by aerobic photooxidation and subsequent propagation,
as outlined in Scheme 1, was postulated for this reaction.*°~*2
Unlike 8-As,S;,** which isomerizes gradually, the reaction of
a-As,S, is a discontinuous process; the sharp change in the cell
volume has been attributed to rupture of one of the As—S bonds,
but the crystal disaggregation occurring with continuously excited
specimens has to date obscured monitoring of the reaction beyond
the initial stages.

Recently, we noticed that once very small red crystals of realgar
are exposed to direct visible light, they convert slowly to ayellow
powder of pararealgar, and the process continues even after they
have been stored in the dark (see the Figure l1ainset). Because the
leaving sulfur atom (eq 4) is effectively being “reused” in areaction
with another realgar molecule (eq 3), we anticipated that providing
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Figure 1. (a) UV—vis spectra of realgar and pararealgar (shown in the
inset), powdered and diluted with NaCl (1%o), recorded in reflectance mode.
(b) Temporal profiles and kinetic constants of the conversion of realgar to
pararealgar induced by excitation at 1.96 eV and monitored by the reaction
extent, expressed as the normalized integrated intensity of the 274 cm™*
Raman band of pararealgar (green, blue and red marks correspond to
excitation at 1.81, 0.77 and 0.11 mW cm ™2, respectively). Thered line in
(b) represents the kinetic curve fitted to the excitation with the lowest power
density (0.11 mW cm™2) according to the IMAK model.
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Figure 2. Tempora profiles of (top) the absolute axis elongation and
(bottom) the relative change in the cell volume of realgar single crystals
recorded in mode 1 (M) and mode 2 (®). Marks having only vertical bars
in the upper panel and the open circles in the lower panel correspond to a
control series (nonexcited sample). The inset shows a fit of the mode 2
data with the Prout—Tompkins kinetic model.

a steady input of the reactant would result in self-sustainability of
the two dark-stage reactions (egs 3 and 4).*® Moreover, the close
packing® was expected to provide conditions for cooperative action
during the spatial progression, and thus, large yields could ideally
be expected at a minimum excitation.

To evaluate the effect of excitation on the reaction kinetics,
microcrystals of realgar'® were continuously excited with continu-
ous-wave (cw) laser light at 1.96 eV, and the dependence of the
conversion on the excitation power density was monitored through
the integrated intensity of the nearly pure Raman mode (89%
S—As—S bending) of pararealgar at 274 cm* as areporter band™’
[Figure 1b; aso see Table S1 and Figure Sl in the Supporting
Information (Sl)]. The excitation densities of 0.11, 0.77, and 1.81
mW cm~2 showed that the kinetics could easily be controlled by
varying the intensity of the incident light, and the reaction rate could
be conveniently adjusted to collect complete XRD data sets at a
desired number of time points during the course of the reaction.

Therole of each stage in this rearrangement was studied by two
series of XRD experiments. In the first series (mode 1), the light
and dark reactions were conducted simultaneously by continuous
excitation of a single crystal (2.33 €V) with very weak cw light
(~3 uW cm~2). In the second series (mode 2), which was designed
to study the dark stage alone, a crystal was first excited (600 s; 0.1
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Figure 3. Snapshots showing the change in the difference electron density
(Fops — Feaca) in the unit cell of realgar (viewed along the ¢ axis) taken at
the points marked in Figure 2. The positive residual electron density is
plotted at (a—d) 2.0 and (e—h) 1.2 e A=3. Color codes: As, gray; S, yellow.

mW cm~?), and subsequently the structure was probed in the dark.*®
In mode 1, the cell expanded strongly during the course of 90 h,
mostly along the a and b axes (~0.028 A), before disintegration
occurred at t &~ 100 h [point (d) in Figure 2]. The c axis expanded
for 58 h, but it shrank and remained constant afterward. We were
surprised to see that in mode 2, when only the dark reaction could
proceed, the cell also showed a small but significant expansion
(mostly along a and b) during the first 82 h (AV = +0.87 A3),
after which it shrank at atime point close to that of the disintegration
in mode 1 (t = 94—100 h). This observation conforms to the
understanding based on egs 1—4 that two of the reactions (eqs 3
and 4) occurring in continuously excited crystals proceed with a
smaller yield even in the dark. A second surprise to us was the
observation that after being aged in the dark for 100 h [point (f) in
Figure 2], the crystal underwent sudden expansion (AV = +1.63
A3), dthough its integrity was sustained.

Movies S1 and S2 in the Sl show the sequentia changes in
residua electron density in each mode, and Figure 3 contains
selected snapshots at the points marked in Figure 2. The reaction
commences at sulfur atom S3 by rupture of the As2—S3 bond. In
mode 1, between the time points (&) and (b), the realgar molecule
(V/Z = 199.94 A3)™° is distorted within the ac plane, and the cell
expands because uzonite (V/Z = 227.19 A3 is produced. The
expansion continues between points (b) and (c), but the cell now
shrinks along the ¢ axis with the volume remaining nearly constant
thereafter. At point (c), excess electron density appears around S1.
The volume remains nearly constant up to point (d), where the
maximum yield of uzonite has been reached, with the shrinkage
aong the ¢ axis compensating for the small expansion along a and
b. At point (d), the cell shrinks abruptly as a result of uzonite
depletion due to the conversion to pararealgar (V/Z = 201.71 A3),*
which ultimately triggers crystal disintegration.

J. AM. CHEM. SOC. m VOL. 132, NO. 33, 2010 11399
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Figure 4. Cartoon of the mechanism of the dark phase in the photoinitiated rearrangement of realgar to pararealgar. It should be noted that this is a
simplified representation and does not represent the actual molecule disposition in the unit cell, which is presented in Figure 3. Color codes: As, gray; S,

yellow.

In mode 2, after theinitia excitation, the volume expands because
of the limited amount of products (Figure 2, bottom panel).
Reactions 3 and 4 proceed autocatalytically, and the cell expands
dlightly up to point (€) (t &~ 80 h), which is close to point (d) of the
light phase (t ~ 85 h). After point (€), the uzonite transforms into
pararealgar, and the cell shrinks up to point (f). Beyond point (f),
the cell expands again because the released sulfur atoms react with
the remaining realgar molecules, yielding uzonite (eq 3). The
production of uzonite is maximal a ~130 h [point (g)] and
decreases afterward as a result of decay of uzonite to pararealgar
(eq 4).

The most remarkable feature in mode 2 is the sharp change in
the electron distribution at point (f), where excess density appears
in the intermolecular region (Figure 3f). A control experiment
(Figure 2) confirmed that this event is not aresult of X-ray-induced
effects but is due to the self-sustained autocatalytic process. The
effect appears in mode 1 as well as in mode 2, athough in the
former case it is much more enhanced because of the steady
excitation and drives the crystal disintegration. In mode 2, the cell
expansion is smaller, which explains why the crystal integrity is
sustained. Because this process is related to the light stege (egs 1
and 2), it can be concluded that it represents hopping of the sulfur
atom between the molecules of uzonite and realgar (Figure 4).

In view of the uniqueness of the reaction mechanism, it seems
auspicious to attempt an interpretation of the isomerization of realgar
using some of the available kinetic models for solid-phase transi-
tions. It should be borne in mind, however, that the mechanism of
this reaction is a complex one (eqs 1—4), so the commonly
employed solid-state kinetic models can be expected only to
approximate the real kinetic law. To model the Raman and XRD
decay curves, we tested the Johnson—M ehl —Avrami—Kolmogorov
(IMAK)?? and Prout—Tompkins (PT)?* models (see Table S6 in
the SI). When it was applied to the Raman data, the IMAK model,
which is consistent with a variety of solid-state (including photo-
induced) processes,®?*~2° and has already been utilized to model
the kinetics of realgar transformation followed by powder XRD,**
reproduced reasonably well (R? = 0.972) only the kinetic curve at
the lowest excitation density (0.11 mW cm™?, Figure 1b). The
progressively worse fits observed at higher excitation densities
(Figure S2 and Table S6) indicated increased contribution from
the light-stage reaction (facilitated by the visible probe beam under
such conditions), which became more apparent by the improved
double-exponential fit to two processes with comparable kinetics.?*
Conversely, the XRD experiment provided conditions for fairly
independent analytical treatment of the dark and light reaction
stages. Accordingly, the V—t function®” for mode 1, where the light
stage predominated, conformed excellently to the IMAK formalism
(R? = 0.992; Figure S3), affording rate constant k = 7.4(2) x 107
s % In mode 2, however, the kinetic curve clearly adopted a quasi-
sigmoidal shape (see the inset in Figure 2); thus, the reaction
deceleration implied by the IMAK model was not suitable, and in
fact, the autocatalytic (accelerating) PT model performed dlightly
better (R? = 0.889 vs 0.849), although the rate constants were on
the same order [k = 7.5(8) x 107® vs 2.9(2) x 107® s* (Figure

11400 J. AM. CHEM. SOC. = VOL. 132, NO. 33, 2010

S3)]. Although the PT model is clearly an oversimplification of
the reaction mechanism described by eqs 1—4, this result conforms
to the collective autocatalytic mechanism suggested for the dark
stage of the reaction.
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