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Abstract: We report on an unusual intramolecular electron transfer following the photoexcitation of the ground,
charge separated, state of the zwitterionic compound, tetraphenylhexaazaanthracene, which results in a neutral
biradical product. The reaction, studied by time-resolved electron paramagnetic resonance (TREPR)
spectroscopy, could be carried out only when liquid crystals were used as the orienting solvents. On the basis
of the analysis of the magnetic, kinetic, and polarization parameters of the TREPR spectra, the radical pair
genesis is attributed to an intramolecular electron transfer from the singlet excited state.

Introduction

The search for insight into natural processes such as
photosynthesis and corresponding processes in artificial biomi-
metic systems has led to investigations of intramolecular electron
transfer (IET). The primary focus has been to decipher how
both molecular driving forces and solvent inherent parameters
affect IET.1-4 It has been determined that the nature of the
charge separated excited state depends on the electronic
couplings between the participating redox partners, the relative
donor-acceptor orientations, and distances. Several examples
of synthetic systems which have been shown to exhibit IET
are covalently linked donor-spacer-acceptor (DsA),5-11 elec-
trostatic dimers consisting of different porphyrins,12,13 and
hydrogen-bonded donor-acceptor systems.14

A common feature in all the above systems is the neutrality
of the ground state and the charge separated radical cation and

radical anion excited state, eq 1.

In the present study, we report on a novel molecule,15 tetraphe-
nylhexaazaanthracene (TPHA), in which the ground state is
characterized by a charge separated zwitterionic structure (Figure
1). Upon light excitation of1 and via a set of photochemical
reactions (see below) a radical pair state2 is formed, where the
final product, unlike that in eq 1, is neutral.

Time-resolved EPR (TREPR) has the ability to identify the
nature of paramagnetic transients, thus it can confirm whether
photoexcitation of1 results in the formation of2. However,
when TPHA was dissolved in isotropic solvents such as toluene,
TREPR was not able to detect any paramagnetic species which
may be due to very fast back ET.

In the past, TREPR has been successful in the study of a
variety of DsA systems when liquid crystals (LCs) were used
as the solvent, due to their nematic potential.1,5 Liquid crystals
have unusual dielectric and molecular properties which are
known to attenuate the electron-transfer rates into the submi-
crosecond time scale, thus enabling TREPR to detect the
transient species. Furthermore, when LCs are employed as the
solvent, the limits of TREPR detection of paramagnetic species
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can be expanded over a wide temperature range (>120 °C),
including ambient temperatures.1 At such elevated temperatures
the LC exhibits fluidlike properties, and the embedded chro-
mophore’s movements and orientations are restricted because
of the LCs properties.16,17 Thus, when TPHA was dissolved in
two different LCs and was photoexcited, TREPR was able to
detect transient spectra which were typical of a radical pair (RP)
state. Although photoinduced IET in zwitterionic systems has
been previously examined by electronic spectroscopy,18 this is
the first time the process has been monitored by TREPR.

In the present study, the chemical system and observations
are unique with respect to a photochemical process, where the
end product, a neutral RP, is formed by photoexcitation of the
parent zwitterion, a charge separated ground state.

Experimental Section

The TPHA was synthesized as described elsewhere.15 The UV-
vis spectrum was acquired with a HP 8452A diode array spectropho-
tometer with a 1 cmwide cell. The fluorescence measurements were
measured at 90° geometry with a Spex Fluorolog spectrofluorometer
with the appropriate correction file used for all emission spectra. All
solvents used were distilled and solutions were freshly made for each
emission measurement.

In the CW-TREPR experiments, toluene (Merck Ltd.) was dried over
Na/K mirror overnight and was kept under vacuum throughout sample
preparation. Two liquid crystals (LC) (Merck Ltd.) with different
dielectric constants (E-7,ε ) 19.0; ZLI-4389,ε ) 56)19 were used
and are characterized by the following phase transition temperatures:
20

Samples were first dissolved in toluene (∼1 mM), which was then
evaporated, and the LC was introduced into 4 mm OD pyrex tubes
and degassed by several freeze-pump-thaw cycles on a vacuum line.

CW-TREPR measurements were carried out on a Varian E-12
spectrometer (X-band) in direct detection (DD) mode, interfaced to a
pulsed dye-laser (Continuum TDL-60, 7 mJ/pulse, 560 nm wavelength
at a repetition rate of 20 Hz) pumped by the second harmonic of a
Nd:Yag laser (Continuum, 661-20). The response time of the EPR
detection is∼200 ns. The temperature was controlled by a variable-
temperature nitrogen-flow dewar inside the EPR resonator. Optical
measurements were performed on a Hewlett-Packard UV-vis spec-
trophotometer in 2 mm wide quartz cells. Concentration of the samples
was∼10-4 M. The orientation of the LC director,L , with respect to
the magnetic field,B, is determined by the sign of the diamagnetic
susceptibility (ø| - ø⊥ ) ∆ø). In both LCs used here,∆ø is positive,
and as a consequence, the default orientation isL || B. The EPR line
shape analysis was carried out by using the density matrix formalism
that has been described elsewhere.17,21 The uncertainty in the zero-
field splitting parameters (ZFS) extracted from the line shape analysis
and the relaxation times and electron-transfer rates from the kinetic
analysis is(10% and(15%, respectively.

The time profile of the magnetization,My(t), was obtained by
following the signal generated by the laser pulse at a specific magnetic
field, under constant microwave irradiation. It should be noted that
the observed EPR signals were completely reversible and did not show
any saturation effect, thus by using high microwave power (100 mW)
a substantial improvement of the signal-to-noise ratio was achieved. A
detailed description of light excitation, signal detection, and data
acquisition is given elsewhere.22-24 The EPR signal decay rates were
extracted by analysis of the magnetization time profile,My(t), using a
previously derived biexponential expression:25-28

While the triplet kinetics are governed only by spin relaxation and
microwave power, the RP kinetics also depend on the ET ratekET.
Therefore, for best fit of triplet kinetics we have:

and for RP kinetics:c(
RP:27

wherek′ET ) kET + 1/T2RP; T1T, T1RP, andT2T, T2RP are the respective
spin-lattice and spin-spin relaxation times of triplet and radical pair,
respectively;ω1 is the microwave field; andPo andPeq are the initial
and equilibrium triplet state populations, respectively. The inhomo-
geneous broadening of the spectra is in the order of 106 s-1, common
to the triplet and RP dynamics. We also consider the contribution of
T2RP to the magnetizationMy(t) of the RP by assuming comparable
values forT2RP and the rise time of the RP. Thus, the calculated value
of k′ET provides an upper limit forkET.

Results and Discussion

Figure 2 shows the absorption spectrum of TPHA dissolved
in toluene at room temperature. It exhibits seven distinctive
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paramagnetic species is faster and its decay is slower than the time
dependence arising from spin relaxation and microwave excitation.

Figure 1. Structure of the TPHA zwitterion.L is the LC director and
the rectangular, dashed frame represents the donor (-) and the acceptor
(+) sites.
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peaks (logε): 314 (4.58), 328 (4.63), 400 (3.54), 510 (4.00),
533 (4.15), 560 (4.14), and 600 (3.99) nm. Laser excitation
was carried out at 560 nm, which corresponds to one of the
absorption maxima of TPHA. The emission spectrum of TPHA
in toluene is also shown in Figure 2. The emission intensity
was found to be sensitive to concentration quenching for
concentrations>10-5 M. Furthermore, the excitation profile
varied with concentration and only emulated the UV-vis at
concentrations<10-5 M. We suspect these trends were due to
aggregation of the TPHA in solution.29 The emission wave-
length (λem) was measured in toluene, ethyl ether, tetrahydro-
furan, methylene chloride, ethanol, and acetonitrile. A blue shift
in the emission wavelength was observed as the solvent’s
dielectric constant increased. Theλem decreased from 633 nm
in toluene (ε ) 2.4) to 618 nm in ethanol (ε ) 25) and
acetonitrile (ε ) 38). The observed trend is the opposite that
of anthracene and most fluorescent molecules, and suggests the
ground state is more polar than the excited state.30 The
fluorescence results are in full agreement with eq 2, where the
photoinduced biradical state (2) is expected to be less polar than
TPHA in its ground state (1).

TREPR spectra at different temperatures (which correspond
to different LC phases) of photoexcited TPHA oriented in ZLI-
4389 are shown in Figure 3. The spectra were taken at the
parallel,L || B, and perpendicular,L ⊥ B, orientations, where
L is the LC director andB is the external magnetic field. The
time-resolved spectra are presented as a function of the time
interval following the laser pulse. The spectra presented in this
figure can be interpreted in terms of the molecular structure of
TPHA (Figure 1) and the photochemical reaction scheme given
in Figure 4.

The TREPR spectrum in Figure 3a (whereL || B) exhibits a
relatively narrow line atg ≈ 2.009 (peak-to-peak∼ 76 G) with
an absorption/emission (a,e) phase pattern that does not change
in time. This spectrum was simulated with the ZFS parameters,
|D| ) 86 G and|E| ) 0. It should be noted that all magnetic
and kinetic parameters of this signal are independent of the LC
phase. The TREPR spectrum in theL ⊥ B orientation is typified
by two features: a broad polarized signal with a width of∼550
G (peak-to-peak), exhibiting an e,a phase pattern; and a narrow
signal with a phase pattern a,e superimposed on the broad
spectrum (Figure 3b). All magnetic parameters of the narrow
signal are the same as those observed inL || B orientation. The
magnetization time profiles of the narrow and broad signals are
shown in Figure 3, parts c and d, respectively. Despite the large
difference in the dielectric constants and molecular structure of

the two LCs employed, all magnetic and kinetic parameters
extracted from the TREPR spectra were found to be practically
identical and are temperature independent. On the other hand,
the signal-to-noise ratio in the ZLI-4389 LC was found to be
higher than that in the E-7 LC.

It is reasonable to attribute the broad spectrum in Figure 3b
is that of a triplet state,3*[(], which is obtained via spin-orbit
intersystem crossing (SO-ISC), as shown in Figure 4. These
spectra can be simulated with the ZFS parameters,|D| ) 296
G and|E| ) 94 G. The e,a phase pattern can be accounted for
in terms of spin-selective ISC to the|x〉, |y〉, and|z〉 zero-field
spin levels with relative population rates:Ax ) 1.0; Ay ) 0.8;
Az ) 0.0 (x andy axes lie in the molecular plane). In labeling
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Figure 2. Absorption and emission spectra of TPHA in toluene at
room temperature.

Figure 3. Top: TREPR spectra (direct detection) of TPHA in the
different phases of LC (ZLI-4389), and different orientations of the
sample with respect to the external magnetic fieldB. (a) L || B; (b):
L ⊥ B. The spectra at each temperature are presented as a function of
the time interval following the laser pulse. Bottom: (c) Kinetic traces
of the magnetization,My(t), taken at the positive absorption of the RP.
(d) Kinetic traces of the magnetization,My(t), taken at the negative
emission of the triplet spectrum. The dynamic parameters,T1RP) 0.79
µs, T2RP ) 0.26µs, k′ET ) 7.3× 106 s-1 (RP),T1T ) 0.96µs, andT2T

) 0.36µs (triplet), were extracted via the simulations by using eq 3.

Figure 4. Scheme of the photochemical reactions in TPHA.
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the EPR transitions it has been assumed thatD > 0, as is
normally the case forπ* triplets, and that the relative order of
triplet spin levels is|x〉 > |y〉 > |z〉.22 The simulations of the
triplet EPR spectra also provide the fluctuation angle between
the LC director and the in-plane molecular axis, with a peak
probability at some angleφ0 (Figure 1). Attempts to observe
changes in the line shape by changing the direction of light
polarization via a magnetophotoselection experiment31,32resulted
in the same triplet EPR spectra for both directions of light
polarization. Such a result should provide valuable information
on the direction of the optical transition moment and the absolute
sign of the ZFS parameter,D.33 Unfortunately, the poor signal-
to-noise ratio of the triplet spectra does not allow an unambigu-
ous conclusion concerning this point.

Previously reported calculations15 on TPHA have predicted
the triplet structure2 to consist of two delocalized spins
approximately 7 Å apart. Such a short distance gives a strong
exchange interaction,J, resulting in separation between the
singlet and triplet manifolds, which reduces the amount of S-T
mixing. Therefore, and similar to previous studies,5,27 the EPR
signal is attributed to a triplet RP,3*[:]. If indeed this is the
case, the interradical distance (r) can be estimated by the point
dipole approximation by using the ZFS parameters calculated
by the line shape analysis of the triplet RP spectra in Figure 3.
Thus, from the relationD ) 3/4[(gâ)2/r3], whereg is theg factor,
â is the Bohr magneton,r is in Å, andD is in G, a value ofr
) 6.8 Å is obtained, which is in excellent agreement with the
distance predicted by theory.

The origin of the RP can either be the triplet,3*[(], or the
singlet, 1*[(], as seen in Figure 4. Comparison of the decay
time of the triplet magnetization (ca. 1.3µs) and the rise time
of the RP signal (ca. 0.3µs) leads us to conclude that the triplet
state,3*[(], of TPHA is not the precursor of the RP (Figure 4).
Thus, the triplet radical pair is formed by an IET from the singlet
excited state,1*[(] (Figure 4). The relatively short distance
between the donor and acceptor sites does not allow for a
vanishingJ value. Thus, it is reasonable to assume that|S> is
located in the vicinity|T-> which results in efficient S-T-
mixing.27 Therefore as expected, for aD < 0, such S-T-
mixing will result in the selective populations of T( which will
be reflected by an a,e polarization pattern.27

In conclusion, we are the first to report TREPR of an IET in
a zwitterionic molecule, which demonstrates that photoexcitation
of a charge separated ground state results in a neutral biradical
via an excited singlet state. An integral part of these novel
observations is the role of the LC, whose properties are critically
essential that such experiments will be successfully accom-
plished.
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