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Electron transfer properties of a series of bisphenol derivatives were examined in relation to their developing properties in silver
salt photothermography. A ¢-butyl-substituted bisphenol derivative exhibited the highest developing reactivity among bisphenol
derivatives investigated in this study. The substituent effects of bisphenol derivatives on the one-electron oxidation potentials
and the rates of electron transfer with one-electron oxidants have revealed that the deprotonation step from the bisphenol
radical cation, to produce a phenoxyl radical, plays an important role in determining the overall oxidation reactivity in the two-
electron oxidation process. The ESR spectra of phenoxyl radicals derived from bisphenol derivatives indicate formation of an
intramolecular hydrogen bond between oxygen and OH group of phenoxyl radicals. The reactivity of the bisphenol derivatives
during the oxidation process is controlled by the hydrogen bond formation. The high oxidation reactivity of the ¢-butyl-substi-
tuted bisphenol derivative is ascribed to its low ionization potential and low deprotonation energy, as compared with the other

alkyl-substituted bisphenol derivatives.
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Introduction

Photothermographic materials utilizing silver halides
and silver carboxylates have been widely used in dry
processing imaging systems where latent images are
produced on the surfaces of silver halide particles. The
latent image is transformed into developed metallic sil-
ver by the reduction of silver ions provided by silver
carboxylates.’? The silver ion transport and reduction
process has been proposed to consist of three steps.? In
the first step, silver carboxylates may react with ph-
thalic acid to produce silver phthalate, which then re-
acts with phthalazine to produce a silver phthalazine
complex. In a subsequent step, metallic silver is pro-
duced in the presence of the latent image by the reduc-
tion of silver ions with a developer. In order to optimize
the photothermographic properties of the system, it is
essential to control the reactivity of the developer re-
agent. Bisphenol derivatives have been found to be effi-
cient developers in a photothermographic system, while
the important role of bisphenol derivatives as antioxi-
dants and stabilizers have been reported.'>® However,
very little is known about the effect of the chemical
structure of developing reagents on the developing prop-
erties in terms of the electron transfer properties and
the oxidation mechanism.
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We report herein the fundamental redox properties
of bisphenol derivatives such as the one-electron oxida-
tion potentials (E°,) and the kinetic analysis of elec-
tron transfer oxidation of bisphenol derivatives to reveal
the oxidation mechanism in relation to their develop-
ing properties in silver salt photothermography. We
adopted 1-bis(2-hydroxy-3,5-dimethylphenyl)-3,5,5-
trimethylhexane as a reference compound, which has
frequently been used as a developer, to examine the elec-
tron transfer properties of four bisphenol derivatives
with different substituents (methyl, ethyl, n-propyl, and
t-butyl groups) neighboring the hydroxyl groups. A pro-
posed mechanism for the two-electron oxidation of this
compound is shown in Scheme 1. ESR spectra of
phenoxyl radicals which are oxidation intermediates
derived from bisphenol derivatives are also reported,
providing valuable insight into the role of intramolecu-
lar hydrogen bond in the oxidation processes.

Experimental Section

Materials
1-Bis(2-hydroxy-3,5-dimethylphenyl)-3,5,5-
trimethylhexane was obtained commercially and puri-
fied by the standard method.? The other bisphenol
derivatives were prepared according to the literature*
and purified by the standard methods.? A one-electron
oxidant used in this study, tris(2,2’-bipyridine)iron(I1I)
hexafluorophosphate [Fe(bpy),;l(PFy),, was prepared ac-
cording to the literature.® Tetrabutylammonium perchlo-
rate (TBAP), obtained from Fluka Fine Chemical, was
recrystallized from ethanol and dried in vacuo prior to
use. Acetonitrile (MeCN; spectral grade) was purchased
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from Nacalai Tesque and used as received. Di-¢t-butyl
peroxide was purchased from Nacalai Tesque and puri-
fied by the standard method.? Dichloromethane (CH,Cl,;
spectral grade) was purchased from Wako Pure Chemi-
cal Industries and used as received.

Electrochemical Measurements

Electrochemical measurements were performed on
a BAS 100B electrochemical analyzer (Bioanalytical
Systems, Inc./USA) in acetonitrile (MeCN) containing
0.10 M TBAP as a supporting electrolyte at 298K. A
conventional three-electrode cell was with a gold work-
ing electrode and a platinum wire as the counter elec-
trode. The gold working electrode was polished with a
BAS polishing alumina suspension and rinsed with
acetone before use. The measured potentials were re-
corded with respect to the Ag/AgNO, (0.01M) reference
electrode. All potentials (versus Ag/Ag*) were converted
to values versus SCE by adding 0.29 V.6 The one-elec-
tron oxidation potential (E° ) of ferrocene used as a
standard is 0.37 V versus SCE in MeCN under our ex-
perimental conditions.

Kinetic Measurements

Kinetic measurements of the oxidation of the
bisphenol derivatives with [Fe(bpy);l(PF¢); in MeCN
were performed on a UNISOKU RSP-601 stopped-flow
rapid scan spectrophotometer (UNISOKU/Japan) with
a MOS-type high sensitivity photodiode array, at 298K.
All kinetic measurements were carried out under con-
ditions where the concentration of [Fe(bpy);](PFy), was
maintained at >10-fold excess relative to that of the
bisphenol derivatives. Rates of the oxidation of bisphenol
derivatives with [Fe(bpy);l(PF;); in MeCN were moni-
tored by measuring the increase in absorbance due to
[Fe(bpy);]** at A,,,, = 520 nm (g,,, = 8.7 x 10° M' cm™!) in
MeCN at 298K.” The pseudo-first-order rate constants
were determined by least-squares curve fitting using a
personal computer.

Electron Transfer Properties of Bisphenol Derivatives in ...Photothermographic Systems

ESR Measurements

ESR measurements were performed on a JEOL X-
band spectrometer (JES-ME-LX) under photoirradiation
of a deaerated CH,Cl, solution containing di-¢-butyl per-
oxide (ca. 0.5 M) and a bisphenol derivative (ca. 0.2 M)
with a 1000 W mercury lamp at 298K. The magnitude
of the modulation was chosen to optimize the resolu-
tion and the signal to noise ratio (S/N) of the observed
spectra under nonsaturating microwave power condi-
tions. The g values were calibrated using a Mn?* marker
and the hyperfine coupling constants were determined
by computer simulation using a Calleo ESR (version 1.2)
program coded by Calleo Scientific Software Publishers
(Colorado,USA) on a Macintosh personal computer.

Theoretical Calculations

The density functional theory (DFT) calculations were
performed at the Becke3LYP/6-31G or BeckeLYP/3-21G
level®? with Gaussian 98 program on a COMPAQ DS20E
computer.

Evaluation of Photographic Properties
(Sensitometry)

The evaluation of photographic properties was per-
formed following a standard procedure: the film
samples comprising organic silver salts, silver halide
grains and other reagents were prepared according to
the literature.'® They were uniformly exposed with a
810 nm laser diode, and developed at a typical thermal
development temperature of 399K. Both exposure and
development were performed on Konica DRYPRO™
MODEL 722.

Analyses of Oxidation Products in Film

LC/MS was used to analyze the oxidation products of
the bisphenol derivatives in the films. After thermal de-
velopment, these reaction products in the film were ex-
tracted with methanol in HCI1 (4 N) mixed solvent and
analyzed using the on-line LC/MS method.
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Figure 1. Effects of substituents of bisphenol derivatives on
photothermographic characteristic curves obtained by devel-
opment at 399K.

Results and Discussion

Photographic Properties (Sensitometry)

Figure 1 shows the characteristic curves of the film
samples to which various bisphenol derivatives were
added. The developing rate of substituted bisphenols
slightly decreased with the substituent in order: ¢-bu-
tyl, methyl, ethyl, and n-propyl.

During the course of development, the bisphenol de-
rivative is oxidized to various oxidation states. The oxi-
dation products were analyzed using LC/MS. As shown
in Scheme 2, not only a two-electron oxidized product,
but also four-, six-, eight-, ten-, and twelve-electron oxi-

TABLE I. One-Electron Oxidation Potentials (E°,,) of
Bisphenol Derivatives in MeCN

R, £°, (versus SCE, V)
Me 1.14
Et 1.15
n-Pr 1.15
£Bu 1.18

dized products were detected starting from a bisphenol
derivative. The relative yields of oxidation products at
a given exposure were determined as the HPLC peak
area. A decrease in the starting material, an increase in
the two-electron, four-, six-, eight-, ten-, and twelve-elec-
tron oxidation products during the course of develop-
ment are shown in Fig. 2 (a-g, respectively). In the case
of the ¢t-butyl derivative, the two-electron oxidation prod-
ucts are dominant and a decrease in the starting mate-
rial is the fastest, as compared with the other bisphenol
derivatives.

Electron Transfer Properties

The differential pulse voltammograms of bisphenol de-
rivatives were measured in MeCN. The one-electron oxi-
dation potentials (E° versus SCE) of four different
bisphenol derivatives thus determined are listed in
Table I, where the E°  value is relatively constant and
invariant regardless of the difference in substituents of
bisphenol derivatives.

The electron transfer oxidation of bisphenol deriva-
tives was examined using the one-electron oxidant,
[Fe(bpy);1(PFy),. Upon mixing a bisphenol derivative and
[Fe(bpy);](PFy), in MeCN, [Fe(bpy),;]3* is reduced by a
bisphenol derivative as indicated by appearance of the
absorption band at 520 nm due to [Fe(bpy);I** (Fig. 3).
The spectral titration indicates that each bisphenol de-
rivative is oxidized by two equivalents of [Fe(bpy),]** to
give a two-electron oxidation product at the initial re-
action stage (Scheme 3).

Since the electron transfer rate was too fast to fol-
low using a conventional spectrophotometer, a stopped-
flow technique was employed to determine the rate.
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Figure 2. The relative yields of oxidation products at a given exposure in the film containing bisphenol derivatives; R, = Me (Q),
R, = Et (A), R, = n-Pr (O), and R, = ¢-Bu (®).
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Figure 3. Visible spectral change observed in the titration of
[Fe(bpy);1(PFg), (4.95 x 10-> M) with a bisphenol derivative (R,
= Me) in MeCN at 298 K; concentration of bisphenol deriva-
tive: 0, 3.19, 6.19 and 9.01 uM.
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Figure 5. Plots of pseudo-first order rate constant (k) versus
[Fe(bpy),*t] in the two-electron transfer oxidation of bisphenol
derivatives (3 uM) with Fe(bpy),** in MeCN at 298 K.

Figure 4 shows the dynamics of the two-electron oxi-
dation of a bisphenol derivative in MeCN monitored
by the rise in absorbance due to [Fe(bpy),]>*. The rate
obeys pseudo-first order kinetics and the pseudo-first
order rate constant (k) exhibits first order dependence
with respect to the [Fe(bpy);]** concentration used in
excess, as shown in Fig. 5. The slope gives the second
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Figure 4. Time dependence of absorbance at 520 nm due to
[Fe(bpy);]**in electron transfer from a bisphenol derivative (R,
= Me, 3 uM) to [Fe(bpy);1(PFy); (3 x 10-* M) recorded on a
stopped-flow spectrophotometer with 10 mm cell in MeCN at
298 K; the ¢,,,, of [Fe(bpy);]**is 8.7 x 10° M~ ecm™'.
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Figure 6. Plots of log %, versus E° ; the correlation between
logarithm of the observed second order rate constants for the
two-electron oxidation of bisphenol derivative and the one-elec-
tron oxidation potentials in MeCN.

order rate constant (k) for the two-electron oxidation
process in MeCN.

Figure 6 shows that the correlation between the loga-
rithm of the observed second-electron rate constants (log
k.. of the two-electron oxidation of the bisphenol de-
rivatives and the one-electron oxidation potentials (E°,,)
in MeCN. Although the difference in k., and E°  of

Akahort, et al.
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bisphenol derivatives is rather small, there is a clear
trend of decreasing k,. with increasing E°,. We infer
that the two electron oxidation occurs via the initial elec-
tron transfer from a bisphenol derivative to [Fe(bpy),;]*
followed by deprotonation of the radical cation of
bisphenol derivative and subsequent fast electron trans-
fer from the resulting phenoxyl radical to [Fe(bpy),]*
(Scheme 4). Since the initial electron transfer is endot-
hermic, judging from the oxidation potentials of the
bisphenol derivatives and the reduction potential of
[Fe(bpy);]?*, the deprotonation step may be concerted
with the initial electron transfer step. In such a case,
the deprotonation step to produce the phenoxyl radical

Electron Transfer Properties of Bisphenol Derivatives in ...Photothermographic Systems

plays an important role in determining the overall re-
activity of the two-electron oxidation process.

Oxidation Intermediates

Oxidation intermediates of bisphenol derivatives, i.e.,
phenoxyl radical species, as shown in Scheme 4, were
produced by hydrogen abstraction from bisphenol de-
rivatives with ¢-butoxyl radical (vide infra).
Photoirradiation of a CH,CIl, solution containing di-¢-
butyl peroxide and a bisphenol derivative with a 1000
W mercury lamp at 298 K affords the corresponding
phenoxyl radical. Under photoirradiation, the O-O bond
of di-¢t-butyl peroxide is cleaved to produce a ¢-butoxyl
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Figure 7. ESR spectra of phenoxyl radicals observed under photoirradiation of deaerated CH,Cl, solutions containing bisphenol
derivatives (a) R, = Me, (b) R, = Et, (¢) R, = n-Pr, and (d) R, = ¢-Bu and di-¢-butyl peroxide at 298 K.

radical which can abstract hydrogen from a bisphenol
derivative to produce the phenoxyl radical (Scheme 5).

The ESR spectra of phenoxyl radicals thus produced
under photoirradiation are shown in Fig. 7. The g val-
ues of the ESR spectra, which are slightly larger than
the free spin value due to the spin-orbit coupling at the
oxygen atom, are typical for phenoxyl radicals.'' In each
case, the hyperfine structure is well resolved. The hy-
perfine coupling constants (hfc) were determined by com-
parison of the ESR spectra with the computer simulation
spectra. The hfc values thus determined are summa-
rized in Fig. 8. In each case, there is a hyperfine cou-
pling due to the proton of OH group. This indicates that
the phenoxyl radical forms a hydrogen bond with the
proton of OH group of each bisphenol derivative. The
assignment of the hyperfine coupling was made based
on comparison with spin densities calculated by means
of the density functional method. The results of DFT
calculations are summarized in Table II, where the O-
H distances in bisphenol derivatives, the radical cat-
ions, and the phenoxyl radicals are listed for comparison.
The O-H distance of each radical cation is significantly
shorter than the corresponding distance in the starting
bisphenol derivative. In the phenoxyl radical, the O-H
distance becomes even shorter. This indicates that a
hydrogen bond is formed upon oxidation of bisphenol
derivatives and that the hydrogen bond formation is an

180 Journal of Imaging Science and Technology®

important factor in controlling the oxidation reactivity
of the bisphenol derivatives.

The energies of the neutral, radical cation, and
phenoxyl radical and the relative ionization energies and
deprotonation energies were also calculated as shown
in Table III. Both the ionization and deprotonation en-
ergies of the ¢-butyl derivative are the smallest among
the bisphenol derivatives. This is in sharp contrast with
the case of the E°  value of the ¢-butyl derivative in
MeCN, which is the largest among the bisphenol deriva-
tives. Such a difference is ascribed to the solvation in
MeCN, which is the smallest for the ¢-butyl derivative
due to the steric effect of the bulky substituent.

Figure 9 shows developing reactivities plotted against
calculated relative ionization energies as well as against
deprotonation energies. In each case, developing reac-
tivity increases with decreasing ionization energy and
deprotonation energy. Thus, we conclude that the devel-
oping reactivity is controlled by the ionization energy and
the deprotonation energy in the gas phase, rather than
the one-electron oxidation potential or the electron trans-
fer reactivity in a polar solvent such as MeCN.

Conclusion

New information regarding the oxidation products of the
most common bisphenolic developers used in

Akahort, et al.



TABLE Il. Bonding Distances of the Intramolecular Hydrogen TABLE Ill. Relative lonization Energies and Relative
Bond in Various Oxidation States of Bisphenol Derivatives Deprotonation Energies of Bisphenol Derivatives Calculated
Calculated by the Density Functional Method Using the by the Density Functional Method Using the Gaussian 98 Pro-

Gaussian 98 Program (BLYP/3-21G) gram (ROHF/BLYP/3-21G//UHF/BLYP/3-21G)
bonding distance, A relative energy, eV
R, neutral radical cation phenoxyl radical R, ionization deprotonation
Me 1.689 1.496 1.418 Me 0.000 0.000
Et 1.680 1.482 1.412 Et -0.023 —-0.004
n-Pr 1.674 1.481 1.387 n-Pr -0.035 0.001
+Bu 1.638 1.463 1.392 £Bu -0.175 —-0.054

H@A) 600G (26G) H@O) 770G (27G)
HE@) 290G (13G) HE@) 310G (1.26)
2H @3, 5) 290G (24,21G) 2H (3, 5) 3.10G (22, 20G)
3H@4) 510G (57G) 3H@4) 560G (56G)
3H®) 290G (3.5G) 2H(®) 310G (19G)
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2H@3,5) 280G (23,20G) 2H@B,5 075G (23,190)
3H 4) 560G (5.6G) 3H 4) 1020G (5.7G)

2H®) 280G (21G)

R, = 3,3,5-trimethylhexan-1-al

Figure 8. The hyperfine coupling constants of phenoxyl radicals observed under photoirradiation of deaerated CH,Cl, solutions
containing bisphenol derivatives (a) R, = Me, (b) R, = Et, (¢) R, = n-Pr, and (d) R, = ¢-Bu and di-¢-butyl peroxide at 298 K
determined by computer simulation using a Calleo ESR version 1.2 program. The values in parentheses are those determined by
the DFT calculation using the Gaussian 98 program (BLYP/3-21G).
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photothremographic products is provided. The conclu-

sions in this work are summarized as follows:

1. An intramolecular hydrogen bond is formed between
oxygen and OH group of phenoxyl radicals.

2. The reactivity of the bisphenol derivatives during the
oxidation process is controlled by the intramolecular
hydrogen bond formation.

3. The high oxidation reactivity of £-butyl-substituted
bisphenol derivative is ascribed to its low ioniza-
tion potential and low deprotonation energy, as com-
pared with the other alkyl-substituted bisphenol
derivatives. /&
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