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The effects of intramolecular hydrogen bonding on the electron transfer properties of a series of bisphenol derivatives, as com-
pared with those of monophenol derivatives in which a hydroxy group of the bisphenols is replaced with a methoxy group, have
been investigated in relation to their utility as photothermographic developers. The oxidation of bisphenol derivatives with one-
electron oxidants occurs to give the radical cation, followed by deprotonation, to produce the phenoxyl radical. Both the radical
cations and phenoxyl radicals have been detected by laser flash photolysis measurements. Rates of hydrogen transfer reactions
from a series of bisphenol derivatives to cumylperoxyl radicals have also been determined by monitoring the decay of the ESR
signal of cumylperoxyl radical produced by photoirradiation of an oxygen saturated propionitrile solution of cumene and di-z-
butylperoxide in the presence of the bisphenol derivatives. Intramolecular hydrogen bonding plays an important role in deter-
mining the overall oxidation reactivity in the two-electron oxidation process of bisphenol derivatives by decreasing the one-electron
oxidation potentials and also by facilitating the deprotonation step from the bisphenol radical cation to produce a phenoxyl

radical.
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Introduction

Social concerns over the protection of the environment
have grown in recent years. At the same time, the digiti-
zation and networking of medical imaging information
have made remarkable advances. Such social concerns
together with the technological advances have led to the
design and development of dry processing imaging sys-
tems using photothermographic materials. The image for-
mation mechanism of the photothermographic system
consists of four major steps.' In the first step, the
photothermographic film is exposed to light, producing
latent images on the surface of silver halide particles. In
the second step, the photothermographic film is heated
to approximately 393 K. In the third step, in response to
this heating, silver carboxylates may react with phthalic
acid to produce silver phthalate, which then reacts with
phthalazine to produce a silver phthalazine complex. Sub-
sequently, the silver ions are transported to the latent
images as silver/toner complexes. In the final step, these
silver ions are thermally reduced by the developing re-
agent to produce developed metallic silver. One objective
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in designing a dry processing imaging system is to opti-
mize the photothermographic properties of the system.
In order to optimize these properties, it is essential to
control the reactivity of the developer reagent. Bisphenol
derivatives have recently merited particular interest as
efficient developers in photothermographic systems,?and
they are also known to perform well as antioxidants and
stabilizers.>* However, little is know about the relation-
ships between the chemical structures of bisphenol de-
rivatives and their electron transfer and developing
properties. Intramolecular hydrogen bonding is recog-
nized to play an important role in the reactivity of the
phenolic function.* The hydrogen bonding in bisphenol
derivatives can stabilize not only the phenol form but
also the phenoxyl radical form.> However, up to now, there
has been no systematic study with regard to the effects
of intramolecular hydrogen bonding on the electron trans-
fer properties of bisphenol derivatives.

We therefore decided to investigate the effects of the
intramolecular hydrogen bonding on the electron
transfer properties of bisphenol derivatives in relation
to their photothermographic reactivity in silver salt
photothermographic systems. We examined the electron
transfer properties of four bisphenol derivatives with
different substituents (R, = methyl, ethyl, n-propyl, and
t-butyl) neighboring the hydroxy groups in comparison
with those of four monophenol derivatives in which one
of the hydroxy groups was replaced with a methoxy
group (Fig. 1).
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Figure 1.Chemical structures of bisphenol derivatives and
monophenol derivatives.

A proposed mechanism for the two-electron oxidation
of this compound is shown in Scheme 1.!' In an earlier
study,? the differential pulse voltammograms of all eight
compounds were measured to determine their one-
electron oxidation potentials (E°,,). The investigation of
chemical oxidation using one-electron oxidants such as
Fe(bpy),** (bpy = 2,2'-bipyridine) was also performed to
determine their oxidation rate constants. In addition,
electron spin resonance (ESR) was used to detect the
intermediate radical species, i.e., the phenoxyl radicals,
so that the overall reactivity of the two-electron
oxidation process can be evaluated. The hyperfine
structure of the phenoxyl radicals was well resolved,
and the hyperfine coupling constants were determined
by comparing the ESR spectra with the computer
simulation spectra. The ESR analysis leads to conclusion
such that the phenoxyl radical forms an intramolecular
hydrogen bond with the proton of OH group of each
bisphenol derivative. The intramolecular hydrogen bond
has a decisive impact on the reactivity of bisphenol
derivatives during the oxidation process.
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This article is focused on detection of the oxidation
intermediate, i.e., the radical cation species, and
determination of the rate constants of the deprotonation
in order to clarify the effects of the intramolecular
hydrogen bonding on the structure of the oxidation
intermediates and the effects of the R, substituents on
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the electron transfer properties of the bisphenol
derivatives, respectively. The rate constants of the
hydrogen transfer reactions of bisphenol derivatives to
produce the phenoxyl radicals are also determined to
reveal the relationship between the redox properties and
the photothermographic developing properties of
bisphenol derivatives.

Experimental

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.® The monophenol
derivatives were prepared through the methylation of
corresponding bisphenol derivatives with sodium hy-
dride and iodomethane by way of Williamson synthesis
and purified by the standard methods.® We prepared 10-
methylacridinium iodide by the reaction of acridine with
methyl iodide in acetone, and it was converted to the
perchlorate salt (AcrH*C10,7) by addition of magnesium
perchlorate to the iodide salt. AcrH"C10,” was purified
by recrystallization from methanol.®? Di-¢-butylperoxide
was purchased from Nacalai Tesque, Inc. and purified
by chromatography through alumina which removes a
trace of the hydroperoxide.® Cumene was purchased from
Wako Pure Chemical Industries, Ltd. and was used as
received. Acetonitrile (MeCN; spectral grade) used as
solvent was purchased from Nacalai Tesque, Inc. and
was used as received. Propionitrile (EtCN) used as sol-
vent was purified and dried by the standard method.¢

Fluorescence Quenching

Quenching of the fluorescence of AcrH* by electron do-
nor (bisphenol or monophenol derivatives) was moni-
tored on a Shimadzu RF-5300PC fluorescence
spectrophotometer (Shimadzu Corp., Japan). The exci-
tation wavelength was 358 nm for AcrH*. The monitor-
ing wavelengths were those corresponding to the
maxima of the respective emission bands, 488 nm when
the excitation wavelength was 358 nm.!° The solutions
were deoxygenated by argon purging for ca. 10 min prior
to the measurements. Relative emission intensities were
measured for MeCN solution containing AcrH* (2.8 X
10-5 M) with electron donors at various concentrations
(3.0 x 10— 1.6 x 103 M). There was no change in the
shape but there was a change in the intensity of the
fluorescence spectrum on addition of an electron donor.
The Stern-Volmer relationship (Eq. (1)),

IJI =1 + Kg D] (1)

was obtained for the ratio of the emission intensities in
the absence and presence of quenchers (I,/I) and the con-
centrations of electron donors (bisphenol or monophenol
derivatives) ([D]). The fluorescence lifetime (7) of AcrH*
is 37 ns in deaerated MeCN at 298 K.1° The quenching
rate constants, k. (= Kqy7'), were determined from the
Stern-Volmer constants Kg, and the emission lifetimes 7.

Laser Flash Photolysis

The measurement of transient absorption spectra in the
photochemical reaction of bisphenol derivatives with 10-
methylacridinium cation (AcrH*) was performed accord-
ing to the following procedure. An MeCN solution
containing a bisphenol derivative (6.0 x 10 M) and
AcrH* (2.8 x 10®* M) was deoxygenated by argon purg-
ing for ca. 10 minutes prior to the measurement. The
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TABLE I. Rate Constants of Photoinduced Electron Transfer
from Bisphenol and Monophenol Derivatives to 'AcrH* (k)
in MeCN at 298 K

Koy, M1 571
R, bisphenol monophenol
Me 1.8 x 10" 1.6 x 10"
Et 1.6 x 10" 1.5x 10"
n-Pr 1.6 x 10 1.5 x 10"
t-Bu 1.6 x 10" 1.5x 10"

deaerated MeCN solution was excited by a Nd:YAG la-
ser (Spectra-Physics, Inc., USA, Quanta-Ray GCR-130,
6 ns fwhm,) at 355 nm with a power of 30 mdJ per pulse
as an excitation source, with a continuous Xe-lamp (150
W) and an InGaAs-PIN photodiode (Hamamatsu 2949)
as a probe light and detector, respectively. The output
from the InGaAs-PIN photodiode was recorded with a
digitizing oscilloscope (HP/Agilent Technologies, Inc.,
USA, 5451B, 300 MHz). The transient spectra were re-
corded using fresh deaerated solutions for each laser
excitation. All experiments were performed at 298 K.

Kinetic Measurements

Kinetic measurements for the hydrogen transfer reac-
tions of a series of bisphenol derivatives with
cumylperoxyl radicals were performed on a JEOL X-
band spectrometer (JEOL Ltd., Japan, JES-ME-LX) at
193 K. Typically, photoirradiation of an oxygen saturated
EtCN solution containing di-t-butylperoxide (1.0 M) and
cumene (1.0 M) with a 1000 W Mercury lamp resulted
in formation of cumylperoxyl radical (g = 2.0156),"* which
could be detected at low temperatures. The g values were
calibrated using an Mn?* marker. When the light is cut
off, the decay of the ESR intensity was recorded with
time. The decay rate was accelerated by the presence of
a bisphenol derivative, e.g., 1.0 x 10-* M. Rates of hy-
drogen transfer from bisphenol derivative to
cumylperoxyl radical were monitored by measuring the
decay of the ESR signal of cumylperoxyl radical in the
presence of various concentrations of bisphenol deriva-
tive in EtCN at 193 K. Pseudo-first order rate constants
were determined by a least-squares curve fit using a
microcomputer. The first order plots of In{(/ — I.)/(I, —
1.)} versus time (I, I, and I, denotes the ESR signal
intensity at the reaction time ¢, the initial and the final
ESR intensity, respectively) were linear for three or more
half-lives with correlation coefficient, p > 0.99.

Theoretical Calculations

Density-functional theory (DFT) calculations were per-
formed on a Compaq DS20E computer. Geometry opti-
mizations were carried out using the Becke3LYP and
6-31G** basis set'>'® with the restricted Hartree Fock
(RHF) formalism for bisphenols and with unrestricted
Hartree Fock (UHF) for their radical cations and
phenoxyl radicals as implemented in the Gaussian 98
program. The ionization and deprotonation energies were
determined from the energy differences between the neu-
tral and the radical cation species and those between the
parent and the phenoxyl radical species, respectively.

Evaluation of Photographic Properties
(Sensitometry)

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

Results and Discussion

Photoinduced Electron Transfer Oxidation of a
Series of Bisphenol Derivatives and Monophenol
Derivatives

Irradiation of the absorption band of 10-methyl-
acridinium ion (AcrH") results in fluorescence at A = 488
nm in deaerated MeCN.!° The fluorescence of the singlet
excited state of AcrH" (*fAcrH"™) is quenched efficiently
by a series of bisphenol derivatives in MeCN. The quench-
ing rate constants %, are determined from the slope of
the Stern-Volmer plot and lifetime of the !AcrH™ (37 ns).10
The k., values, summarized in Table I, close to the diffu-
sion rate constant in MeCN (2.0 x 10° M- s1), since the
photoinduced electron transfers from bisphenol and
monophenol derivatives (E°, = 1.1 — 1.3 V vs SCE)? to
AcrH™ (E°, ., = 2.32 V vs SCE)™ are highly exergonic.s

Detection of the Oxidation Intermediates of a
Series of Bisphenol Derivatives and Monophenol
Derivatives

The oxidation intermediates of a series of bisphenol de-
rivatives, i.e., the radical cation species in Scheme 1,
were produced by photoinduced electron transfer from
bisphenol derivatives to 'AcrH™ at room temperature
(Scheme 2). The photoexcitation of the absorption band
of AcrH* in a deaerated MeCN solution containing a
bisphenol derivative with a laser pulse (355 nm from a
Nd:YAG laser) results in the photoinduced electron
transfer from the bisphenol derivative to 'AcrH"™. The
formation of the radical cation of a bisphenol derivative
is seen as the rise in the transient absorption band at
430 nm as shown in Fig. 2. Subsequently, there was
an increase in absorbance due to the phenoxyl radical
of the bisphenol derivative, accompanied by a concomi-
tant decrease in abosorbance due to the radical cation.'®
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Figure 2. Transient absorption spectra measured at 2 us
(@) and 40 us (O) after laser excitation (355 nm, 30 mdJ) of
AcrH* (2.8 x 105 M) in deaerated MeCN containing a
bisphenol derivative (R; = Me, 6.0 mM) at 298 K. Inset
shows decay time profile at 420 nm.
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Figure 3. Plots of log %, versus E°; the correlation be-
tween logarithm of the observed second order rate constants
for the two-electron oxidation of the bisphenol and
monophenol derivatives and the one-electron oxidation
potential in MeCN.

TABLE Il. Rate Constants of Deprotonation from Radical Cations (k,), Overall Rate Constants of Two-Electron Oxidation (k,),
and One-Electron Oxidation Potentials (E°,,) of Bisphenol and Monophenol Derivatives

kd’a kdib kobsic Euo)u
R, s s M-1s-1 vs SCE, V
bisphenol Me 1.5x10°% 2.1 x10° 1.9x 104 1.14
Et 1.2x 108 3.2x 10° 2.0x 104 1.15
n-Pr 1.1 x10° 2.2x10° 1.3 x 104 1.15
t-Bu 2.8x10° 4.6x10° 8.7 x 108 1.18
monophenol Me 1.5x10° 3.2x10° 3.7 x 102 1.25
Et 1.4 x10° 2.2x10° 4.1x102 1.24
n-Pr 1.2x 108 1.6 x 10° 4.2x 102 1.23
t-Bu 1.7 x 10° 2.3x10° 4.2x 102 1.24

a Determined from the first order decay of the radical cations.

® Drew from the k,,, and the E°,, values using Eq. (4): log ks = log 2k, — (F/2.3RT)(E°,,

- EDred)'

¢ Determined from the electron transfer rate constant using Fe(bpy),®* .

The decay of the transient absorption band due to
the radical cation obeyed first order kinetics (inset, Fig.
2). From the first order decay rate constants are
determined the rate constants of deprotonation of
bisphenol radical cations. The deprotonation rate
constants of the radical cations of bisphenol and
monophenol derivatives thus determined are virtually
the same as shown in Table II.

We have recently demonstrated that there is a clear
correlation between a decrease in the logarithmic values
of the observed second order rate constants of the two-
electron oxidation of those derivatives (log k,,,) and an
increase in their one-electron oxidation potentials (E°,,)
(Fig. 3).2

If the deprotonation of the radical cations of the
bisphenol and monophenol derivatives (ky) is the rate-
determining step for the two-electron oxidation process,
then the overall rate constant of two-electron oxidation
(k) can be expressed by Eq. (2),
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kobs = 2deet (2)

where K, is the equilibrium constant of the endergonic
electron transfer. Since the free energy change of elec-
tron transfer (AG°,, = —2.3RT log K,,) is obtained from
the E° and E°,, values (Eq. (3)), as in
AGOet = F(Eoox - Eored) (3)

where F is the Faraday constant, log k&, is given as a
function of E° :

log k... = log 2k, — (F/2.3RT)(E°,, — E°,.4) (4)
Thus, the plot of log %, versus E° _ would give a slope of
— (F/2.3RT), which corresponds to —17 eV-! at 298 K, pro-
vided that the rate constant for deprotonation (%,) re-
mains constant.'” The plot of log %,,, versus E°;, is shown
in Fig, 3, where the observed slope (-18 eV-!) agrees with
that expected from Eq. (3). Moreover, the %k, values de-
rived from the k,, and E°  values using Eq. (4) agree
well with those determined independently from the first
order decay of the radical cations (Table II). Such agree-
ment indicates that the difference in the electron trans-
fer reactivity between the bisphenol and monophenol
derivatives results mainly from the difference in their
E°, values. We ascribe the lower E°, values of the
bisphenol derivatives to the hydrogen bonding stabiliza-
tion in the radical cations. The important conclusion here
is that intramolecular hydrogen bonding in the radical
cation is an essential factor controlling the overall oxi-
dation reactivity in the two-electron oxidation process by
decreasing the one-electron oxidation potential.

Hydrogen Transfer Properties of a Series of

Bisphenol Derivatives and Monophenol Derivatives
Another important objective of this work was to clarify
the effects of the R, substituents on the hydrogen trans-
fer properties of the bisphenol derivatives. Thus, the
rates of hydrogen transfer reactions of a series of
bisphenol derivatives with cumylperoxyl radical to pro-
duce phenoxyl radical species were measured using ESR.
The cumylperoxyl radical is formed via a photoinduced
radical chain process shown in Scheme 4.11,18-22
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Figure 4. (a) ESR spectra observed in photolysis of an O,-
saturated EtCN solution of di-t-butylperoxide (1.0 M) and
cumene (1.0 M) with a 1000 W high-pressure Mercury lamp
at 193 K; (b) The decay profiles of the ESR intensity upon
light cutoff without (fine line) and with (thick line) a
bisphenol derivative (R; = #-~Bu, 1.0 x 10~* M) in O,-satu-
rated EtCN at 193 K. Inset shows pseudo-first order plot.

Under photoirradiation of an oxygen saturated
propionitrile (EtCN) solution of cumene and di-¢-
butylperoxide, the O—O bond of the di-¢-butylperoxide is
cleaved to produce ¢-bytoxyl radical,?*?* which abstracts
a hydrogen atom from cumene to produce cumyl radical.
The cumyl radical is readily trapped by oxygen to produce
cumylperoxyl radical. The ESR signal of the cumylperoxyl
radical has the typical g value of a peroxyl radical as
shown in Fig. 4(a). The cumylperoxyl radical can abstract
a hydrogen atom from cumene in the propagation step to
yield cumene hydroperoxide, accompanied by
regeneration of the cumyl radical (Scheme 4).%5 In the
termination step, cumylperoxyl radicals decay via a
bimolecular reaction to yield the corresponding peroxide
and oxygen (Scheme 4).2> When illumination is cut off,
the decay of the ESR signal intensity corresponding to
the cumylperoxyl radical (Fig. 4(a)) obeys second order
kinetics owing to bimolecular reaction (Fig. 4(b)). In the
presence of a bisphenol derivative, the decay rate of the
cumylperoxyl radical after light cutoff becomes much
greater than in the absence of a bisphenol derivative. The
decay rate in the presence of a bisphenol derivative obeys
pseudo-first order kinetics rather than second order
kinetics (inset, Fig. 4(b)). Consequently, in the presence
of a bisphenol derivative the decay of the ESR signal due
to cumylperoxyl radical is ascribed to hydrogen atom
transfer from the bisphenol derivative to the
cumylperoxyl radical (Scheme 3).

The pseudo-first order rate constant (k) exhibits first
order dependence with respect to the concentration of
bisphenol or monophenol derivatives (Fig. 5). From the
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10‘[t-Bu substituted monophenol derivatives], M

TABLE Ill. Rate Constants of Deprotonation from Radical
Cations (kj) and Second Order Rate Constants of Hydrogen
Transfer Reactions (k;;) of Bisphenol Derivatives

0 10 20 30 40
® O Ry =Me
A AN R =Et
0.20 W Ry =n-Pr
@, < R =t-Bu
Bisphenol
derivatives
Monophenol
derivatives

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0

10"[Bisphenol or monophenol derivatives
except £-Bu monophenol derivative], M

Figure 5. Plots of pseudo-first order rate constant (k) ver-
sus concentration of bisphenol or monophenol derivatives
in the hydrogen transfer of bisphenol and monophenol de-
rivatives in EtCN containing di-¢-butylperoxide (1.0 M) and
cumene (1.0 M) at 193 K.

slopes of these plots we obtain the second order rate
constants (kyy) for the hydrogen transfer reaction of the
bisphenol derivatives.?¢ It was found that ¢-butyl
substituted bisphenol derivatives exhibit the largest
rate constant.

The rate constants for the deprotonation of radical
cations (k;) and the second order rate constants for
hydrogen transfer (ky;) are summarized in Table III.

The rate constants for the ¢-butyl substituted bisphenol
derivative are more than two times larger than those for
the methyl, ethyl, and n-propyl substituted compounds.
This indicates that the ¢-butyl substituent neighboring
the hydroxy groups has a significant effect on the
intramolecular hydrogen bonding stabilization in both
the radical cation and the phenoxyl radical which
facilitates the hydrogen transfer step.

Photographic Properties (Sensitometry) of a
Series of Bisphenol Derivatives and Monophenol
Derivatives

Figure 6(a) shows the characteristic curves of the film
samples to which various bisphenol derivatives and
monophenol derivatives were added. The development
kinetic behavior for methyl-substituted and ¢-butyl-sub-
stituted bisphenol derivatives are shown in Fig. 6(b) and
Fig. 6(c), respectively. The development rates of the sub-
stituted bisphenol derivatives decrease slightly in or-
der: methyl > ethyl > n-propyl. The ¢-butyl substituted
bisphenol derivative exhibits the highest reactivity of
these bisphenol derivatives. As compared to the
bisphenol derivatives, the development rates of the
monophenol derivatives are significantly lower, regard-
less of the substituent neighboring the hydroxy group.
This may again be ascribed to the hydrogen bonding that
stabilizes the oxidized forms of bisphenol derivatives
as compared with monophenol derivatives which have
no hydrogen bond.
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kd! @ kHTrb
R, s M-1s~
Me 1.5x 105 1.8 x 102
Et 1.2x10°% 1.4 x10?
n-Pr 1.1 x 103 1.7 x 102
t-Bu 2.8 x10°% 4.1 x102

a Determined from the first order decay of the radical cations using
TAcrH**.

> Determined from the hydrogen transfer rate constant using
cumylperoxyl radical.

TABLE IV. Relative lonization and Deprotonation Energies,
and HOMO Levels of Bisphenol Derivatives Calculated by
the Density Functional Method Using the Gaussian 98
Program

relative AA H,, kcal mol-'2 HOMO, eV
R, ionization deprotonation total
Me 0.0 0.0 0.0 -5.36
Et -1.1 0.7 -0.4 -5.34
n-Pr -0.8 0.5 -0.2 -5.38
t-Bu —4.2 -0.4 -4.5 -5.35

a Geometry optimizations were carried out by B3LYP/6-31G™ basis set.

The energies of the neutral compounds, the radical
cations, and the phenoxyl radicals were determined from
density functional theory (DFT) calculations (see
Experimental Section).?” The relative adiabatic
ionization and deprotonation energies, and HOMO levels
are listed in Table IV. There is no clear correlation
between HOMO levels and calculated ionization
energies, whereas both the ionization and deprotonation
energies of the ¢-butyl derivative are the lowest of the
bisphenol derivatives in agreement with the highest
oxidation reactivity of a ¢-butyl-substituted bisphenol
derivative. This indicates that not only the radical cation
but also the deprotonated radical of the ¢-butyl-
substituted bisphenol derivative is most stabilized by
the hydrogen bonding. Thus, the low ionization energy
of the ¢-butyl derivative results from the strongest
hydrogen bonding, as indicated by the shortest H-bond
(see Table II of Ref. 2b).

Conclusion
The main conclusions based on the deprotonation rate
constants of radical cations of bisphenol and monophenol
derivatives together with the hydrogen transfer rate con-
stants and the developing properties of bisphenol and
monophenol derivatives in silver salt photothermographic
systems are summarized as follows.

1. Intramolecular hydrogen bonding of radical cations
is a main factor in controlling the oxidation of
bisphenol derivatives.

2. In our photothermographic system, the ¢-butyl
bisphenol derivative exhibits the highest reactivity
of the four bisphenol derivatives.

3. The high reactivity towards oxidation of the #-butyl-
substituted bisphenol derivative can be ascribed to
the effective intramolecular hydrogen bonding
stabilization in the radical cation and also in the
phenoxyl radical. A&
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Figure 6. (a) Effects of substituents of bisphenol derivatives and intramolecular hydrogen bonding on photothermographic
characteristic curves obtained in the developing process at 399 K. Development kinetics (b) for the methyl-substituted

bisphenol derivative and (c) for the ¢-butyl-substituted bisphenol derivative.
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