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The thermal isomerizations of mercury and silver dithizonates (Hg(HD.)2 and Ag(HD,)) were followed
spectrophotometrically at high pressures and in various solvents. From the pressure dependence of the rate,
the activation volumes for the isomerization of Hg(HD,): in aprotic solvents were estimated to be about 6
cm® mol™!, and were compared with those for Ag(HD,). The observed positive values of the activation volumes
have been explained in terms of the increase in the intrinsic volume accompanying the isomerization of dithizone.
Based on these results, a possible structure of the transition state for the thermal isomerization of Hg(HD,), in
aprotic solvents was proposed. Moreover, we have followed the thermal isomerization of Hg(HD,). in various
types of alcohols at low temperatures. The results in alcohols are discussed in terms of solvent hydrogen-bonding

ability, and a reaction mechanism is proposed.

It is well-known that dithizone (phenyldiazenecarbo-
thioic acid 2-phenylhydrazide, HyD,) forms photo and
thermochromic coordination compounds with various
kinds of metals. The most important study is that of
Meriwether et al.,”) who prepared 24 kinds of metal
dithizonates and examined their photochromic behav-
ior in solution. For example, a solution of mercury
dithizonate (Hg(HD,)2) undergoes color changes from
orange (O-form) to blue (B-form) upon irradiation
with visible light; the orange color returns in the
dark. From kinetic and infrared studies, Meriwether
et al.»'? suggested that the photochromic reaction of
Hg(HD, ). involves a trans-cis isomerization about the
C=N bond and a N-to-N hydrogen transfer, as shown
in Scheme 1. Later, the detailed reaction mechanism of
the photochromic behavior of Hg(HD,), was examined
by Mitzner et al.® and Geosling et al.¥ However, mech-
anistic studies concerning the thermal isomerization (B-
form—O-form) do not seem to have been carried out.

In this work we used Hg(HD, )2 and silver dithizonate
(Ag(HD,)), which have slow return rates and allow mea-
surements of the kinetics with our high-pressure appara-
tus. To obtain further information concerning the struc-
ture of the transition state for the thermal isomerization
of metal dithizonates in aprotic solvents, we examined
the effects of pressure and solvents on the thermal iso-
merization rate. Meriwether et al.') added a few drops
of ethanol to a toluene solution and found remarkably
accelerating effects on the thermal isomerization rates.
We have thus been interested in the difference in the
reaction mechanisms in alcohols and aprotic solvents,
and have examined the isomerization of Hg(HD,), in
some alcohols.

Experimental

Mercury and silver dithizonates were prepared according
to a reported method,” and recrystallized from benzene—
ethanol and chloroform-hexane, respectively: Hg(HD,)2,
mp 232.5—233.5 °C (lit,") 228—229 °C); Ag(HD,), mp
225—226 °C (lit," 223 °C). Solvents of reagent grade were

stored over molecular sieves and distilled before use.

The instrumentation used for kinetic measurements un-
der high pressures has been described elsewhere.®) A sample
solution (about 10~* mol dm~2) deoxygenated by bubbling
nitrogen gas was irradiated with a projection lamp through
an interference filter (Toshiba Y-45) to produce the B-form.
The photo and thermal isomerizations were quantitatively
reproducible. Thermal isomerization from the B-form to
the O-form was followed by monitoring the change in the
absorption spectra using a Hitachi 139 spectrophotometer.

For kinetic measurements at low temperatures, a hand-
made cryostat with optical windows was used. The temper-
ature in the cryostat was controlled by a variable-temper-
ature regulator to within £0.5 °C. After irradiation, the
change in the absorbance was followed with a Hitachi 220A
spectrophotometer.

Results

The time-dependent spectral change for the thermal
return (B—O) of Hg(HD,); was examined. The ab-
sorption curves have an isosbestic point at 540 nm, in-
dicating the presence of only two components (the O-
and B-forms).

The time dependence of the absorption spectra of Hg-
(HD,)2 and Ag(HD,) was followed in various solvents.
First-order kinetics hold, and the observed rate con-
stants agreed to within £5%. The rate constants for
the isomerization of Hg(HD,)2 at several temperatures
and the activation parameters estimated from them are
given in Table 1.

The pressure dependence of the rate constant was
approximated by

Ink=ap+0. (1)

The activation volume (A V*) at atmospheric pressure
was estimated according to

AV* = —RT(8ln k/8p)r = —aRT. (2)

The rate constants at various pressures and the acti-
vation volumes for the thermal isomerizations of Hg-
(HD,)2 and Ag(HD,) are given in Tables 2 and 3.
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Table 1. Rate Constants and Activation Parameters for the Thermal Isomer-
ization of Hg(HD,)2 in Aprotic Solvents (Probable Errors in Parentheses)
Solvent 102 k* /57! E, ASast
203K 298 303 308 313 kJmol™! JK 'mol™’
Nitrobenzene 2.04 261 451 544 38.3(0.9) —155(3)
1,2-Dichloroethane  1.79 2.43 3.11 4.10 5.46 42.0(0.5) —143(2)
Chlorobenzene 219 3.33 4.88 6.67 895 53.6(1.2) —102(4)
Toluene 217 330 4.72 6.48 8.47 52.0(1.3) —107(4)
Methylcyclohexane 1.89 246 2.84 3.19 3.88 26.0(1.3) —-197(4)

a) Precision within 5%.

Table 2. Rate Constants and Activation Volumes for the Thermal Isomer-
ization of Hg(HD,)2 in Aprotic Solvents at 293 K (Probable Errors in
Parentheses)

Solvent 102 k) /571 AV
p/kgfem™2® 1 100 300 600 900 1200 cm®mol”!
Nitrobenzene 2.04 2.08 1.81 1.76% 5.2(1.2)
1,2-Dichloroethane 1.79 1.69 1.57 1.46 1.36  5.7(1.0)
Chlorobenzene 2.19 203 1.89 1.80 .71 6.6(0.4)Y
Carbon tetrachloride 1.27 1.22 1.17 1.08 0.970 7.0(0.2)
Toluene 2.17 201 1.84 168 154 7.0(0.1)

a) Precision within 5%. b) 1 kgfcm~™2=0.981x10° Pa. c) at 800 kgfcm~—2.
d) A parabolic equation (In k=ap?+bp+c) was used to fit the data.

Table 3. Rate Constants and Activation Volumes for
the Thermal Isomerization of Ag(HD,) at 293 K
(Probable Errors in Parentheses)

10% k®) /s7! AV?
p/kgfecm™2 1 300 600 800 900 1200 cm®mol™?

Solvent

Nitrobenzene 1.981.81 1.671.61 6.4(0.3)
1,2-Dichloroethane 1.42 1.25 1.18 1.070.940 7.9(0.4)
Dichloromethane 2.131.941.84 1.70 5.9(0.3)

a) Precision within 5%.

The rate constants for the isomerization of Hg(HD, )2
in alcohols at low temperatures are given in Table 4,
together with the activation parameters. The thermal

isomerization rate in alcohols at room temperature was
so fast that the rate could not be followed using our
high-pressure apparatus.

Discussion

Thermal Isomerization of Hg(HD,); in Apro-
tic Solvents. We examined the temperature de-
pendence of the thermal isomerization (B—O) of Hg-
(HD,), in various aprotic solvents; AS* was found to
be —100—-200 JK~! mol~! (Table 1). Mitzner et al.¥
also reported similar results. Judging from the large en-
tropy losses, they concluded that the thermal isomeriza-
tion of Hg(HD, ), starts from a nonpolar ground state
are proceeds via a dipolar transition state. If the re-
action mechanism proposed by Mitzner et al.® is ac-
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Table 4. Rate Constants and Activation Parameters for the Thermal Isomerization of Hg(HD.)2 in Alcohols
(Probable Errors in Parentheses)
Solvent 10% k) /s71 E. ASa93t
203 K 283 273 263 253 243 233 223 213 kJmol™! JK 'mol™?

Ethanol (306)" 93.6 59.2 374 205 116 6.3¢  25.3(0.2) —157(1)
1-Propanol 216 102 434 172 0642 0.238 0.0824 45.3(0.3) —100(1)
1-Butanol 38.0 9.43 6.34 2.07 0.852 0.319 54.5(2.2)  —77.4(8.1)
1-Pentanol 206 8.03 314 1.03 0.295 0.121 0.0317 0.00763 61.0(0.6) —58.6(2.2)
2-Propanol 180 7.67 297 1.12 0.386 0.147 0.0801 0.0464 57.5(0.6)9 —71.4(2.3)%
2-Butanol 186 7.11 2.66 1.02 0.315 0.0981 0.0308 60.8(0.5)  —60.3(1.7)
2-Methyl-2-butanol 11.6 6.04 3.25 1.17 48.2(2.2) —106(7.9)
3-Methyl-3-pentanol 4.34 2.62 155 0.910 0.434 35.0(0.6) —160(3)

a) Precision within 5%.

b) The value were calculated by using the Arrhenius equation.

c) The activation parame-

ters were calculated using the data obtained above 243 K since the Arrehenius plot showed a upward deviation at low

temperatures.

cepted, the solvent polarity dependences of the rate
constants and the activation volumes for thermal iso-
merization (B—O) may be predicted by an electrostatic
model. Based on the Kirkwood treatment,® the dielec-
tric influence of solvents on the rate constants is given
by

Ink
=Inko + (N/RT)[(us*/74%) — (uB?/rB%)][(e — 1)/(2c + 1)]
=Inko + (N/RT)[A(L*/r*)][(e - 1)/(2e + 1)]. (3)

Here, 1 and r are the dipole moments and radii, re-
spectively, and subscripts § and B refer to the transi-
tion state and the B-form; ky is the rate constant in
a hypothetical medium of e=1, and the other symbols
have their usual meanings. The second term represents
the contribution from the electrostatic solute-solvent
interaction. On the other hand, the activation volume
is conventionally divided into two terms: the intrinsic
terms (A Vinet) and solvation term (A Vyor?),

AV = AV + AVial. (4)

From Egs. 2, 3, and 4, A Vi1t can be given by
—N[AE /r%)gp- (5)

Here, g,=([3/(26+1)?](8¢/0p)r. Using available e—p
data, the g, values can be estimated.” According to a
mechanism reported by Mitzner et al.,®) the A(u2/r%)-
term of Eq. 3 is expected to be positive. Therefore, a
plot of In k against (¢—1)/(2¢+1) should give a linear re-
lationship with a positive slope, and the activation vol-
ume is expected to be negative, decreasing linearly with
increase in the g,-values, as has been exemplified by the
Menshutkin reaction.®) However, when the kinetic data
in Table 2 are inspected, systematic solvent effects on
the rate of the thermal isomerization are not observed.
The rate constants decrease slightly with increasing ex-
ternal pressure, and the estimated activation volumes
are about 6 cm® mol~!, independent of the solvent po-
larity. As can be seen in Fig. 1, our results contradict

AVia

the proposals reported by Mitzner et al.®> The above
findings suggest that a substantial polarity change upon
activation does not occur, and that the observed acti-
vation volumes may be ascribed to a change in the in-
trinsic volume due to a structural change (Eqgs. 4 and
5).

For the thermal isomerization of Hg(HD,)2, the
following alternative reaction schemes have been
proposed:? One is a stepwise reaction (a), and the other
is a simultaneous reaction of the two ligands(b):
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Fig. 1. (a) Relationship between Ink and (e—1)/(2e+

1) for the thermal isomerization of Hg(HD,)2 in apro-
tic solvents at 293 K. (b) Relationship between A V*
and gp-value.
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(a) B-M-B — O-M-B £ 0-M-0O

and
(b) B-M-B — O-M-O.

Here, B and O represent the configurations of the ligand
in the B- and O-forms, respectively. Geosling et al.¥
tentatively concluded that both ligands of Hg(HD,),
isomerize simultaneously. However, since the thermal
isomerizations for the above two reaction routes (a and
b) obey first-order kinetics, the reaction routes are spec-
troscopically and kinetically indistinguishable from each
other.

The concept of volume is more straightforward than
that of entropy, and the activation volume gives useful
information concerning the reaction mechanism. The
activation volumes for the above two reaction routes
can be expressed as follows:

(a) AV = AVs_of

and
(b) AV =2AVe_of,

where A Vg_, o represents the activation volume arising
from isomerization of one dithizone molecule. There-
fore, in order to discuss the reaction mechanism, it is
instructive to compare the pressure effect on the iso-
merization of mercury bisdithizonate with that of silver
monodithizonate.

Isomerization of Ag(HD,). It is recognized that
Ag(HD,) undergoes a color change (yellow=violet),
which is induced by visible light; this color change is
reversed in the dark.” Ag(HD,) shows a similar behav-
ior to that of bisdithizonate of mercury, and a common
mechanism has been proposed.? In fact, it was found
that the thermal return obeys first-order kinetics; the
rate constants in a few solvents are given in Table 3.
The return rates are independent of the solvent polar-
ity, and are slightly retarded as the external pressure in-
creases. The estimated activation volumes take positive
values (=about 7 cm® mol~?!) regardless of the solvent
polarity. These findings indicate that the activation vol-
ume observed for Ag(HD,) corresponds to the change
in the intrinsic volume accompanying the isomerization
of one dithizone molecule.

Reaction Mechanism. As suggested above, the
activation volumes for the thermal isomerization of Hg-
(HD, ), are comparable to those of Ag(HD,). We have
thus concluded that a stepwise mechanism is favor-
able for Hg(HD,);. As a transition state for the re-
action in which the solvent effects are not observed
and the large entropy losses occur upon activation,
the following cyclic structure is tentatively proposed
(Scheme 2). If the above cyclic transition state is as-
sumed for the reaction, a negative activation entropy is
expected. In this connection, for the thermal isomeriza-
tions of triphenylformazans involving cyclization upon
activation, we have reported the activation entropies to
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be —150—-300 JK~! mol~1.» Though the loss of en-
tropy for the isomerization of Hg(HD,), is not as large
as that for triphenylformazans, this supports the idea
presented above. The observed positive activation vol-
umes may be related to an increment in the volume due
to an expansion of the ring.

Thermal Isomerization of Hg(HD,)2 in Alco-
hols. Since the isomerization rate in alcohols is
very fast at room temperature, we examined the return
rates at low temperatures. The obtained rate constants
are given in Table 4. Using the activation parameters
and the Arrhenius equation, the rate constant in eth-
anol at 293 K was calculated to be 3.06 s~!, which is
remarkably large compared with those in aprotic sol-
vents at 293 K. As a whole, the rate constants in alco-
hols decrease in the order primary >secondary >tertiary.
This may be due to an increase in the steric hindrance
around the hydroxy group. Hinckley et al.® have also
obtained a similar trend for the equilibrium of Rhoda-
mine B in alcohols. Rhodamine B exists as an equilib-
rium mixture of zwitterion (Z) and lactone (L) forms.
The position of the equilibrium depends on the ability
of the solvent to stabilize the Z-form; the equilibrium
constant (=[Z]/[L]) in alcohols decreases in the order
primary >secondary > tertiary. Hinckley et al.”) have
discussed the factors which affect the equilibrium posi-
tion. They have suggested that the ability of the solvent
hydroxy group to form hydrogen bonds to the Z-form
is reduced in secondary and tertiary alcohols, and is an
important factor.

In various kinds of primary alcohols there is no large
difference in the steric hindrance about the hydroxy
group. Figure 2 shows Kirkwood plots for the isomer-
ization of Hg(HD,), in primary alcohols. Linear plots
with a positive slope were obtained; this is different
from those in aprotic solvents. The solvent effect on
the isomerization rate in primary alcohols can be ex-
plained in terms of an electrostatic model, suggesting
that the transition state is more polar than that of the
B-form.

4.0F
n
= oF
£
-40¢t
-8.0
0.45 0.46 0.47
(e-1)1(2€+1)
Fig. 2. Relationship between Ink and (e—1)/(2e+1)

for the thermal isomerization of Hg(HD, ), in primary
alcohols at 263 K.
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In order to discuss the reaction mechanism in alco-
hols, we examined the relationships between the acti-
vation energy and entropy (Fig. 3). From the figure,
the following points can be seen: (1) The plots for the
isomerizations in primary alcohols and aprotic solvents
give two straight lines. (2) With an increase in the
steric hindrance around the hydroxy group, the points
for secondary and tertiary alcohols are observed to ap-

- 60}
5 a
1S
g r ©
o
LL' -

301

2200 150 -100 50
4S295%1J K mol

Fig. 3. Relationship between E, and ASsg3* for the

thermal isomerization of Hg(HD,)2; (O) in primary
alcohols, (@) in secondary alcohols, (©) in tertiary
alcohols, (@) in aprotic solvents.

proach a straight line for isomerization in aprotic sol-
vents. According to Leffler,!® a linear activation en-
ergy—entropy relation suggests that a simple interaction
mechanism is involved in the reaction. For the shift of
the activation energy—entropy plots (Fig. 3), we have ob-
served a similar behavior in the isomerization of N,N'-
diacylindigos.'” We have explained that the shift is not
due to a mechanism change, but, rather, to a free-en-
ergy change for the process of thermal isomerization. In
the present case, as has been reported by Meriwether
et al.,? the effect of added water and ethanol on the re-
turn rate suggests that hydrogen-bond formation is an
important factor in determining the isomerization rate.
On the other hand, the N-H of the Hg(HD, )2 complex
is easily deuterated by shaking a benzene solution with
D,0.? Taking into account these results, a plausible re-
action mechanism for isomerization in alcohols would be
as follows (Scheme 3). Alcohols may participate in the
reaction as hydrogen transfer agents within a hydrogen-
bonded aggregate of the complex and alcohols. The rate
constants and the activation parameters in 3-methyl-3-
pentanol are compared with those in aprotic solvents.
In tertiary alcohols, the steric hindrance around the hy-
droxy group will become more severe, which is respon-
sible for reducing the ability to form hydrogen bonds.®
In the present study, the steric hindrance around the
hydroxy group of 3-methyl-3-pentanol is the most se-



3158

vere, and thus, the thermal isomerization may proceed
by a similar reaction mechanism as that for isomeriza-
tion in aprotic solvents. This idea is supported by the
activation energy—entropy relationship.
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