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Abstract: The pressure dependence of the rate constant for photochromism of silver dithizonate
(Ag(HDz)) was measured in highly viscous solvent, glycerol triacetate (GTA), as well as in their
chemically similar nonviscous solvent, methyl acetate (AcOMe). In AcOMe, the reaction was slightly
retarded upon external pressures. On the other hand, in GTA, the reaction was strongly retarded
by an increase in external pressures suggesting the slow thermal fluctuation of the solvent molecules
at high pressures in highly viscous systems. These retardations were concluded as a manifestation
of a failure of transition state theory at high viscosities and the results were rationalized on the
basis of a two-dimensional reaction-coordinate model. The dynamic results also provide evidence
in support of stepwise mechanism for the photochromic reaction of metal dithizonates.
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1. Introduction

Dithizone (H,Dz) is a well-known chelating
ligand to form photochromic complexes with
various metals. The photochromism of metal
dithizonates have been studied extensively by
Meriwether et al. and it has been suggested
that the photochromic reaction involves a
trans-cis isomerization about the C = N bond
and a N to N hydrogen transfer (Figure 1) [1].
This chromism has been recognized as the
equilibrium between two colored forms. A
solution of metal dithizonate turns from 1a
to 1b under irradiation conditions, and 1b
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thermally returns to 1a in the dark[1]. Sueishi
et al. investigated the effects of pressure and
solvents on the thermal isomerization of metal
dithizonates and proposed the plausible
mechanism based on these statistic effects
[2-4].

The dynamic solvent effects may also play
an important role to control the reaction rates
in condensed phase[5]. Previously, we
reported the effects of pressure on the thermal
Z/E isomerizations of substituted
azobenzenes, N-benzylideneanilines [6-8],
and carbocyanines [9], and the ring closure
reactions of merocyanines [10] and
hexadienones [11] in their electronic ground
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Figure 1: Photo and thermal isomerization of metal
dithizonates

state in highly viscous conditions realized by
a combination of high pressure and a viscous
solvent. When the reactions were studied in
common solvents such as ethanol, methyl
acetate (AcOMe), and methylcyclohexane,
normal pressure effects, were observed in the
whole range of pressure studied (P < 800
MPa). Under the transition state theory (TST)
valid condition, pressure effect on the reaction
could be rationalized on the basis of the partial
molar volume difference between the reactant
and the activation complex (AV"):
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However, unusual pressure-induced
retardations were observed at high pressures
when highly viscous solvents at higher
pressures such as 2-methylpentane-2,4-diol,
glycerol triacetate (GTA) and 2,4-
dicyclohexyl-2-methylpentane were used. The
activation energies of these reactions were 50
k] mol™ or higher and TST seemed to be
applicable to these reactions in low viscosity
solvents [12, 13]. Since the retardations of the
reactions were observed at viscosities higher
than 10 Pa s, they were taken to indicate the
failure of TST caused by slow solvent
fluctuations. Such viscosity dependences of
rate constant were successfully interpreted in
terms of two-dimensional reaction coordinate
model first proposed by Agmon and
Hopfield [14, 15]. In this model, the reaction
system and the solvent are described by two
independent coordinates, and, if the solvent

thermal fluctuations are not fast enough, the
solvent reorganization process itself becomes
the rate-limiting step and the dynamic effect
of the rate of the solvent thermal fluctuations
on the reaction rate is observed. The overall
process is approximated to a two-step
reaction mechanism [16] and is examined by
the direct comparison of the observed rate
constant k , with TST rate constant k. [16-
18]:

TST
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where k, is the rate constant for the fluctuation-
limited solvent rearrangement.

Previously, we firstly reported that the
high-pressure experiments using high-viscous
solvents demonstrated the larger dynamic
solvent effects to the thermal isomerization
of zinc dithizonate (Zn(HDz),) even at
moderate viscosities [19]. In the present work,
we examined the pressure effect on the
thermal isomerization of metal dithizonate
with monovalent metal ion, silver dithizonate
(Ag(HDz), Figure 2), in highly viscous solvent
at higher pressures and compared the
dynamic behavior of Ag(HDz) with that of
Zn(HDz),.

2. Experimental Procedure

Ag(HDz) was prepared according to the
reported method and recrystalized from
chloroform: mp 222-225 °C (lit. 223 °C) [1].
Reagent grade solvents were used. A sample
solution (~ 1 x 10° mol dm?), deoxygenated
by bubbling nitrogen gas, was employed for
the  photochemical reaction. The
photochemical conversion of thermally stable
2a to 2b was carried out by irradiation with
visible light and then the thermal return was
followed spectrophotometrically by
monitoring the time-dependent absorbance at
A, of the 2a (470 nm). The experimental
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Figure 2: Photo and thermal isomerization of Ag(HDz)

details for high-pressure measurements were
described elsewhere [20]. To study the
nonequilibrium effects of viscous solvents at
higher pressures, we used GTA. In order to
measure the equilibrium pressure effects,
similar experiments were carried out in
nonviscous solvents, AcOMe. The return
reaction obeys first-order kinetics at all
conditions studied and the observed rate was
reproducible within +5%.

3. Results and Discussion

Pressure dependence of the rate constant in
AcOMe and GTA are plotted in Figure 3. In
AcOMie, the rate constants slightly decreased
with increasing pressures. The pressure
dependence of k  _ was approximated by
equation (3), where k, and k , are the observed
rate constant at pressure P and 0.1 MPa,
respectively [19]. The activation volume at 0
MPa was estimated from equation (4) which
is obtained from equation (3) according to
equation (1).
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The positive activation volume (AV, =
+7.8 cm® mol™ at 308 K) is in accordance with
the behavior for the isomerization of other
metal dithizonates in various non-viscous
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Figure 3: Pressure Dependence of the isomerization
rate constant of Ag(HDz) in AcOMe and GTA

solvents (+5 ~ +7 cm® mol?)[2-4] and is
ascribed to the difference in the intrinsic
volume due to the structural change. The
activation parameters at 0.1 MPa are listed in
Table 1. The negatively large activation
entropy was observed for Zn(HDz), and
Ag(HDz), which was as large as that of
Hg(HDz), and Pd(HDz), [2, 3], which may
suggest the dipolar transition state.

Table 1
Activation Parameters for the Isomerisation of
Ag(HDz) and Zn(HDz), in AcOMe at 0.1 MPa.

Ea/k] DHYK] ASY]
mol? mol? mol! K1
Ag(HDz) 61.9 59.3 -56.3
Zn(HDz), 48.4 459 933

The rate constants measured in GTA
decreased rapidly with increasing pressures
from the beginning. Because of high viscosity
of solvent, the photo-isomerization of 2a to
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2b could not occur in spite of long irradiation
above 200 MPa. The larger pressure-induced
retardations in GTA than expected from small
activation volume in AcOMe are ascribed to
the solvation changes and the reaction rate is
limited by the rate of solvent thermal
fluctuations. In other words, dynamic solvent
effects were observed and TST is invalid in
GTA even at ambient pressures. Thus, the k.
for the valid TST could not be estimated by
linear extrapolations of the lower-pressure
data [6]. The results obtained in AcOMe for
the valid TST were adapted instead in order
to discuss the dynamic solvent effect observed
in GTA. The fluctuation-limited rate constant
k, for solvent GTA were then estimated from
equation (2) and the results obtained at 308 K
are plotted against pressure comparing with
those for k., and k_,_as shown in Figure 4. It
was found that k, were close to k,_ even at
lower pressures, which suggested that the
solvent reorganization process itself becomes
the rate-limiting step and hence the dynamic
solvent effects were observed from the
beginning of the external pressures. The
validity of the two-dimensional reaction
coordinate model can be further tested by
examining the viscosity dependence of k,
represented by equation (5). The pressure
dependencies of viscosity for the solvent GTA
were estimated according to equation (3). The
k. values were then plotted against the
viscosities according to equation (5) and are
shown in Figure 5.

k; On™® where0<B<1 (5)

The plots are linear and their  values
(0.47 ~ 0.75) are smaller than 1 as expected
for the viscosity dependent of the fluctuation-
limited rate process [6-11]. These results thus
seem to confirm the validity of two-
dimensional reaction coordinate model for the
present reaction system. The B values for
Ag(HDz) are almost the same as those for
Zn(HDz), in GTA (0.46 ~ 0.53)[19]. These
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Figure 4: Pressure Dependence of the Fluctuation-
limited Rate Constant k, in the isomerization
of Ag(HDz) in GTA at 308 K with a
comparision to k, and k.,
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Figure 5: Viscosity Dependence of the Fluctuation-
limited Rate Constant k, in the Isomerization
of Ag(HDz) in GTA at Various Temperatures.
The Values in Parentheses Corresponds to the
Slope for each Plot
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results indicate that the dynamic route of
reactions for Ag(HDz) and Zn(HDz), is almost
the same. Sueishi et al. studied the kinetic and
mechanistic studies of isomerization of
bismuth dithizonate (Bi(HDz),) having three
dithizone ligands and concluded that the
isomerizations of each ligand occur
independently and the first one dithizone
ligand isomerizes in the rate determining step
[4]. Meriwether et al. also assumed the
photochromic process in metal dithizonates
is unaffected by the presence of second or
third dithizone ligand attached to the same
central metal [1]. Our dynamic results provide
evidence in support of stepwise mechanism
for the photochromic reaction of metal
dithizonates.

4. Conclusions

The high-pressure experiments by using the
combination of highly viscous solvent and
high pressures demonstrate the dynamic
solvent effects on thermal isomerisation of
Ag(HDz) even at moderate pressures. The
results are rationalized on the basis of two-
dimensional reaction coordinate model which
are treated the solvent and the chemical
coordinate as two independent coordinate
and provide evidence in support of stepwise
mechanism for the photochromic reaction of
metal dithizonates.

Acknowledgments

This work was supported by a Grant-in-Aid for
Scientific Research (C) (No 18550040) from Japan
Society for the Promotion of Science.

References

[1] L.S.Meriwether, E. C. Breitner, C. L. Sloan, “The
Photochromism of Metal Dithizonates,” J. Am.
Chem. Soc., 87 [20], 4441-8, (1965).

[2] Y. Sueishi, T. Mukai, K. Matsumoto, S.
Yamamoto, N. Nishimura, “Effects of Pressure
and Solvent on the Thermal Isomerization of
Mercury and Silver Dithizonates,” Bull. Chem.
Soc. Jpn., 67 [12], 3153-8, (1994).

[3] Y. Sueishi, K. Matsumoto, “Kinetic Studies of
Solvent and Pressure Effects on the Thermal
Isomerization of Palladium Dithizonate,” Chem.
Res. Chinese Univ., 16 [2], 141-5, (2000).

[4] Y. Sueishi, Y. Yamashita, “Kinetic and
Mechanistic Studies of the Thermal
Isomerization of Bismuth Dithizonate,” ]. Chem.
Research (S), 193-5 (2000).

[5] J. Schroeder, J. Troe, “ Elementary Reactions in
the Gas-Liquid Transition Range,” Annu. Rev.
Phys. Chem., 38, 163-90, (1987).

[6] T. Asano, H. Furuta, H. Sumi, “Two-step
Mechanism in Single-step Isomerizations.
Kinetics in a Highly Viscous Liquid Phase,” .
Am. Chem. Soc., 116 [13], 5545-50, (1994).

[7] T. Asano, K. Cosstick, H. Furuta. K. Matsuo, H.
Sumi, “Effects of Solvent Fluctuations on the Rate
of Thermal Z/E Isomerization of Azobenzenes
and N-Benzylideneanilines,” Bull. Chem. Soc.
Jpn., 69 [3], 551-60, (1996).

[8] T. Asano, K. Matsuo, H. Sumi, “Effects of Solvent
Fluctuations on the Rate of the Thermal Z/E
Isomerization of N-Benzylideneanilines in a
Highly Viscous Liquid Hydrocarbon,” Bull.
Chem. Soc. Jpn., 70 [1], 239-44, (1997).

[9] J. C. Kim, Y. Ohga, T. Asano, N. N. Weinberg,
A.V.George, “Pressure and Viscosity Effects on
Thermal Geometrical Isomerization of

Oxacarbocyanine Cations,” Bull. Chem. Soc. Jpn.,
74 [1], 103-11, (2001).

[10] H. Kono, H. Osako, M. Sasaki, T. Takahashi, Y.
Ohga, T. Asano, M. Hildebrand,N. N. Weinberg,
“Dynamic Solvent Effects on the Fading of a
Merocyanine Formed from a
Spironaphthoxazine. A Case of a Strong
Coupling between Chemical and Medium
Coordinate,” Phys. Chem. Chem. Phys., 6 [9], 2260~
6, (2004).

[11] K. Sugita, Y. Goto, M. Ono, K. Yamashita, K.
Hayase, T. Takahashi, Y. Ohga, T. Asano, “A
New Application of High-viscosity Kinetics. An
Attempt to Identify a Site of Solvent
Reorganizations around a Reactant,” Bull. Chem.
Soc. Jpn., 77 [10], 1803-6, (2004).

[12] T. Asano, T. Okada, “Further Kinetic Evidence
for the Competitive Rotational and Inversional
Z-E Isomerization of Substituted Azobenzenes,”
J. Org. Chem., 51 [23], 4454-8, (1986).

[13] T. Asano, H. Furuta, H. H-J. Hofmann, R.
Cimiraglia, Y. Tsuno, M. Fujio, “ Mechanism of



Journal of Photocatalysis Science

Thermal Z/E Isomerization of Substituted N-
Benzylideneanilines. Nature of the Activated
Complex with an sp-Hybridized Nitrogen
Atom,” J. Org. Chem., 58 [16], 4418-23, (1993).

[14] N. Agmon, J.]. Hopfield, “Transient Kinetics of
Chemical Reactions with Bounded Diffusion
Perpendicular to the Reaction Coordinates:
Intramolecular Processes with Slow
Conformational Changes,” J. Chem. Phys., 78 [11],
6947-59, (1983).

[15] N. Agmon, J. ]. Hopfield, “CO Binding to Heme
Proteins: A Model for Barrier Height
Distributions and Slow Conformational
Changes,” J. Chem. Phys., 79 [4], 2042-53, (1983).

[16] H. Sumi, “Theory on Reaction Rates in
Nonthermalized Steady States during
Conformational Fluctuations in Viscous
Solvents,” J. Phys. Chem., 95 [8], 3334-50, (1991).

[17] M. V. Basilevsky, V. M. Rayboy, N. N. Weinberg,
“Kinetics of Chemical Reactions in Condensed
Media in the Framework of the Two-dimensional
Stochastic Model,” J. Phys. Chem., 94 [24], 8734~
40, (1990).

[18] M. V. Basilevsky, V. M. Rayboy, N. N. Weinberg,
“Nonequilibrium Effects in Kinetics of
Cycloaddition Reactions under High Pressure,”
J. Phys. Chem., 95 [14], 5533-40, (1991).

[19] M. G. Rabbani, T. Takahashi, Y. Ohga, “Dynamic
Solvent Effects on the Thermal Isomerization of
Zinc Dithizonate,” Phys. Chem. Chem. Phys., 11
[25], 5170-4, (2009).

[20] T. Asano, T. Okada, “New Simple Functions to
Describe Kinetic and Thermodynamic Effects of
Pressure. Application to Z-E Isomerization of 4-
(Dimethylamino)-4'-nitrobenzene and Other
Reactions,” J. Phys. Chem., 88 [2], 238-43, (1984).






