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The extraordinary stability of the photoinduced red form of a cationic spiropyran (k ≈ 10-6 s-1 in water and
∼10-6 to less than 10-8 s-1 in the solid state) was employed to obtain in situ X-ray diffraction evidence of
its molecular structure. By UV excitation under selected experimental conditions, on average, approximately
one third of the cations in a single crystal of spiropyran iodide salt was converted and retained as the red
form during the experiment. According to the structure of the mixed crystal, the ring opening, which is due
to increased distance between the spiro oxygen and carbon atoms, is associated with slight molecular flattening
caused by concurrent out-of-plane shift (11.2(5)°) of the pyranopyridinium half and in-plane shift (4.8(7)°)
of the indoline half. The overall geometry change of the cation fits the steric requirements imposed by the ion
packing in the crystal and can be viewed as molecular flattening caused by breaking of the spiroconjugation.
The structure of the cation confirms that (at least in the case of cationic spiropyrans) the product is confined
in the crystal mainly as a zwitterionic resonance structure in cis configuration similar to the (early) transition
state. Although the positive charge of the closed form facilitates the ring-opening reaction by moving the
reactant closer to the transition state, neither the weakening of the spiropyran C-O bond nor the space provided
by the iodide alone can account for the stability of the product. Instead, the density functional theory calculations
indicate that the stabilization of the red form of the cationic relative to the neutral spiropyran is
thermodynamically controlled, probably through compensation of the charge within the zwitterion by the
methylpyridinium group.

1. Introduction

Spiropyrans (SPs) and spirooxazines (SOs) constitute one of
the most important and best studied organic photochromic
families. They have been exploited for a variety of applications,
including materials for self-developing photography, actinom-
etry, displays, transmission-controllable optical elements, and
ophthalmic lenses.1 Having some of the largest two-photon
cross-sections among the organic photochromic compounds,2 a
prerequisite for application as memory elements capable of
nondestructive readout, the SPs and SOs have become a favorite
photoswitching unit for control of properties of composite mate-
rials, including polymers and liquid crystals. Some of the recent
promising applications are photocontrol of protein conformation
and enzyme activity,3 combination with magnetic ions4 and
luminophores,5 ion detection,6 inclusion in host-guest com-
pounds,7 modification of surface properties and membrane
permeability,8 and incorporation in photoresponsive nanopar-
ticles.9 Based on the existing pool of physicochemical (mainly
spectroscopic) results, it has been accepted that the photochromic
reaction mechanism of SPs and SOs represents a 6π 6-atom
pericyclic process: ring opening during the photoinduced
forward reaction, resulting in a merocyanine (MC) dye-like

product and ring closure during the photoinduced or thermally
induced reverse reaction. Surprisingly, despite the great impor-
tance of these photochromic systems, the creation of the open
form has been corroborated only with spectroscopic methods
in solution, such as 1H NMR NOE;10 no direct diffraction
evidence for the creation and the atomic-level structure of the
MC-like product has been reported yet. The relative ratio of
the two possible resonance structures of the MC form, dipolar
(zwitterionic) and apolar (quinonic), has also remained unknown.
The only X-ray structure of a pure MC form was elucidated
from a sample obtained by irradiation of a spirobenzothiopyran
solution and subsequent crystallization of the product.11 How-
ever, because in solution the molecules are conformationally
flexible, they can react through solvent-assisted pathways, and
during the crystallization they are confined to their most stable
(s-trans, s-trans) conformation, the structure of the as-crystallized
MC product does not provide insight into the formation and
the primary geometry of the as-obtained MC form. In fact, the
photochromism of SPs and SOs in the solid state has remained
unknown until the recent observation of photochromic activity
of microcrystalline powders of catonic SPs and SOs prepared
as iodide salts.12,13 In these structures, such as (SP+)I in Scheme
1, a pyridinium-containing pyran or oxazine system is spiro-
conjugated with an indoline fragment and charge-balanced by
a lattice iodide ion. The stability of the open-ring forms of these
compounds is unprecedented (Figure 1B,C). In acetonitrile, the
red MC species decays with monoexponential kinetics (k1 )
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4.47 ·10-5 s-1), whereas in ethanol, the decay is biexponential
(k1 ) 2.60 ·10-5 s-1 and k2 ) 4.11 ·10-6 s-2), indicating
different reaction mechanisms. In aqueous solution, the mono-
exponential thermal back reaction is extremely slow (k1 )
1.72 ·10-6 s-1). The reversibility of the photochromic reaction
in these solvents is confirmed by complete recovery of the
spectrum of the closed form, which can be induced by irradiation
with visible light. In the solid state, the constants of thermal
fading reactions of cationic SPs are on the order of 10-6 s-1 to
less than 10-8 s-1.12

Recently, Masuhara et al.14 have demonstrated that if excited
by femtosecond laser pulses, neutral SPs and SOs can also
exhibit solid-state photochromism. Relative to the MC forms
of cationic SPs which are stable for days in the dark, the neutral
MCs are of much shorter lifetimes: in the case of weak laser
excitation (<1 mJ · cm-2), they exist during nanoseconds before
decaying to the closed SP form. The extraordinarily large, tera-
order-of-magnitude (if the time scales of thermal decay are
compared) lifetime extension of the cationic relative to neutral
MCs provides a basis to study the mechanism of the photo-
chromic reaction of SPs and SOs at atomic-level resolution with
X-ray photodiffraction - a combination of photoexcitation and
X-ray diffraction. Here, we report the observation of the ground-
state MC structure, which provides the first direct evidence of
the reaction mechanism of a SP molecule. The reasons underly-
ing the unusual stability of the colored structure of cationic SPs
are substantiated by density functional theory (DFT) calculations.

2. Experimental Section

(SP+)I was prepared by condensation of 3-hydroxy-6-methyl-
2-pyridinecarboxaldehyde and 2-methylene-1,3,3-trimethylin-
doline.12 The compound is well soluble in water, methanol,
ethanol, and acetone, but it is very weakly soluble or almost
insoluble in hexane, cyclohexane, and toluene. It was recrystal-
lized in the dark by very slow evaporation from warm aqueous
solution (prolonged heating results in partial decay to stable
red decay products). Rapid cooling of the solution affords brittle

yellow plates which break spontaneously when exposed to light,
whereas slow cooling affords regular prismatic crystals. In most
crystallization attempts, yellow trapezoid crystal twins were
obtained with doubled monoclinic cell, but a few batches
contained exclusively long yellow single-crystal prisms of good
quality. The UV-vis spectra of the powdered samples were
recorded from a KBr matrix in reflectance mode by using a
JASCO V-570 spectrometer. The single crystal UV-vis spectra
were recorded in transmission mode from unpolished plate-like
single crystal with USB4000 spectrometer (Ocean Optics). In
all cases, the sample was exposed to unfiltered UV radiation
from a 250 W medium-pressure mercury lamp (SP-7, Ushio),
and the reversibility was confirmed by bleaching upon storage
in the dark or by irradiation with white LED light. The pho-
toreaction kinetics measurements in solution were performed
by continuous recording of the absorption spectral maxima in
the dark (the data are corrected for solvent absorption). The
reversibility of the process was checked by bleaching with
visible light. The aqueous solution can be cycled between the
two forms at least three times without measurable decay. Unlike
the other solvents, the decay kinetics in chloroform was not
reproducible and the compound was not completely bleachable,
indicating partial decay in this case.

The X-ray data of (SP+)I were collected (in the dark, at
ambient temperature) from a regular yellow prism (270 × 100
× 50 µm) with a SMART APEX diffractometer (Bruker) by
using sealed tube source, graphite-monochromated Mo KR
X-rays, and a CCD detector.15 The structure was solved with
direct methods16 and refined17 on Fo

2 with all non-hydrogen
atoms anisotropic and the hydrogen atoms included as riding.
A series of experiments employing various wavelengths, ir-
radiation times, and temperatures were performed on test
samples in order to optimize the reactivity and to increase the
photoconversion yield in the single crystals. Excitation with
pulsed laser light (various powers in the visible region, power
between 4 mW and 24 mW in the red region and between 160
µW and 5 mW at 335 nm) was less efficient than that with a
polychromatic excitation source. In many cases, the coloration
was pale red or brownish, and at higher incident powers, the
crystallinity of the samples was occasionally decreased. There-
fore, the crystal was exposed during 45 min to polychromatic,
nonfocused, heat-filtered cw UV radiation from a medium-
pressure mercury lamp (250 W, Ushio SP-7), and the temper-
ature was subsequently decreased to 200 K. Several new peaks
appeared around the cation in the difference Fourier map, of
which the most apparent were those of height 7.0, 6.9, and 2.2
e/Å3, the latter being positioned about 1 Å from O1. The
temperature was then increased to 298 K, and in order to retain
the photoconverted fraction of molecules in the crystal, a second
data set was collected during irradiation from the same source
at that temperature. A total of 20 019 reflections were extracted
from 2500 collected frames of 0.3° width, each measured with
an exposure of 20 s, and integrated to obtain 3741 unique
reflections of up to 2θ ) 52°. Assuming that the nonconverted
fraction of SP+ had remained unaffected by the excitation, the
distances (but not the coordinates) between the anisotropic atoms
of the unconverted fraction of the SP+ cation were fixed to the
respective values in the unirradiated crystal, whereas the
secondary photoinduced cation, MC+, was refined as mixed
isotropic-anisotropic model. No attempt was made to split the
methyl groups of the indoline ring in any of the structures. The
refined structures of the nonirradiated and irradiated crystal are
deposited within the CCDC as depositions 668923 and 668924.

Figure 1. (A) Color change of a (SP+)I single crystal before and after
several seconds exposure to UV radiation and after several minutes of
bleaching with visible light. (B) UV radiation-induced changes in the
absorption spectra of aqueous (blue trace), ethanol (red trace), and
acetonitrile (pink trace) solutions of (SP+)I. (C) UV radiation-induced
changes in the reflectivity spectrum of (SP+)I powder and in the
absorption spectrum of (SP+)I single crystal (blue traces are the spectra
before irradiation and orange and red traces represent the spectra after
irradiation).

SCHEME 1: Simplified Mechanism of the Photochromic
Reaction of the SP Cation in (SP+)I with Atom
Numeration of the Basic Structure
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All theoretical calculations were performed at the supercom-
puter center of the National Institute for Materials Science
(Tsukuba). The molecular geometries were optimized without
restraints, and the stationary points were checked for minima
by subsequent harmonic vibrational analyses. The synchronous
transit-guided quasi-Newton method was used to locate the
transition structures. The choice of the basis set was based on
its success to model the substituent effects in a previous study;18

diffuse functions were added to the non-hydrogen atoms of all
modes to account for eventual charge effects in the cationic
structure.

3. Results and Discussion

Well-diffracting long prismatic single crystal specimens of
(SP+)I were selected among many batches of twins obtained
by recrystallization from water.12 Similarly to solutions and
microcrystalline powders, UV excitation of the yellow single
crystals causes rapid change of their color to violet-red,
accompanied by a decrease of the 350 nm absorption and
evolution of a red MC+ band at 560 nm (Figure 1). The red
color is remarkably stable for days in the dark, but it can be
bleached completely by several minutes of irradiation with
continuous-wave visible light, confirming that the solid-state
reaction is a reversible photochromic process. The structure of
the yellow crystal before the irradiation conforms to the spiro-
conjugated form SP+ (Scheme 1). The pyranopyridinium half
is planar, except for the average position of O1 which deviates
slightly (0.06 Å) from the plane. The indoline half is bent at
N1-C2 (29.8(2)°), and the planar and bent indoline parts are
quasiperpendicular to the pyranopyridinium plane (86.0(2)° and
87.0(2)°). Because of the n-σ* orbital interaction between the
unshared electron pair of N1 and the antibonding orbital of the
C1-O1 bond, the latter (1.462(5) Å) is longer than usual
(1.41-1.43 Å).19

Excitation of the 350 nm transition of the same (SP+)I crystal
with polychromatic nonpolarized continuous-wave UV light
induced change of reflection intensities and strongly enhanced
the anisotropy of the atomic displacement parameters of the
cation. The structure refinement of the excited crystal improved
considerably by fitting of the difference electron density of the
cation with a two-component model, the second component
corresponding to the open MC form. Figure 2A represents the
two components, SP+ and MC+, with the respective occupancies
refined on Fo

2 to ∼67.6 and 32.4%. The structure of the mixed
crystal (SP+)0.68(MC+)0.32I shows simultaneous shifts of both
halves of the cation, out-of-plane (11.2(5)°) of the pyranopy-
ridinium half and in-plane (4.8(7)°) of the indoline half.20 The
associated molecular distortion is reflected in decreased inter-
planar angles between the planar and bent portions of the
indoline part relative to the pyranopyridinium half, from 86.0(2)
to 80.8(9)° and from 87.0(2) to 81.4(6)°. The overall change of
cation geometry can be viewed as flattening caused by breaking
of the spiroconjugation and tendency for increased intramo-
lecular conjugation. The observed changes of the cation geo-
metry are consistent with the ion packing (Figure 2B): because
of the stacking along the 21 axis (normal to the plane of Figure
2B), the indoline half is only capable of in-plane sliding, whereas
owing to the offset by the iodine ions, the pyranopyridinium
half is less hindered for out-of-plane shift.

The eventual predominance of the zwitterionic over the
neutral resonance structure in the hybrid MC form of SPs and
SOs has been one of the major issues of discussion in the past.1

The structure of the MC+ cation in the mixed crystal confirms
that (at least in the case of cationic SPs) the MC form exists

mainly as zwitterion in cis-C12-C13 configuration. A similar
zwitterionic MC structure can be suggested for the solution state
on basis of the observed dependence of its absorption maximum
and the decay kinetics on the solvent polarity (Figure 1B). The
most apparent evidence is provided by the C18′-O1′ distance
of 1.34(3) Å, which is closer to typical C(sp2)-O bond in
phenols (1.362 Å) than to C(sp2)dO in cyclohexanones (1.211
Å).21 The resonance structure of the MC+ cation in
(SP+)0.68(MC+)0.32I, quantified with the aid of the bond length
alternation model,18 yields value of -0.025 on the scale of -0.1
to +0.1 for pure zwitterionic and neutral structures, respectively.
Inspection of the geometry of the pyridinium ring of MC+ shows
that bonds C14′-C18′ and C16′-C17′ of MC are shorter than
C17′-C18′, in support of the zwitterionic resonance structure.
After the spiroconjugation of the SP form has been broken by
excited-state C1-O1 dissociation, probably during an early
transition state,18 the ground-state MC form is created through
molecular flattening and increased separation between the spiro-
oxygen and the spiro-carbon.

The second important question to be answered by the structure
of the MC+ form is the remarkable extension of its lifetime in
the case of cationic SPs and SOs relative to their neutral coun-
terparts, which appears as solid-state photochromic activity.
Three possible reasons have been suggested in previous
works:12,15 increased volume around the pyranopyridinium half
caused by the charge-directed molecular packing, weakening
of the C1-O1 bond of the SP form by the electron-pulling effect
of the pyranopyridinium moiety, and stabilization of the open
form by the positive charge of the methylammonium functional-
ity. The insensitivity of the photochromic activity of cationic
SPs and SOs on the nature of the counteranion indicates that

Figure 2. (A) ORTEP-type diagram of the molecular structure of the
disordered cation in the mixed crystal (SP+)0.68(MC+)0.32I obtained by
UV irradiation of a (SP+)I crystal, showing the two components, SP+

(beige bonds) and MC+ (brown bonds). (B) Molecular packing in the
crystal before excitation, viewed along the b axis. The arrows indicate
the positional shifts of the two molecular halves accompanying the
conversion of the SP form to the MC form, in-plane shift of the indoline
half and out-of-plane shift of the pyranopyridinium half.
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anion-related steric factors are not of primary importance for
the solid-state photochromism.12 The structural similarity of the
closed and open forms and the small volume increase (+0.5%)
observed in the present study substantiate such considerations,
demonstrating that the photochromic reaction SP+fMC+ does
not require a large structural change. Instead, the stabilization
is probably caused by the strong electron-withdrawing effect
of the methylpyridinium group. To check this hypothesis, the
geometries of SP+ and MC+ and of their isoelectronic neutral
analogues SP0 and MC0, in which atom N2 has been substituted
with carbon, were fully DFT-optimized at the B3LYP/6-
31+G(d) level.22 The C1-O1 bond of the theoretical SP+

structure is 0.054 Å longer than that of SP0.23 Although the
positive charge of the closed form clearly facilitates the forward
ring-opening reaction by moving the reactant SP+ closer to the
(early) transition state on the reaction coordinate of the ring-
opening reaction, the weakening of the C1-O1 bond alone does
not seem to be the main reason for the stability of the product
MC+. The electrostatic potential plots (Figure 3) show that the
negative charge positioned on the spiro-oxygen O1 of the closed
form of SP0, which shifts to the bridge in the open form MC0,
is balanced by the positive charge of the quaternary ammonium
atom in the closed form SP+ and especially, in the structure of
the open form MC+. Consequently, the cationic open form MC+

is stabilized by the uniform charge distribution induced by the
extra positive charge.

The ground-state energy diagrams of the cationic and neutral
SPs are represented in Figure 4. The persistence of the red
cationic species is supported by the thermodynamic stability of
the open relative to the closed form: whereas MC0 is placed
62.3 kJ ·mol-1 above SP0 on the potential energy hypersurface,
the MC+ form is only 8.4 kJ ·mol-1 less stable than the SP+

form. It should be noted that actually, the ground-state barrier
of the thermal back reaction (the energy difference between the
open form and the transition state) of the MC+ form (6.4
kJ ·mol-1) is smaller than that of the MC0 form (9.5 kJ ·mol-1),
which would imply faster kinetics of the bleaching reaction.
The observed stability of the red cationic form indicates a
thermodynamically rather than kinetically controlled process.
The structure of the MC+ form in the crystal of SP+, where the
oxygen is closer to the spiro-carbon than in the theoretical
structure calculated on an isolated molecule in vacuum,23 shows
that the MC+ form is confined in the crystal to a structure which
is more similar to the transition state than the difference expected

for an isolated molecule. This means that the energy plots in
Figure 4 are probably flatter on the MC side. The thermody-
namic stabilization of the open form in such case, which can
be ultimately traced back to the electronic effects of the positive
charge, may dominate over the kinetic factors.

In conclusion, the first direct observation of the product of
the 6π 6-atom pericyclic reaction underlying the photochromism
of SPs and SOs showed that the ground-state open form has a
geometry similar to that of the closed form but slightly flattened,
obtained by the shift of both halves of the molecule in different
directions. In the case of cationic SPs, the open form exists in
the solid state mainly as zwitterionic resonance structure. The
tera-order extension of the lifetime of the product, which is
responsible for the observed solid-state photochromism, is due
to stabilization of the open-ring MC-like structure by electronic
effects from the positively charged pyranopyridinium system.
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