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Abstract

1-Phenyl-3-methyl-4-(4′-methylbenzal)-pyrazolone-5 thiosemicarbazone (PM4MBP-TSC) has been synthesized and its single crystal has
also been developed. Its photochromism is investigated in the solid state through the analyses of its UV–vis reflection spectra and the mechanism
is proved to be intermolecular proton transfer by the structure analysis. The acidichromic properties were also studied from the absorption
and fluorescence spectra by adding acetic acid to the methanol solution of the compound. The observed phenomena can be explained by the
s cture.
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olute–solvent complex of PM4MBP-TSC and the acetic acid constituted in the solution that destroyed the former conjugated stru
2004 Elsevier B.V. All rights reserved.
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. Introduction

Photochromism is defined as a reversible transformation
etween two isomers having different absorption spectra by
hotoirradiation[1]. Up to date among the large number of
hotochromic molecules investigated, few have been found

o be photochromic in the crystalline state. Photochromic or-
anic crystals are interesting not only for the design of new
aterials for optical data processing and storage, but also be-

ause the photoinduced molecular transformations might be
sed to gain control over other physical properties in the solid
tate[2,3]. The crystalline photochromic materials also show
fatigue resistant character and have a promising potential for
ptoelectronic devices. For instance, the photoswitching of
LO properties has been recently achieved in photochromic
rganic crystals[4].

Hydrogen transfer is a possible mechanism for the
rystalline photochromism. There have been many studies of
roton transfer (PT) in the solid state and solution[5–7]. The
ynamics of the photoinduced PT is of great interest from

∗

basic and application point of view. Its mechanism has
discussed to verify whether or not a quantum mecha
tunneling takes place[8]. PT reaction (proton tautomeris
is central to several fields of chemistry and biochemistry,
plays a key role in pharmaceutical action, enzyme act
and the stabilization of base pairs in duplex DNA. Sch
bases are an interesting class of compounds posse
O H· · ·N hydrogen bond and the PT reaction can proc
through it. These compounds are often thermo- or
tochromic, undergoing reversible PT (tautomerism) in
solid state. Generally, the enol-imine (OH) form is the m
stable form at room temperature and is in equilibrium with
keto-enamine (NH) form. As a result, the OH form of Sch
bases has been well characterized. However, until rec
no NH form had been structurally characterized[9,10].

In our earlier studies, we reported results on photochr
thiosemicarbazones derived from 4-acyl pyrazolone[11,12].
Here, we report a solid-state photochromic compo
1-phenyl-3-methyl-4-(4′-methylbenzal)-pyrazolone-5 thi
semicarbazone (PM4MBP-TSC). Its photochromic p
erties are due to intermolecular proton transfer. We
Corresponding author. Tel.: +86 991 858 2887; fax: +86 991 858 1006.
E-mail address:jdz@xju.edu.cn (D.-Z. Jia).

analyzed the acidichromic properties by means of UV–vis
absorption and fluorescence spectra in its methanol solution.

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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We found that there existed an acid–base equilibrium in so-
lution. When a neutral methanol solution is made acidic by
adding acetic acid, the absorption and fluorescence spectra
are substantially changed, which can be recovered by adding
base solution to it. This suggests that the spectral charac-
teristics of photochromic species are reversibly changed by
pH value variance. We believe that research in the area of
acidichromism will become more active, as the absorption
and emission characteristics of such chromophoric species
may be tuned by adjusting the pH value. The purpose of
this investigation is to identify the nature of this species’
photochromic properties in the solid state and acidichromic
properties in solution.

2. Experimental

The preparation of 1-phenyl-3-methyl-4-(4′-methyl-
benzoyl)-pyrazolone-5 (PM4MBP) was according to liter-
ature[13].

1-Phenyl-3-methyl-4-(4′-methylbenzal)-pyrazolone-5 th-
iosemicarbazone (PM4MBP-TSC) was synthesized from
stoichiometric mixtures of particular PM4MBP and
thiosemicarbazide (TSC) in ethanol at refluxing tempera-
ture under a constant stirring, which condensed to the solid
state. The white solid products were then recrystallized
f
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3. Results and discussion

3.1. Photochromic properties in solid state and the
crystallographic explanation

White solid products of I (Scheme 1) changes its color to
yellow (II) under the irradiation of 365 nm light. The dramatic
color changes can be explained by the different electronic
states (proton tautomerism) resulting from the photoirradia-
tion. Photoinduced proton transfer (PT) from one moiety to
another is of great interest. The proton transfer change and the
configuration rearrangement of the�–electrons lead to large
spectral changes[14]. Particularly, the striking feature in the
experiment is that the relative intensity of UV–vis reflection
band increases after UV light irradiation. The powder-UV
reflection spectra at 298 K for different irradiation time inter-
vals are recorded and shown inFig. 1. A new broad reflection
band between 350 and 450 nm was observed and it continu-
ously increased as measurement continued, which suggests
that the title compound exhibits photochromic properties in
the solid state.

But the ultraviolet irradiation has no influence on the
absorption spectrum recorded in solution and the thermal-
decoloration reaction cannot occur when the solid sample
was heated.

The kinetic curve (Fig. 2) is plotted according to Eq.(1)
[
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rom ethanol. Elemental analyses of C19H19N5SO·C2H5OH:
ound (%)—C, 61.36; H, 6.45; N, 16.85; calculated (%)—
1.29; H, 6.12; N, 17.02. The elemental analyses
etermined on model PE-2400C elemental analyzer1H
MR (DMSO-d6) were carried out on INOVA-4001H NMR
pectrometer.1H NMR (DMSO-d6): δ = 10.227 (0.6H, Pz
H), δ = 9.769 (0.4H, Pz-OH),δ = 7.295–7.965 (m, 10H
Ph + NH),δ = 7.180 (d, 2H, NH2),δ = 2.383 (s, 3H, Pz-CH3),
= 1.794 (s, 3H, Ph-CH3). All the other solvents, such
thanol and methanol are analytical grade and were
ithout further purification. Room temperature absorp
nd fluorescence spectra were recorded by a Hitachi
010 spectrometer and LING GUANG 970-CRT spectro
rophotometer, respectively. Irradiation of microcrystal
ample of PM4MBP-TSC was carried out using a pre
ellet. The pH values were determined by using the M
LER TOLEDO DELTA 320 pH meter, which was ca
rated by standard buffer solutions of pH 4.01 and 6.82.
H value of solution was adjusted by dropwise additio
cetic acid solution to its methanol solution. X-ray diffr

ion data were collected at 296 K on a SiemensP4 four-circle
iffractermeter using graphite monochromatic Mo K� radi-
tion (λ = 0.71073Å). The crystal structure was solved
irect method and refined by full-matrix least squares onF2.
mpirical absorption was applied. The intensity was m
ured byω-scans. The diffraction data were collected fr
eflections in the range of 2.06–25.25◦. Hydrogen atoms we
dded theoretically and refined isotropically. All calculati
nd drawings were performed by theSHELXTL-97 crystal-

ographic software package of molecular structure.
3,4,15]

t = ln[(A∞ − A0)/(A∞ − At)] (1)

herek is the first-order rate constant.A0, A∞ andAt are
he observed reflection data measured at the beginnin
he end and at timet of the reaction, respectively. All r
ection data are acquired fromFig. 1 at 390 nm, at whic
he maximum changes in optical density occurred. F
ig. 2, it can be seen that it represents a good linea
he photochromic reaction process follows the first-o
inetics and the pseudo-first-order rate constant is obt
rom the slope ask= 8.4× 10−5 s−1. To obtain more infor
ation about the coloration process, an absorbance dia

E-diagram)[16] of the system is formulated (Fig. 3). The re-

ig. 1. UV–vis reflection spectral changes in the solid state of PM4M
SC. From a to j, each irradiation time (min) is 0, 15, 45, 70, 105, 135,
95, 315, 516.
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Scheme 1. Reaction equation and tautomerization for PM4MBP-TSC.

flection atλ = 390 nm is plotted against those at 420, 410, and
370 nm during the coloration of the compound. The straight
lines in the E-diagram indicate that the reaction is a uniform
one. In other words, only one linear independent step is con-
tained in the photo-coloration process[17].

Fig. 2. First-order kinetic plot of photoisomerization reaction of PM4MBP-
TSC induced by 365 nm light.

By slowly evaporating the mixture solution of ethanol–
chloroform (1:1) without avoiding the sunlight at room tem-
perature, we obtained the yellowish, transparent single crystal
of PM4MBP-TSC. The molecular structure, atomic labeling

Fig. 3. E-diagram of PM4MBP-TSC. The reflection at 390 nm (*) is plotted
against those at 370 nm (�), 410 nm (�) and 420 nm (�).
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Fig. 4. Crystal structure of the title compound.

and possible configurations of the compound are shown in
Figs. 4 and 5. Selected bond lengths and bond angles are
compiled inTable 1. X-ray structure determination reveals
that the C O bond length of 1.259̊A (Table 1) is more char-
acteristic of ketone than COH bond. Similarly, we can see
that the C11N3 (1.293Å) is consistent with a CN double

Table 1
Selected bond lengths (Å) and bond angles (◦) for PM4MBP-TSC

Bond length Bond angles

S C(19) 1.666(2) C(11)N(3) N(4) 117.10(2)
O(1) C(7) 1.259(2) C(19) N(4) N(3) 119.93(2)
N(1) N(2) 1.378(2) N(5) C(19) N(4) 116.0(2)
N(1) C(7) 1.392(2) N(2) N(1) C(7) 108.49(2)
N(2) C(9) 1.335(2) C(9) N(2) N(1) 109.12(2)
N(3) C(11) 1.293(2) N(1) C(7) C(8) 105.38(2)
N(3) N(4) 1.369(2) N(2) C(9) C(8) 108.99(2)
N(4) C(19) 1.358(2) C(9) C(8) C(7) 107.87(2)
N(5) C(19) 1.316(3) N(3) C(11) C(8) 124.20(2)
C(8) C(11) 1.477(3) N(3) C(11) C(12) 116.34(2)

bond, and that C9N2 with a distance of 1.335̊A is apparently
single bond. The bond distances around C19, which is 1.358,
1.316, and 1.666̊A for N4, N5 and S, respectively, are par-
tial double-bond characters. Thus, the elongation of the CS
bond and shrinkage of C19N5 are observed. Such confor-
mation would be expected to increase the strength of the inter-
molecular hydrogen bonds, which stabilizes the keto form in
the crystal state[18]. In PM4MBP-TSC, the dihedral angle
between mean plane C7C8 C9 N1 N2 (mean deviation
0.0138Å) (I) and the plane C12C13 C14 C15 C16 C17
(mean deviation 0.0054̊A) (II) is 80.3◦. The dihedral angle
of plane II with the plane N3N4 C19 N5 (mean deviation
0.0048Å) (III) is 34.2◦, which indicates the non-coplanarity
of the molecule probably induced by steric hindrance effect
of phenyl substituent on C11 and the hydrogen bonding re-
quirement. In the compound, there are intermolecular hy-
drogen bonds N2H· · ·O (2.765Å), N5 H· · ·O (3.008Å),
N4 H· · ·O (3.108Å), but there was no intramolecular hy-
drogen bond in the crystal.

The X-ray structure of the yellow crystal has several im-
portant implications[19] for the proposed reaction mecha-
nism in PM4MBP-TSC photochromics (Scheme 1): (a) the
structure of the photoproduct represents the first direct evi-
dence that the yellow coloration of PM4MBP-TSC exposed
to UV-light can be assigned to the NH tautomer (II). Pyra-
z NH
f n
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t und
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b
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b gnifi-
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a form
l out
t ficant
Fig. 5. Crystal packing in the unit cell.
 s
olones exist mainly in several tautomers, in the OH and
orms[20,21], and analyzing the1H NMR, the ratio betwee
H form and the OH form of the compound is 3:2 in so

ion, all of which show there is a balance between diffe
automers in solution. (b) The color change of the compo
ay be due to the molecular configurational transforma
etween their isomers, as in this compound, there areenol
nd theketotautomers, so that the transformation may o
etween them through PT reaction. Since there are no si
ant intramolecular interactions in the crystal structure o
H form, the PT in the solid state clearly is an intermolec
rocess. (c) The PT reaction can proceed despite the un
ble donor–acceptor orientation in the reactant of OH

ike any other Schiff-bases. Finally, it is worth pointing
hat the color change was not accompanied by any signi
tructure changes.
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Based on the analysis above, it is concluded that the white
products (I) changed into the yellowish ones after irradiation
which is a keto form (II). Therefore, a photoisomerization
reaction must have taken place during irradiation process.
This proves that photoexcitation was followed by a rapid PT
and subsequently rearranged to form the II colored products.
The rules governing the photo equilibrium are determined
not only by chemical factors but also depended on the crystal
structure as well, as crystal packing plays a crucial role in
photochromism, i.e., on the ability of the independent moi-
eties to perform the required conversion from enol form to
keto form[7]. In the ground state, the enol form is more sta-
ble than the keto form, however, in the excited state, the keto
form is more stable than the enol form. Hence, the enol form
changed into the keto form, along with the proton moving
spontaneously after photoexcitation[22]. This can be inter-
preted as intermolecular PT mechanism. From the hydrogen
connection diagram, we can see that there exists intermolec-
ular hydrogen bond between N2H and O1 (2.765̊A). Con-
cerning the bond distance, the proton donor and the proton
acceptor site is sufficiently close in intermolecular hydrogen
bond. The sum of the Vander Waals radii of N and O (3.07Å)
[23] is significantly longer than this hydrogen bond length
of 2.765Å, which enables direct tunneling of the proton be-
tween them, so that the enol form I tautomerized to the keto
form II through hydrogen transfer when irradiated by UV-
l
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Fig. 6. Absorption spectra of PM4MBP-TSC in methanol solution. The val-
ues of pH from a to j are: 7.92, 5.74, 5.28, 5.09, 4.97, 4.76, 4.56, 4.35, 4.04,
3.66.

ized by different factors based on bond length. It has been
proposed that the resonance enhancing of the hydrogen bond
strength is the most effective in symmetrical OH O and
N H N bonds[22]. Schiff-bases are reported to be in the
zwitterionic form as the resonant existence of the keto form
[9]. Therefore, in methanol solution of PM4MBP-TSC, form
III ( Scheme 1) may exist along with other tautomers, and per-
haps, the large stabilization of the zwitterionic form brought
about by the resonance seems to be an important factor in
permitting solution acidichromism.

Fig. 6 shows the acidichromic effects in 5.0× 10−5 M
PM4MBP-TSC methanol solution. The curve a represents
the absorption spectrum of PM4MBP-TSC in pure methanol
solution. The absorption band was found to be relatively sen-
sitive to the presence of acetic acid. When adding acetic acid,
the optical density of the region around 360 nm decreased no-
ticeably. However, a new absorption band appeared around
320 nm, and its intensity increased as the pH value was lowed.
The solution pH value, as determined by pH electrode, ranged
from value 7.92 (curve a) to 3.66 (curve j). Under acidic con-
ditions, the first band (λ = 360 nm) decreases while the second
band (λ = 320 nm) develops with decreasing pH value, and
this change is not obvious when the concentration of acid
reach some extent. This suggests there is a balance between
the new compound and the former one. The acidichromic
product PM4MBP-TSC·CH3COOH (IV), which is generated
u o the
f OH
s om-
p by
a rma-
t ion
t e
p

A

C ce
o ed
ight (Scheme 1).

.2. Absorption and fluorescence spectra in acidic and
asic media

It has been pointed out earlier that the photochemist
chiff-bases compounds in solution is quite different f

hat of solid state sample[24]. This must be due to som
acking arrangement in the solid sample, but this rigid
angement does not exist in solution. To date, however,
as been no report of a detailed investigation of the effe
H on the spectral properties of thiosemicarbazones in

ion. Therefore, we studied the effect on the spectral pro
ies by varying the pH value of PM4MBP-TSC in metha
olution. It was observed that PM4MBP-TSC is quite se
ive to solution pH value. When a neutral methanol solu
f PM4MBP-TSC is made acidic by adding acetic acid,
bsorption and fluorescence characteristics are substa
hanged. We coined the phrase acidichromism to ind
uch a phenomenon, wherein the spectral characteristics
cidichromic species are reversibly changed by pH varia
esults described herein include pH-dependent acidichr
rocesses of PM4MBP-TSC in methanol solution.

The strength of the hydrogen bond relates to the eq
ration of the amount of the resonance structures, and
equently to the equilibration of bond length. It is sho
hat the flow of electrons through the coupled bonds c
ensates for the increase of the atomic charges caused
T process, and leads to strengthening of the intermole
ydrogen bond. Effectiveness of resonance was char
pon addition of acetic acid, spontaneously changes t
ormer form at room temperature through addition of Na
olution (Fig. 7). However, there are some discrepancies c
ared toFig. 6: the bands around 360 nm did not restore
dding base solution. This is, perhaps, because of the fo

ion of CH3COONa, which changes the solution condit
o lead to the discrepancy. FromFig. 6, we can calculate th
Ka of PM4MBP-TSC according to Eq.(2):

= AA− + [((AHA − A)[H+])/Ka] (2)

urve is plotted (Fig. 8), whereA is the solution absorban
f different pH,AHA andAA− the absorbance of conjugat
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Fig. 7. Absorption spectra of PM4MBP-TSC acidic methanol solution con-
tinuing to add base solution. From a to f, the values of pH are: 3.30, 3.73,
4.15, 4.58, 4.87, 5.18.

acid and conjugated base in their maximal concentrations (all
absorbance data observed at 320 nm). From the slope, we can
get the pKa = 5.16, and theAA− is 0.636.

The phenomenon can also be explained as follows: these
pH-induced changes can be attributed to the enolic moiety
functioning as an acid–base group. The acid–base equili-
brium of the PM4MBP-TSC can be defined by ROH + CH3
COOH = R OH·CH3COOH, where the ROH·CH3COOH
(structure IV inScheme 1) denotes the acid form and the
R OH (structure III inScheme 1) denotes the base form.
One highly reactive functional group in the solution is the
enolic anion, and thus in the presence of acid the form III
may steadily transform into the protonated form IV.

The band aroundλ = 360 nm is characterized by a gradual
blue shift with decreasing pH value, indicating the transfor-
mation from one form to another. This behavior indicates that
the band is due to the ionized form, whereas the band around
λ = 320 nm is due to nonionized form of the compound[25].

Fig. 9. Fluorescence spectra of PM4MBP-TSC in methanol solution upon
addition of acetic acid. From a to e, the pH value decreases continuously.

Over this pH value range, an isosbestic point was observed,
indicating that only two distinct species are involved in the
acidichromic process associated with these curves. It also
indicates that an acid–base equilibrium occurs between the
nonionized and ionized species of PM4MBP-TSC[26]. The
acidichromic products IV has a new absorption band centered
at 320 nm, a hypsochromic shift of 40 nm compared with
curve a. This result may be interpreted as following: In form
III, the enolic oxygen is a good electron donor, while the ni-
trogen atom bound to the pyrazolone-ring is a good electron-
withdrawing species, form III may exists as a fully conjugated
structure having an extensive delocalized�–electron system
which results from the donor–acceptor resonance structure
shown inScheme 1. When acetic acid begins to complex
with the conjugated system, the donor–acceptor system is de-
stroyed through the formation of an internal salt (IV). The loss
of the donor–acceptor system is associated with reduced�-
system delocalization and a concomitant hypsochromic shift
in the absorption spectrum for the IV with respect to III[25].

The fluorescence spectra of the compound were studied
in methanol solution of different pH values (Fig. 9). It can be
seen that as the pH values decreased, there was an increase
in fluorescence intensity around 380–400 nm, also indicating
the acidichromic properties of title compound.

4

ism
o ec-
u rm.
W cetic
a flu-
o prop-
e

Fig. 8. A–(AHA − A)[H+] plot of different pH.
. Conclusions

In this study, we analyzed the solid state photochrom
f PM4MBP-TSC, which is mainly due to the intermol
lar hydrogen transfer from the enol form to the keto fo
e also observed its acidichromic properties by adding a

cid solution to its methanol solution. The absorption and
rescence spectra also are presented to illustrate these
rties.
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