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Structural changes of photochromic pyrazolones were first verified
by an X-ray crystallographic method directly. A tautomeric trans-
formation between enol and keto form isomers occurs, accompanied
by proton transfer during the photochromic processes.

The reversible change of color as the result of structural, environ-
mental, and/or molecular orientation changes of materials, which
have distinguishably different absorption properties by electromag-
netic stimulation, is well-known as photochromism,! and it has been
investigated extensively for its diverse potential uses such as optical
data storage® and switches.® Although a variety of organic photo-
chromic compounds in solutions* or in dispersed systems® have been
investigated, it is rare to find photochromic organic compounds in the
crystalline state in literature. Therefore, it is of technical as well as
fundamental interest to seek photochromic materials in the crystalline
state.®

Toward this end, we have devoted our effort to develop a photo-
chromic system derived from pyrazolones, which exhibit reversible
photochromism in the crystalline state.” It is found that the materials
can change their color from white to yellow upon irradiation with UV
light, and then return to white upon storage in visible light or heating.
The photochromic system shows advantages including high sensi-
tivity, excellent fatigue resistance and reversible fluorescent switching
properties with high contrast signals.”>* Based on spectroscopic
measurements together with theoretical calculations, our studies
indicate that the photochromism of pyrazolones could originate from
the tautomerism between the enol form (£-form) and keto form
(K-form) by photo-chemically triggered proton transfer.® However,
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the mechanism of photochromic reactions in crystals is still open. In
the case of organic photochromic crystals, however, it is usually hard
to obtain sufficient colored species detectable with the X-ray crys-
tallographic method,” because the photo-reaction takes place on the
surfaces of macroscopic single crystals.”® Tt is still a challenge to
directly probe the structure changes brought about by photochro-
mism of pyrazolones, while it is critical for understanding the
photochromic mechanism and designing new photochromic systems.

In this work, the crystal structural changes related to the
photochromism of pyrazolones were first observed by using X-ray
crystallographic analysis and their photochromic mechanism was
demonstrated. A new photochromic compound: 1-phenyl-3-(4-
fluorophenyl)-4-(2-chlorobenzal)-5-hydroxypyrazole 4-methyl-
thiosemicarbazone (1), which performs a reversible
photoisomerization reaction under alternating UV light irradia-
tion/heating and visible light in the solid state (Scheme 1), was
successfully synthesized by condensing 4-acylpyrazolone with
methylthiosemicarbazone. The same yellow colored materials can
be yielded by UV light irradiation or heating the white sample of
1a. In order to increase the populations of colored species in single
crystals suitable for X-ray crystallographic analysis, we found that
it was effective to treat the materials by heating at 180 °C. The
yellow crystals of 1b, which were very similar to those irradiated by
UV light (Fig. S1, ESIf), were obtained by heating the single
crystal of 1a for X-ray diffraction. The crystal structure analysis of
the materials reveals the photochromic mechanism of the
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Scheme 1 Photochromic reactions of 1.
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pyrazolone family for the first time. It was found that the photo-
chemically or thermally triggered intra- and intermolecular proton
transfers have resulted in tautomerism in single crystals.

Compound 1 has an absorption band at 443 nm after irradiation
with light of 365 nm (Fig. 1A). Subsequently, the white materials
changed to yellow, and the yellowed 1b can keep their color for more
than one year when stored in the dark at room temperature. The
colored reactions can take place not only under UV light irradiation,
but also by heating. The chromic behaviors occurred after heating,
and the spectra of the yielded products were exactly the same as those
obtained under UV light irradiation (Fig. S2, ESI}). In other words,
the structure of the materials could convert from the E-form of la
into the K-form of 1b both photo-chemically and thermally. The
yellow colored materials can be bleached back to white under visible
light irradiation (=420 nm). A characteristic fluorescence band of 1
was observed at 443 nm after excitation at 320 nm as shown in
Fig. 1B. Upon irradiation with 365 nm light, the intensity of the
fluorescence band decreased gradually with increasing the irradiation
time, and the emission reached a photostationary state after irradi-
ation for 160 min. The switchable fluorescent property of 1 may also
arise from converting the E-form of 1a to the K-form of 1b. The
fluorescent contrast between the £-form and K-form isomers of 1 was
32 : 1. Compared to other pyrazolones reported previously, this is the
highest photo-induced fluorescent modulation observed, which is
essential for designing optical devices. Fluorescent switches could be
realized by alternating light irradiation based on the photochromic
reaction of 1 in the crystalline state.

To obtain direct evidence for verifying the photoisomerization
mechanism of pyrazolones, crystal structures of 1a'! and 1b** were
identified using single-crystal X-ray crystallography (Fig. 2A and 2B).
In order to increase the population of the K-form in the single crystal,
1a was treated at 180 °C to obtain the thermal products of 1b. The IR
and XPS spectra of the sample heated at 180 °C showed that the
thermal products obtained by heating were identical with the
photoproducts obtained by irradiation with 365 nm light (Fig. S3,
ESIt). Selected bond lengths obtained from the X-ray crystallo-
graphic analysis of 1 are listed in Table 1. After comparing the data
displayed in Table 1, we can find that the length of the O-C bond
varies significantly between la and 1b. The O-C7 bond of 1b is
shorter than that of 1a by 0.14 A. Thus, the C7-C8 bond of 1b is
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Fig. 1 (A) Absorption spectra changes of 1 in crystalline powders:
before irradiation or heating (solid line) and after irradiation or heating
(dotted line). (B) Fluorescence changes of 1 irradiated under UV light
with an interval time of 20 min (Jx = 320 nm).

Fig. 2 Molecular structures of (A) 1a and (B) 1b with atom numbering.
The disordered part in la are omitted for clarity and the ellipsoid
represents 10% and 30% displacement of atoms, respectively. Difference
Fourier maps of (C) 1a and (D) 1b. The contour lines are at 0.02 ¢ A~
intervals. The peak corresponding to the changes is indicated by an
arrow.

longer than that of 1a, N2—C9 is shorter than that of 1a and the C8—
C9 bond of 1b is also shorter than that of 1a. The length of the O-C7
bond of 1a is considerably shorter than the standard length of the
O-C bond [1.350 A] and longer than the length of the O=C bond
[1.222 A].” These results suggest that the two isomers (E-form and
K-form) might coexist in the crystal of 1a. The length of the O-C7
bond of 1b becoming shorter than that of 1a after heating indicates
that the amount of the K-form isomer increases in the crystal
produced by heating. It is safe to conclude that there is equilibrium
between the E-form and K-form isomers in the crystals.

The H atoms on O and N2 atoms were treated as disordered in the
refinement of structure 1a, and the population of the E-form was
determined to be ca. 34.6% based on the occupancy of hydrogen
atom connected to oxygen. The structure 1b was refined as the pure
K-form due to no significant residual peak located around the oxygen
atom. The conclusion becomes much clearer based on the difference
of Fourier synthesis using the refined structure from which only the
tautomeric hydrogen atom is removed. The difference synthesis for
structure 1a locates two peaks assigned to two hydrogen atoms, one
connected to O and the other to N2 (Fig. 2C). In contrast, the
difference synthesis for the structure 1b locates no distinguished
residual peak that can be assigned to the hydrogen atom connected to
O (Fig. 2D). Hence, the X-ray diffraction can unambiguously and
directly display the occurrence of tautomeric transformation of 1
between E-form and K-form isomers in the crystal. This is the first
and direct observation of molecule structural changes accompanying

Table 1 Selected bond lengths of 1 (A)

Compd 0-C7 C7-C8 C8-C9 C9-N2
1a 1.249(5) 1.436(5) 1.381(5) 1.360(5)
1b 1.235(4) 1.440(5) 1.382(5) 1.357(4)
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the photochromism of pyrazolones. The X-ray diffraction data have
proved that the E-form of 1a coverts into the K-form of 1b after
photochromic reaction.

Based on the existence of intramolecular [N4-H---O] (2.695(4) A,
156(3)°) and intermolecular [S---H-N2'] (3.2403) A, 172(4)°)
hydrogen bonds (Fig. S4B, ESIt), we can find convenient channels
for transferring protons exist in the crystalline state of pyrazolones.
Firstly, an intermediate state thiol form 1a’ is established under UV
light irradiation (as shown in Scheme 1). The H on N4 atom transfers
to S atom by means of intramolecular rearrangement, forming
intermolecular [S-H---N2']. One proton subsequently transfers from
O atom to N4 atom by the channel of intramolecular [N4---H-O],
forming another intramolecular hydrogen bond [N4-H---O].
Another proton transfers from S atom to N2" atom by the channel of
intermolecular [S-H:--N2'] at the same time, and forms another
intermolecular hydrogen bond [S---H-N2']. The processes of intra-
and intermolecular proton transfer lead to enol-keto
photoisomerization.

Photochromic reactions of pyrazolones have been further investi-
gated with IR and XPS spectra, which strongly support the mecha-
nism suggested: transformation from the E-form to the K-form
occurs in the materials after UV irradiation. The structure differences
between the E-form and the K-form of 1 result in IR and XPS spectra
changing clearly (Fig. 3). Under irradiation of 365 nm light, a new
sharp band attributed to C=0 stretching vibration appears at 1671
cm ' in the IR spectrum of 1 for the formation of the K-form of 1b
along with a relative intensity increase of the band at 3220 cm™'
(Fig. 3A). The band of 3220 cm ! can be ascribed to N2-H vibration
in the solid state. Ultraviolet irradiation can activate the trans-
formation of 1 from the E-form to the K-form. While IR spectros-
copy is a useful method to study the hydrogen bonded structure,* it
cannot give definite structure change corresponding to the O-H
stretching band of 1. Because the binding energies in the XPS spectra
of materials are sensitive to the chemical environment perturbation,
the materials were also characterized with XPS for distinguishing the
tautormers.”® We have focused our efforts on examining the Ols
spectra changes for verifying the photochromic mechanism. The Ols
XPS spectra of 1 are shown in Fig. 3B, which can be decomposed into
two peaks by curve fitting. The Ols peaks at 531.8 and 532.3 eV can
be assigned to oxygen atoms of C-O groups, and the peaks corre-
sponding to binding energies of 529.6 and 530.3 eV to oxygen atoms
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Fig. 3 (A) FT-IR spectra and (B) Ols spectra (XPS) of 1 before and
after UV irradiation. The colored lines in (B) show the results of curve
fitting.

of C=0 groups. The relative amounts of the tautomers can be
estimated from the E-form/K-form isomer ratio of 62 : 38 for 1a
before irradiation. The E-form/K-form isomer ratio changed to
40 : 60 for 1b after UV irradiation. These results are consistent with
X-ray crystallographic analysis. The population of C=O increases
along with a decreasing of the C-O population after illumination
with UV light. The data indicate that the white £-form of 1a trans-
forms to the yellow K-form of 1b during the photochromic process.
The K-form exists appreciably in the crystalline state and increases in
population after UV light irradiation/heating.

In conclusion, direct observation of structure changes has strongly
proved the mechanism of photochromic reaction of pyrazolones in
single crystals. The length of the O-C7 bond of white products
becomes shorter than that of the yellow products by 0.014 A. Hence,
the X-ray diffraction can unambiguously and directly display the
occurrence of the tautomeric transformation between the E-form and
K-form isomers in single crystals of 1. The IR and XPS results of 1
before and after photo-irradiation are well consistent with those from
X-ray crystallographic analyses and further verify the mechanism of
photochromic pyrazolones. The photochromic reactions of pyr-
azolones are due to tautomerization between their E-form and
K-forms accompanied by proton transfer.

The authors thank the National Natural Science Foundation of
China (20866009, 21062020 and 21071130), and the Natural Science
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