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Activation Parameters for the Recombination Reaction of Intramolecular Radical Pairs
Generated from the Radical Diffusion-Inhibited HABI Derivative
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Activation parameters were determined for the recombination of radical pairs arising from newly designed,
photochromic, radical diffusion-restricted hexaarylbiimidazole (HABI) derivative. We have developed a new
type of radical diffusion-inhibited HABI derivative, which contains two equivalent HABI units and yields a
tetraradical with four equivalent 2,4,5-triphenylimidazolyl radical (TPIR) units by photoirradiation. This radical
dimerization proceeds by a successive first-order reaction from the tetraradical to the parent molecule via a
diradical. The rate constants of each reaction were determined from the decay profile of EPR signal intensities.
The entropies of activation (AS¥) for the first and the successive dimerization steps were estimated to be
—178.5 and —205.5 J K™! mol™!, respectively. Within the experimental temperature range, the radical
dimerizations are entropy-controlled (—TAS* > AH*). The large negative AS* values imply a highly ordered
transition state, indicating that the radical dimerizations occur when the TPIR units interact at a specific
orientation. The present study demonstrates the availability of radical diffusion-inihibited HABI for the kinetic

study of radical—radical reaction.

Introduction

Radical—radical reactions are of particular importance in spin
chemistry and bond formation. It is of great significance to
investigate the potential energy surface for radical—radical
reactions. In general, reliable kinetics data on radical—radical
reactions are sparse because these reactions are difficult to study
experimentally due to the high reactivity of the chemical species
involved. Although experimental studies of the radical—radical
reactions for small molecules have been reported by many
groups, only a few large aromatic molecules have been the
subject of kinetic studies.'® Among the various radical—radical
reactions, photodissociation and the following recombination
of radical pairs are quite convenient and handy reactions in the
condensed phase. The recombination of the radical pairs formed
by photodissociation could provide fundamental information on
the solvent cage effect as well as on the dynamic behavior of
the encounter pair in bimolecular chemistry. Sato et al
investigated the recombination reaction of 2,3,4,5-tetraphe-
nylpyrrolyl radicals (TPPRs), which are colored species of the
photochromic reaction of the dimer of TPPR and are remarkably
long-lived (more than 10 h) in benzene solution at room
temperature.! The nonreactive random encounter radical pair,
which subsequently separates, is formed by diffusion, while the
reactive random encounter radical pair is formed only when
TPPRs approach with their reactive sites exactly facing each
other. Thus, the diffusion process and the spatial arrangement
of the encounter radical pairs complicate the study of the
reaction kinetics of the radical—radical reactions in solution.
Moreover, the temporal dependence of the concentrations of
radical species must be followed since radical—radical reactions
generally obey second-order kinetics. We have attempted to
overcome these intrinsic difficulties in studying radical —radical
reactions by inhibiting the diffusion process of photoinduced
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radical species from a photochromic system characterized by a
reversible photochemical reaction. In this article, we describe
the kinetic investigation of the recombination of a diffusion-
restricted radical pair arising from the photochromic hexaaryl-
biimidazole (HABI) derivative.

HABI derivatives, which are well known as photo/thermo/
piezochromic materials, have been used as polymerization
initiators in industry and have also been investigated spectro-
scopically since Maeda and Hayashi prepared them.” HABIs
are readily cleaved, both thermally and photochemically, into
a pair of 2,4,5-triphenylimidazolyl radicals (TPIRs), which
thermally recombine to reproduce its dimer. The dimer is
abbreviated as TPID and is identical to HABI. Indeed, the
photochromic behavior of HABIs can be attributed to the
photoinduced homolytic reversible cleavage of the C—N bond
between the imidazole rings. The high yield of TPIRs in solid
matrixes and their low sensitivity to the presence of oxygen
stimulated industrial interest in the use of HABIs as a photo-
initiator for a wide variety of imaging materials.® Though the
photochromic behavior of HABI and its derivatives in solution
and solid matrixes extensively studied by spectroscopic
methods,” !0 the detailed reaction mechanism of the recombina-
tion kinetics including the transition state (TS) is not understood.
On the other hand, we have been focusing on the photochromism
of HABIs for developing the field of radical chemistry.'® We
have previously reported the in situ direct observation of a
photoinduced radical pair in a crystal of 2-(2-chlorophenyl)-1-
[2-(2-chlorophenyl)-4,5-di(phenyl)imidazol-2-y1]-4,5-di(phe-
nyl)imidazole (0-ClI-HABI) by X-ray diffraction using cryotrap-
ping and also described the first measurements of intermolecular
exchange coupling for the photoinduced radical pair by EPR
spectroscopy. %! Our crystallographic study for a single crystal
of 0-CI-HABI measured after UV irradiation at 103 K has
revealed the molecular geometry of the photoinduced radical
pair. The resulting spatial arrangement of the radical pair in a
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SCHEME 1: Photochromic Reactions of HABI, 1,8-TPID-naphthalene, and 1C
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crystal offers a structural suggestion for the TS of the radical
dimerization reaction, which will be described in this article.

Recently, we have developed a new class of radical diffusion-
inhibited HABI, 1,8-TPID-naphthalene, with the aid of a
naphthalene linker as a radical diffusion inhibition unit, as shown
in Scheme 1.'% 1,8-TPID-naphthalene cleaves photochemically
into 1,8-bisTPIR-naphthalene, and the solution changes from
colorless to green. Unlike traditional HABI derivatives, the
photoinduced radical pair in 1,8-bisTPIR-naphthalene cannot
diffuse into the medium to yield free radicals. Therefore,
molecular designing applied for the purpose of restricting radical
diffusion processes would lead to a new paradigm in the
chemistry of radical—radical reactions. A kinetic study of the
thermal back-reaction from the diradical, 1,8-bisTPIR-naphtha-
lene, to the dimerized product, 1,8-TPID-naphthalene, showed
that the reaction obeys first-order kinetics with a 730 ms half-
life in degassed benzene at 298 K. Thus, a drastic acceleration
in the recombination reaction of the photoinduced radical pairs
was achieved by inhibiting diffusion of the radical pair. This
was the first example of a radical diffusion-inhibited system in
HABI chemistry.

In this study, we have developed a new type of radical
diffusion-inhibited HABI derivative (1C), which contains two
equivalent HABI units and yields a tetraradical with four
equivalent TPIR units by photochemical reaction (Scheme 1).
A successive two-step radical dimerization via a diradical (1B)
should be expected for the tetraradical (1A). The first
radical—radical reaction of 1A is considered to result in 1B,
and the successive radical—radical reaction of 1B yields 1C.
We emphasize that the first and the successive dimerization
reactions could be regarded as almost identical radical —radical
reactions in that both of them are the radical reaction between
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two equivalent TPIR units and yield two equivalent HABI units.
However, as is distinct from HABI and 1,8-TPID-naphthalene,
two TPIR units are located at the meta position of the phenyl
ring directly linked to naphthalene ring. Therefore, the bond
formation between two TPIR units of 1A is expected to affect
the radical—radical reaction of the other two TPIR units of 1B.
A comparison of the radical dimerization reaction between 1,8-
TPID-naphthalene and 1C is particularly interesting from the
standpoint of the control of the radical—radical reaction. We
report the synthesis of 1C and results of the kinetic study for
these radical—radical reactions along with the photochromic
behavior.

Experimental Section

General. 'H NMR spectra were obtained at 500 MHz with
a JMN-ECP500A (JEOL) spectrometer. Chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane,
and the coupling constants (J) are reported in hertz (Hz). FAB
mass spectra were measured with an MStation MS-700 (JEOL)
spectrometer using 3-nitrobenzyl alcohol as a matrix. Elemental
analyses were performed with a JM10 micro coder (J-Science),
and calibrations were performed using antipyrine. Gel perme-
ation chromatography (GPC) using THF as an eluent was
performed with a system composed of a PU-2087 pump
(JASCO), a JAIGEL-1H column (2 x 60 cm), and an RI-2031
differential refractometer (JASCO).

Computational Methods. Gaussian 03 (revision D.02) was
used for all calculations.!! Density functional theory (DFT)
calculations were performed by the hybrid density functional
B3LYP method (the Becke’s three parameter hybrid functional
with the nonlocal correlation functional of Lee—Yang—Parr)
with the 6-31G(d) basis set. The geometries were fully optimized
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SCHEME 2: Synthetic Procedure of 1C*
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@ Reagents and conditions: (i) benzil, CH3;COONH,4, CH3COOH, reflux, 6 h; (ii) diiodonaphthalene, Pd(PPhs)4, Na,COs(aq), benzene/ethanol,

reflux, 1 day; (iii) K3[Fe(CN)s], KOH(aq), benzene, r.t., 0.5 h.

with no symmetry or internal coordinate constraints. Analytical
frequency calculations at the same level of theory were
performed in order to confirm the optimized structures to be a
minimum with no imaginary vibrational frequencies as well as
to obtain zero-point energy correction.

Measurements. Time-resolved visible-NIR absorption spectra
were recorded on an S-2600 diode array spectrophotometer
(Soma Optics, Ltd.) over a 400—1000 nm range in a 10 mm X
10 mm quartz cell cooled to the desired temperature in a liquid
nitrogen cryostat USP-203-A (Unisoku, Inc.). UV irradiation
was carried out using a Keyence UV-400 series UV-LED (UV-
50H type), equipped with a UV-L6 lens unit (365 nm, irradiation
power 5.4 mW/cm?). In the measurement of the time-resolved
visible-NIR absorption spectra, the sample solutions were
bubbled with Ar to remove dissolved oxygen. The solution was
vigorously stirred during the irradiation to obtain a coloration
as homogeneous as possible. EPR spectra were recorded on a
JEOL JES-TE200 spectrometer operating at the X-band equipped
with a digital temperature controller model 9650 (Scientific
Instruments, Inc.). The sample solution in a quartz tube (¢ 3.2
mm) was degassed by the freeze—pump—thaw method.

Syntheses. Synthesis of 1C is outlined in Scheme 2. All
reagents except benzil were used as commercially supplied. All
reaction solvents were distilled under a nitrogen atmosphere
prior to use. Benzil was recrystallized from ethanol. Acetic acid,
benzene, and toluene were distilled over appropriate drying
reagents prior to use.

[3,5-Bis(4,5-diphenyl-1H-imidazol-2-yl)phenyl]boronic Acid.
Under nitrogen, (3,5-diformylphenyl)boronic acid (1.39 g, 7.81
mmol), benzil (4.00 g, 19.0 mmol), and ammonium acetate (59.2
g, 769 mmol) in acetic acid (80 mL) were heated under reflux.
After 6 h, the solution was cooled to room temperature and
neutralized with aqueous NHis. The white slurry precipitate
formed by neutralization was filtered off, washed with water,
and then dried. This residue was purified by silica gel (Wako
gel C-300) column chromatography (CHCl;/MeOH = 5:1). [3,5-
Bis(4,5-diphenyl-1H-imidazol-2-yl)phenyl]boronic acid was ob-
tained as a white powder (3.69 g, 6.62 mmol, yield 84.7%). 'H
NMR (DMSO-dg, 500 MHz): 6 12.83 (s, 2H), 8.76 (s, 1H),

8.47 (d, 2H), 8.22 (s, 2H), 7.24—7.60 (m, 20H). Anal. Calcd
for C3H27BN4O,+H,0: C, 75.01; H, 5.07; N, 9.72. Found: C,
74.64; H, 5.18; N, 9.90.

2,2',2" 2" -(Naphthalene-1,8-diyldibenzene-5,1,3-triyl)tet-
rakis(4,5-diphenyl-1H-imidazole). [3,5-Bis(4,5-diphenyl-1H-
imidazol-2-yl)phenyl]boronic acid (2.00 g, 3.59 mmol) and
Pd(PPh3)4 (202 mg, 0.175 mmol) were added to a solution of
1,8-diiodonaphthalene (545 mg, 1.43 mmol) in benzene (95 mL)
and ethanol (95 mL) under nitrogen. Sodium carbonate (1.56
g, 14.7 mmol) in water (60 mL) was added to the above solution,
and the reaction mixture was refluxed in the dark for 24 h. After
cooling to room temperature, the mixture was poured into a
mixture of CHCI3 and water. The organic layer was separated,
and the aqueous layer was extracted three times with CHCls.
The combined organic layer was washed with water three times
and then dried with Na,SO4. The solvent was removed under
reduced pressure, and the residue was treated by silica gel
column chromatography to remove the catalyst. An amount of
1.39 g of the crude product was purified by GPC column
chromatography to yield 2,2',2" 2" -(naphthalene-1,8-diyldiben-
zene-5,1,3-triyl)tetrakis(4,5-diphenyl-1H-imidazole) as a yellow
powder (773 mg; yield 53.6%). 'H NMR (DMSO-ds, 500 MHz):
0 12.91 and 13.05 (s, 4H), 7.25—8.87 (m, 52H). FAB MS (m/
2): [M+H]" caled for Cg,HsgNg, 1152.46; found, 1153. Anal.
Calcd for CgyHseNg+2(AcOEt): C, 81.30; H, 5.46; N, 8.43.
Found: C, 81.17; H, 5.34; N, 8.01.

I1C. All manipulations were carried out in the dark. The
solution of potassium ferricyanide (4.94 g, 15.0 mmol) and KOH
(2.43 g, 43.4 mmol) in water (85 mL) was added to a solution
of 2,2'2" 2" -(naphthalene-1,8-diyldibenzene-5,1,3-triyl)tet-
rakis(4,5-diphenyl-1H-imidazole) (860 mg, 0.746 mmol) in
benzene (150 mL) under nitrogen. The mixture was vigorously
stirred for 0.5 h. After oxidation, the organic layer was separated,
washed with water, and concentrated; 808 mg of the crude
product of 1C was obtained, 116 mg of which was purified by
preparative thin layer chromatography (PTLC) (SiO», 1.0 mm,
CHCI3/AcOEt = 20:1) to yield 1C (44.7 mg; yield 36.2%) as
a pale-yellow powder. 'H NMR (CDCl3, 500 MHz): 6 6.50—8.62
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Figure 2. Time-resolved visible—NIR absorption spectrum of the Ar-
bubbled solution containing 1.0 x 107 mol dm™3 1C in toluene
measured at 253 K immediately after irradiation with 365 nm of UV
light in a well-stirred quartz cell (light path length: 10 mm). Spectra
were recorded at 20.5 s intervals over a 34 min period. The dashed
line indicates the absorption spectrum before UV light irradiation. The
inset shows the decay profile of the absorbance at 500 nm.

(m, 52H). Anal. Calcd for Cg;Hs,Ng* AcOEt : C, 83.47; H, 4.89;
N, 9.06. Found: C, 84.91; H, 4.94; N, 8.42.

Results and Discussion

Theoretical investigations were conducted to confirm the
molecular structures of 1C and 1B. Spin-unrestricted B3LYP
(UB3LYP) theory was used for the singlet state of 1B. For a
wave function derived from the spin-unrestricted DFT calcula-
tion, spin contamination is exhibited by a nonzero value of the
spin-squared expectation value, <§>> = S(S + 1), where S is
the molecular spin quantum number. We found that the spin
contamination for 1B from states of higher spin multiplicity is
low by examining the value of <$%>> (0.3319). The optimized
molecular structures are shown in Figure 1. Two imidazolyl
rings of 1B are connected with a C—N bond in a similar manner
as that in HABIs,'%hi (F-BDPI-2YD,'% and 1,8-TPID-
naphthalene.!% One imidazolyl ring (Im1) has a resonant planar
structure with the characteristic bond distances for a 65r-electron
system, and the other imidazolyl ring (Im2) has two localized
C=N double bonds and one sp® carbon connecting Iml,
consistent with a 4sr-electron system. This bonding arrangement
is also obtained for 1C. Thus, it seems reasonable to assume
that the first and successive dimerization reactions form the
equivalent HABI units.

Upon irradiation with 365 nm light, a pale-yellow solution
of 1C quickly turned to reddish-brown. Figure 2 shows the time-
resolved visible—NIR absorption spectrum of 1C measured at
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253 K after irradiation with 365 nm of UV light. The
measurement of the time-resolved visible—NIR absorption
spectrum was started immediately after ceasing the irradiation
when a photostationary state was reached upon UV irradiation.
The spectra showed an absorption band centered at 500 nm with
a discernible shoulder at longer wavelengths and a broad
absorption band with two maximas at about 680 and 750 nm.
These absorption bands began to decrease immediately as the
irradiation was turned off. Each of the spectra in Figure 2 was
recorded at 20.5 s intervals over a 34 min period. These spectra
are time-dependent, and the photoinduced transient species
disappear via a certain intermediate. For longer times, the shape
of the band at around 500 nm broadens, and the intensity of
the band at around 460 nm changes. As described in the
Introduction, 1C contains two equivalent HABI units and results
in a tetraradical 1A with four equivalent TPIR units by UV
irradiation, and successive two-step radical dimerization via the
diradical 1B is expected for 1A. Therefore, we considered that
the absorption spectrum recorded immediately after light
excitation corresponds to that of 1A, and the intermediate could
be assigned to 1B. From Figure 2, only small differences in the
absorption spectra were recognized between 1A and 1B. In
general, the s7-conjugate interaction between two chromophores
located at the meta position of a phenyl ring is known to be
weak as opposed to the interactions between the para or ortho
positions. Therefore, the similarity in the absorption spectra
between 1A and 1B is understandable by considering the
structural features of these radicals. Although 1A has two units
of TPIR, they are located at the meta position. Both of the
transitions in the visible wavelength region are attributable to
TPIR chromophores. The kinetics for the radical dimerization
reaction can be investigated by analyzing the time course of
the absorbance of the transient species. As expected from the
above considerations, the time dependence of the absorbance
did not follow a simple first-order kinetics. We investigated the
kinetics for the radical dimerization reaction by EPR spectros-
copy, with the expectation of the distinction between 1A and
1B. Because the EPR signal intensity is directly propotional to
the concentration of paramagnetic species, the time profile of
the radical concentration can be followed by the measurement
of EPR signal.

Figure 3 shows the decay profile of the normalized EPR signal
intensities of 1C in toluene recorded after the UV light
irradiation ceased. The measurements were performed in the
temperature range from 281 to 299 K. These decay profiles
appear to have fast and slow decay components corresponding
to 1A and 1B, respectively. The decay of the EPR signals was
analyzed assuming that the radical recombination reaction
proceeds by the sequential first-order reaction from 1A to 1C
via 1B, and the initial concentration of 1B is negligibly small.
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Figure 3. (a) Decay profile of normalized EPR signal intensities of degassed toluene solution of 1C (1.0 x 107* mol dm~3) measured after the UV
light irradiation ceased. Time profiles of simulated EPR signal intensities of 1A and 1B along with those of the experimental and least-square-fitted
intensities measured at (b) 281, (c¢) 285, (d) 290, (e) 295, and (f) 299 K.

TABLE 1: First-Order Rate Constants for 1A — 1B (k)
and 1B — 1C (k) Estimated from the Decay Profile of the
EPR Signal Intensities (where z is a fitting parameter)

T /K ky /s7! ky /57! z

281 0.09617 0.015035 1.917
285 0.11499 0.017565 2.154
290 0.12708 0.020580 2.444
295 0.15682 0.023028 2.830
299 0.19621 0.028032 2.991

Therefore, the time profile of the concentration of 1A and 1B
can be represented as follows

[TIA]=[1AJexp(—k;?)
ky
ﬁ[le] [exp(—k,t) — exp(—k,1)]
2T K

Here, k; and k, stand for the rate constants of 1A — 1B and 1B
— 1C, respectively, and [1Ay] is the initial concentrarion of
1A. If both exchange couplings between TPIR units of 1A and
those of 1B are negligibly small, the EPR signal intensity of
1A is twice as strong as that of 1B. However, we analyzed the
decay profile of the EPR signal intensities shown in Figure 3a
based on the equation of z[1A] + [1B] instead of 2[1A] + [1B],
where z is a fitting parameter, because the presence of significant
exchange coupling between TPIR units cannot be excluded and
the line shapes are not necessarily the same for their EPR
spectra. The first-order rate constants k; and k, and the fitting
parameter z for the radical dimerization reactions are sum-
marized in Table 1. The z values optimized by the least-squares
method ranged from 1.9 at 281 K to 3.0 at 299 K. The time
profiles of simulated EPR signal intensities of 1A and 1B are
shown in Figure 3b—f along with those of the experimental and
least-square-fitted intensities.

To further analyze the radical dimerization reactions, the
enthalpies and entropies of activation (AH* and AS¥, respec-
tively) were estimated from Eyring plots over temperatures
ranging from 281 to 299 K. Both Eyring plots show excellent
straight lines, as shown in Figure 4. From standard least-squares

(1B]=
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80k
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e
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-
2
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Figure 4. Eyring plots for reactions of 1A — 1B and 1B — 1C over
temperatures ranging from 281 to 299 K.

analysis of the Eyring plots, the AH* values for the radical
dimerization reaction of 1A — 1B and of 1B — 1C were estimated
to be 24.0 and 20.8 kJ mol™!, respectively, and the AS* values for
1A — 1B and 1B — 1C were estimated to be —178.5 and —205.5
J K~! mol™!, respectively. It should be noted that both entropy
terms, —TAS?, were greater than AH* at temperatures exceeding
134 K for 1A — 1B and 101 K for 1B — 1C. Indeed, —TAS*
values of 1A — 1B and 1B — 1C were approximately 3-fold and
2-fold greater than AH* at 298 K, respectively. These observations
indicate that both radical dimerization reactions are entropy-
controlled (—=7TAS* > AH%). On the other hand, the radical
dimerization reaction of 1,8-bisTPIR-naphthalene is enthalpy-
controlled (—TAS* < AH¥) at 298 K since the AH* and AS* values
are 44.5 kJ mol™" mol™! and —96.2 J K~! mol ™!, respectively.
Entropy-controlled reactions are not common but have been
reported for hydrogen abstraction by a fert-butoxyl radical,'? allylic
hydroxylation reaction,'® additions of carbenes to multiple bonds, 13
radical—radical recombination reactions,'® and enantiomeric Z—E
photoisomerization.!” The large negative AS* values imply a highly
ordered TS, indicating that the radical dimerizations occur when
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two TPIR units interact at a specific orientation. The difference in
AS* values between 1A — 1B and 1B — 1C is of interest because
both reactions form equivalent HABI units from equivalent TPIR
units. On the basis of the molecular structures of 1B and 1C, it is
plausible to consider that the bond formation between two TPIR
units of 1B results in a highly ordered TS compared with that of
1A. These results suggest the possibility of controlling entropy
terms of radical—radical reactions with a rational design of the
molecular framework.

Conclusion

The results presented in this paper provide new insight into
the field of radical—radical reactions. The activation parameters,
AS* and AH?, for the dimerization reaction of TPIR were
investigated for the first time. AS* of the dimerization reaction
of TPIR was found to be dependent on the steric orientation
around TPIR, and the dimerization reactions showed different
AS* values even for equivalent TPIR units. As described in the
Introduction, reliable kinetics data on radical—radical reactions
are limited because of the high reactivity of the chemical species
involved. The present study demonstrated the availability of
radical diffusion-inihibited HABI in the study of radical —radical
reactions because side reactions characteristic of radical species
can be depressed and the reversible photochromic reaction
simplifies various kinetic experiments. In general, it is impos-
sible to control the spatial arrangement of the encounter radical
pairs in solution, but this becomes realistic using the molecular
framework of radical diffusion-inihibited HABI. In future
experiments, intentional control of the spatial arrangement of
TPIR units will be attempted to realize another type of bond
formation between two TPIR units.
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