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The short-lived T1 state of 1,4-diphenylbutadiyne (DPB) has been investigated in various glassy matrices at
low temperatures using time-resolved EPR and pulsed EPR methods. Zero-field splitting parameters ofD )
-0.250 cm-1 and E ) +0.018 cm-1 were determined. The negativeD value was verified from theMS

dependence of the ENDOR frequencies. The hyperfine splitting constants of ring protons were obtained
from the electron spin-echo envelope modulation with three-pulse stimulated echo. The spin density
distribution on the phenyl groups was estimated from the analysis of the hyperfine splittings at each of the
canonical orientations. The moderate spin densities on the phenyl rings indicated that the T1 state was3πxπx*
in electronic character. The origin of the large negativeD value of DPB has been discussed in terms of the
spin-orbit interaction between the close lying3πxπx* and 3πxπy* states.

Introduction

Much attention has been paid to the excited states of
diacetylene compounds because the photolysis of their single
crystals produces conjugated polymers, which show an excellent
nonlinear optical character.1 It has been reported that the excited
triplet states are the key intermediate state in the photoinduced
polymerization.2 However, there have been only a few studies
on the electronic structure of the excited triplet states of
diacetylenes.

It has been reported that 1,4-diphenylbutadiyne emits phos-
phorescence (ν00 ) 20 270 cm-1) with the lifetime of 0.1 s in
an EPA (diethyl ether/isopentane/ethanol, 5:5:2) matrix at-170
°C.3 Hoshi et al.4 measured the polarized absorption spectrum
in the stretched polyethylene film and assigned their bands on
the basis of semiempirical molecular orbital (MO) calculations.
Time-resolved (TR) resonance Raman studies suggested that
the CtC symmetric stretching exhibits a low-frequency shift
in the lowest excited triplet (T1) state compared with the ground
(S0) state, indicating that the CtC bond weakens.5 Bubeck et
al.6 measured the triplet EPR spectra of biphenylglutarate
diacetylene in a single crystal and reported large positiveD
values of zero-field splitting (ZFS) parameters in several sites:
D ) +0.2286,+0.2367,+0.2456 cm-1. These values are larger
than those of dinaphthyldiacetylene and 9,9′-diphenanthyldi-
acetylene which are deduced from theD* value.7 It is, therefore,
worthwhile to determine the ZFS parameters and spin density
distribution in the T1 state of the fundamental diacetylene
compound.

In the present work, we have studied the T1 state of 1,4-
diphenylbutadiyne (DPB, Figure 1) by using continuous wave
time-resolved EPR (CW-TREPR) and pulsed EPR spec-
troscopies. The molecular axes ofz, y, andx are along the triple
bonds, perpendicular to the long axis within the molecular plane
and normal to the molecular plane, respectively. The unpaired
electron spin densities on the phenyl rings were estimated from
the analysis of the electron spin-echo envelope modulation
(ESEEM) spectra observed by a three-pulse stimulated echo
technique. The ZFS parameters as well as its sign were
determined:D ) -0.250 cm-1 andE ) +0.018 cm-1. Despite

the unusually large|D| value of DPB, the T1 state was assigned
to be 3πxπx* in character. The electronic structure has been
discussed on the basis of the electron spin distribution and
semiempirical MO calculations.

Experimental Section

DPB purchased from Aldrich was recrystallized from a mixed
solvent of ethanol/acetone (1:1 (v/v)). Spectrograde methyl-
cyclohexane and ethanol were used without further purification.
n-Butyronitrile was purified by distillation and passing through
a basic alumina column followed by dehydration with molecular
sieves (4A). Spectrograde toluene was purified by passing
through a basic alumina column. The sample solutions of DPB
(∼0.01 mol dm-3) were degassed by multiple freeze-pump-
thaw cycles. Poly(vinyl alcohol) (PVA) films that incorporated
DPB were prepared according to the procedure reported
previously.8

An excimer laser (Lumonics Hyper EX-400; XeCl, 308 nm)
was used as the pulse light source. Magnetophotoselection
experiments were performed by passing the laser beam through
a Glan laser prism. The CW-TREPR signal was directly
detected using an X-band EPR spectrometer (Varian Model
E-109E) without field modulation as reported elsewhere.9 We
used a bimodal cavity (Varian E-236), which provides a
microwave magnetic field (B1) parallel to the static magnetic
field (B0) as well asB1 ⊥ B0. The pulsed EPR measurements
were carried out using an X-band pulsed EPR spectrometer
(Bruker ESP380E) equipped with a dielectric resonator (Bruker

Figure 1. Molecular structure and principal axes of DPB.
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ER4114,Q ∼ 100). The typicalπ/2 pulse width was 16 ns. A
three-pulse (π/2-τ-π/2-T-π/2) echo sequence starting from
300 ns after the laser flash was employed to obtain a stimulated
echo signal. ESEEM patterns were measured by monitoring
echo intensity as a function of the timeT between the last two
pulses. A helium flow cryostat (Oxford ESR900) was utilized
for the measurements at low temperatures.

Results

CW-TREPR. Figure 2a shows the TREPR spectrum of DPB
in a methylcyclohexane glassy matrix observed 0.3µs after a
laser flash. The transient EPR signals were clearly observed
over the wide range of the magnetic field from about 0.04 to
0.58 T, while the conventional CW-EPR measurements gave
only one peak at 0.06 T. The spectral polarity of the|∆MS| )
1 transitions is EEE in the low-field region and AAA in the
high-field region, where E and A represent enhanced emission
and absorption of microwaves, respectively. The polarized EPR
signals decayed within 10µs, though the phosphorescence
lifetime was 68 ms in methylcyclohexane at 77 K.

The triplet EPR spectra of the disordered system are
interpreted by the spin Hamiltonian comprising electron Zeeman
and zero-field interactions:

The g, µB, andS denote theg factor, the Bohr magneton, and
the spin operator for triplet states, respectively. The ZFS
parameters ofD andE are related to the eigenenergies (-Dxx,
-Dyy, and-Dzz) for the Tx, Ty, and Tz sublevels byD ) 3Dzz/2
andE ) (Dxx - Dyy)/2.

The ZFS parameters of|D| ) 0.250 cm-1 and |E| ) 0.018
cm-1 were determined by computer simulation (Figure 2b). The
|D| value obtained is considerably larger than those of diphen-
ylacetylene (0.1426 cm-1)10 and phenylacetylene (0.1339
cm-1).11 The nonzeroE value implies that the two phenyl
groups are nearly coplanar in the glassy matrix. If triplet state
DPB has two twisted phenyl rings that make 90° of dihedral
angle, theE value must be zero because of theS4 symmetry
axis along thez axis.

It should be noted that the strong emissive signal that
appeared around 0.06 T does not correspond to the extra
canonical, so-calledBmin. It is due to one of the|∆MS| ) 1
transitions of the outermost pair. The experimental condition
for existence ofBmin (|D/δ| < 3/4) is not satisfied because of
the largeD value, where theδ denotes the microwave energy
used.12 We confirmed this fact using a parallel mode cavity,

which did not show the typical doublet structure detected at
theBmin and one of the canonical fields of|∆MS| ) 2 transitions.

We observed the matrix dependence of the triplet EPR
spectra. Figure 3 shows the TREPR spectra of DPB in three
rigid matrices, toluene,n-butyronitrle, and ethanol, at 4 K.
Although these spectra give the same ZFS parameters, the
spectral shape depends on the matrix, indicating that the
distributions of the ZFS parameters are different among these
systems. In particular, the spectral broadening is significant in
the field region lower than 0.06 T. In a toluene glassy matrix,
the spectrum shows emissive signals even at zero magnetic field.
Similar broadened spectra were observed up to 77 K, suggesting
that dynamic effects of molecular motion on the spectral
distortion could be neglected. The tailing observed at the lower
field of the outermost canonical signal suggests that the
inhomogeneous broadening arises from asymmetric distribution
of the D value as discussed later.

The magnetophotoselection method is a useful experimental
technique for identifying the direction of the principal axes of
the ZFS tensor.13 As shown in Figure 4, the irradiation of DPB
with the polarized light gave significant effects on the triplet
EPR spectra. When the electric field vector (E) of the excitation
light was parallel to theB0, the outermost canonical signals were
dominant. On the other hand, the innermost and intermediate
pairs became relatively strong in intensity in the case ofE⊥B0.
The UV light with a wavelength of 308 nm excites DPB to the
lowest excited singlet (S1) state. The direction of the S1(πxπx*)

Figure 2. CW-TREPR spectrum of DPB observed 0.3µs after
excitation by pulse laser with 308 nm in a methylcyclohexane glassy
matrix at 4 K (a) and its computer simulation (b).
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Figure 3. CW-TREPR spectra of DPB observed in the toluene (a),
butyronitrile (b), and ethanol (c) glassy matrices at 4 K. The spectra
were obtained 0.3µs after excitation by pulse laser.

Figure 4. Magnetophotoselection spectra of DPB in a methylcyclo-
hexane glassy matrix at 10 K. The spectra were observed at 0.1µs
after laser pulse excitation withB0⊥E (a) andB0||E (b).
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r S0 transition moment is along thez axis of DPB.4,14 Thus,
we can regard that the signals of the outermost pair correspond
to the z axis of DPB. The pronounced effect of orientation-
selective excitation by the polarized light suggests that the
deformation from the linear structure is negligible in the T1 state
of DPB.

To discriminate the out-of-planex axis from the short in-
plane y axis, we measured the TREPR spectra of partially
oriented DPB in a stretched PVA film. Long and planar
molecules in the stretched films have a tendency to arrange the
long molecular axis along the stretched (s) direction and the
molecular plane parallel to the film plane.15-17 As shown in
Figure 5a, the alignment of thez axis of DPB to thes direction
was verified by the increase of the outermost canonical signals
in s||B0. It can be expected that thex andy axes of DPB are
along the normal (n) direction and the in-plane contraction (c)
direction of the PVA film, respectively. When thec direction
was parallel to theB0, the innermost signals were relatively
intensified, as shown in Figure 5b. On the other hand, the
intermediate signal became stronger when then direction was
parallel to theB0 (Figure 5c). These orientation effects clearly
indicate that the innermost and intermediate canonical signals
correspond to those atB0||y and atB0||x, respectively. We can,
therefore, describe that the energy order among the spin
sublevels is Tz, Ty, and Tx from the top in the case of negative
D or Tx, Ty, and Tz for positiveD.

MO Calculations. AM1 RHF-SCF MO calculations for the
S0 and low-lying excited triplet states were carried out by using
the MOPAC93 program package.18 For the configuration
interaction calculation of the T1 state, the two highest occupied
(HOMO and HOMO-1) and two lowest unoccupied orbitals
(LUMO and LUMO+1) were taken into account. The opti-
mization of the geometry resulted in a planar structure having
D2h symmetry in the S0 and T1 states. The calculated bond
lengths in the S0 state arer(C1tC2) ) 120 pm andr(C2-C3)
) 135 pm, respectively. These values agree with those
determined by X-ray analysis:r(C1tC2) ) 118 pm andr(C2-
C3) ) 139 pm, respectively.19 The calculations indicate that
the excitation into the T1 state induces a stretch of the triple
bonds,r(C1tC2) ) 123 pm, and a shortening of the central

single bondr(C2-C3) ) 131 pm. The present results agree
well with the TR-resonance Raman experiments.5

AM1 calculations indicate that the T1 state of DPB is3πxπx*
in character in the optimized structure. Table 1 lists the spin
densities calculated for the T1 (3πxπx*) as well as the T3 (3πxπy*)
states. The spin densities in the phenyl rings decrease in the
order of Fp > Fo > Fm, and the values are very different in
these two states. Thus, the experimental determination of the
spin densities is useful in assigning the electronic structure in
the T1 state.

ESEEM Measurements. To observe the hyperfine splittings
in the T1 state of DPB, we measured the three-pulse ESEEM at
the stationary fields at 4 K. It has been suggested that the three-
pulse ESEEM provides a better spectral resolution than is
obtained with the two-pulse method, and the three-pulse
sequence further eliminates combination signals of ENDOR
frequencies.20 As shown in Figure 6a-c, the deep modulations
were clearly observed at the low-field transitions of each
canonical field, while the modulation effects of the higher field
transitions were not remarkable. Since the ESEEM arises from
simultaneous EPR forbidden transitions as well as allowed ones
induced by strongB1 field, the nuclear modulation effect
becomes more prominent at lowerB0 field. In three-pulse
ESEEM, the modulation depth with a frequency ofνa depends
on the time intervalτ as sin2(πνbτ), whereνa and νb are the

Figure 5. CW-TREPR spectra of DPB measured in a stretched PVA
film, where B0 is parallel to the stretched (s) direction (a), in-plane
contraction (c) direction (b), and normal (n) direction of the film plane
(c), respectively. The spectra were obtained 0.3µs after excitation in
77 K.

TABLE 1: Spin Density Distribution of DPB in the T 1
Statea

Co Cm Cp C1 C2 C5

expt 0.084( 0.016 0.12
calca πxπx* 0.069 0.003 0.092 0.149 0.083 0.032

πxπy* 0.037 0.002 0.046 0.242 0.106 0.018

a AM1 calculations were performed with a limited configuration
interaction wave functions (MOPAC option CI) 4), taking the two
highest occupied and two lowest empty orbitals from the closed-shell
SCF calculation into account.

Figure 6. Three-pulse ESE decay envelopes (a-c) and the Fourier
transformed spectra (d-f) of DPB in a methylcyclohexane glassy matrix
at 4 K. The time intervals between the first two microwave pulses are
176 ns forB0||z (66.80 mT), 192 ns forB0||y (180.62 mT), and 288 ns
for B0||x (122.81 mT), respectively.
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ENDOR frequencies in differentMS states connected by the
microwave pulse.21,22 One of the ENDOR frequencies, which
is due to theMS ) 0 state, is the same as the proton Zeeman
frequency (νH),23 because the EPR transitions in the triplet state
occur between theMS ) (1 andMS ) 0 sublevels. Therefore,
we optimized theτ value to give the most intense hyperfine
lines belonging to theMS ) (1 states.24 The three-pulse
ESEEM spectra shown in Figure 6 were observed at properτ
for each canonical fields. After subtraction of a nonoscillating
decay by polynomial and the Fourier transformation of the
ESEEM spectra, we obtained the corresponding ENDOR
frequencies displayed in Figure 6d-f. A few lines appeared at
all three stationary fields. We observed very strong signals at
2.84, 7.69, and 5.23 MHz forB0||z, B0||y, andB0||x, respec-
tively. These signals are assigned to the hyperfine line
belonging to theMS ) 0 sublevel, which is superimposed with
the matrix line due to the surrounding methylcyclohexane
protons. This was verified by the ESEEM measurements using
the duterated methylcyclohexane matrix. Other peaks arise from
proton hyperfine splittings in theMS ) (1 sublevels.

As shown in Figure 6d, an ESEEM signal was observed at
5.69 MHz, higher frequency thanνH for B0||z. We assigned
the ENDOR frequency of 5.69 MHz to the ortho-proton (Ho)
splitting based on the fact that the signal intensity due to the
para-proton (Hp) is expected to be very weak, whenB0 is parallel
to the C-Hp bond. Furthermore, the meta-proton (Hm) splitting
deduced from the MO calculation is remarkably smaller than
the value. ForB0||y, the ESEEM signal was obtained at 11.01
MHz. The signal is also assigned to Ho. The transition
probability of the hyperfine signal due to thep-proton is
expected to be very weak because of the condition ofB0⊥C-
Hp bond. WhenB0 is parallel to thex axis,B0 is aligned with
the out-of-plane principal axis of the hyperfine tensor, and the
echo modulation depth is expected to be small. However, the
microwave bandwidth of 16 ns would be wide enough to excite
a small fraction of the molecules in which theirx axes deviate
from the B0 direction around thex canonical field.25 Two
hyperfine lines were clearly detected at 10.48 and 11.84 MHz
for B0||x which were tentatively assigned to Ho and Hp,
respectively.

Discussion

Spin Densities and Electronic Character. The semiem-
pirical MO calculation shows that DPB has two nearby triplet
states with different characters:3πxπx* and 3πxπy*. The former
state consists of the two singly occupied out-of-planeπ orbitals
which are delocalized over a whole molecule, whereas in the
latter state the unpaired orbitals are orthogonal to each other in
the triple bonds. The electron spin density distribution obtained
in the ESEEM experiments would clarify the electronic character
of the T1 state, because the spin densities on the phenyl moieties
are significantly different in the3πxπx* and 3πxπy* states, as
suggested from the MO calculation (see Table 1).

The ENDOR frequencies observed in the ESEEM spectra can
be described by the following effective spin Hamiltonian
including the nuclear Zeeman (Hnz) and hyperfine (Hhf) inter-
actions:

where the unpaired electrons interact with a single proton (I )
1/2). The notations have their usual meaning. Figure 7 depicts

a typical energy scheme. According to the first-order perturba-
tion of electron spin states, the analytic solution for ENDOR
frequencies in triplet state is given by

where h represents the direction cosine of theB0 for the
hyperfine principal axis system.26,27 Superscript T means the
transpose. This expression clearly states that the ENDOR
frequency depends on the quantum number of electron spin state
as illustrated in Figure 7.

The proton hyperfine tensor ofAH consists of the isotropic
and anisotropic components. In the case of theR proton, the
isotropic Fermi contact interaction is induced by a spin exchange
mechanism. Using the McConnell relation (Aiso ) QHF), the
splitting constant can be related to theπ-spin densityF at the
carbon site where the proton is bonded. The anisotropic part
(Aaniso) of AH originates in the dipolar interaction between
electron and nuclear spins, which is also nearly proportional to
the spin density on the nearest carbon. The electron spin
densities on the phenyl rings were estimated by using the
hyperfine principal values for the triplet state of benzene:Q )
-72.5 MHz,A||C-H ) +35.04 MHz,A⊥C-H ) -40.36 MHz,
andA⊥ ) +5.31 MHz.28 The reduction of hyperfine splitting
induced by the mixing betweenMS ) (1 states due to zero-
field interaction was also taken into account in calculating the
spin density.29

By using eq 3, the electron spin densities for the ortho-proton
were estimated asFo ) 0.082, 0.069, and 0.10 from the signals
(ENDOR frequency: 5.69, 11.01, 10.48 MHz) observed in three
canonical orientations. The variation in three orientations may
arise from the neglect of the dipolar interactions between the
proton and the electron spins on the nonadjacent carbons. The
average value ofFo ) 0.084 was obtained for the electron spin
density at the ortho-position. The spin density at the para-
position ofFp ) 0.12 was also estimated from the 11.84 MHz
atB0||x, as listed in Table 1. The electron spin densities indicate
that the T1 state of DPB is3πxπx* in character like phenylacety-

H ) Hs + Hnz + Hhf

) Hs - gHµHB0‚IH + S‚AH‚IH (2)

Figure 7. Energy level scheme in the case ofB0||z with D < 0 and
the first-order hyperfine interaction with one proton forAzz < 0. To
describe concisely the case ofHnz < Hhf was drawn, but it is the same
as the general case qualitatively.

νENDOR(MS) ) [Ms
2hT‚AH

2‚h - 2MsgHµHB0h
T‚AH‚h +

(-gHµHB0)
2]1/2 (3)
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lene11 and diphenylacetylene10 despite its unusually large|D|
value. About 30% of unpaired electrons stays in each phenyl
ring and the rest, 40%, exists in the triple bond part.

Sign of the ZFS Parameters.Since the intersystem crossing
(ISC) process in DPB remains obscure, we could not determine
unequivocally the sign of the ZFS parameters from the polariza-
tion pattern of the TREPR spectra. ESEEM spectra provide
information about the sign of the ZFS parametrs. It should be
noted that the sign of theD value can be determined from the
ESEEM pattern on the basis of the following general facts:

(1) All diagonal elements in the hyperfine splitting tensor
due to theR-proton are negative due to the large negative
isotropic elementsQ.

(2) In the |+1〉 state, theMI ) -1/2 and +1/2 states are,
therefore, destabilized and stabilized by the hyperfine interaction,
respectively. In contrast, the hyperfine interaction causes the
opposite energy shifts of these nuclear spin states in the|-1〉
state (Figure 7). The splitting ofνENDOR(0) in the |0〉 state
corresponds to the free proton frequency (νH).

(3) Thus, the hyperfine line ofνENDOR(+1) in the ESEEM
spectrum observed in the|+1〉 T |0〉 EPR transition should
appear at the higher frequency compared withνH. On the other
hand, the|-1〉 T |0〉 EPR transition should give the hyperfine
signal ofνENDOR(-1) at the lower frequency region thanνH in
the condition of|hT‚AH

2‚h/ hT‚AH‚h| < 2νH or at the higher
frequency region in the|hT‚AH

2‚h/hT‚AH‚h| > 2νH condition.
In the case of negativeD (Tz > 0 > Ty > Tx, hereE > 0),

the EPR transitions of low-field sides forB0||z, B0||y, andB0||x
correspond to|-1〉 T |0〉, |+1〉 T |0〉, and |+1〉 T |0〉,
respectively.30 In contrast, ifD is positive (Tx > Ty > 0 > Tz,
hereE < 0), the transitions forB0||z, B0||y, andB0||x are|+1〉
T |0〉, |-1〉 T |0〉, and|-1〉 T |0〉, respectively.

All ESEEM signals were observed at a higher frequency
region compared withνH for three canonical fields in the present
system. Assignment of the ENDOR frequencies to give the
reasonable spin density on the ortho-proton suggests that|hT‚
AH

2‚h/hT‚AH‚h| > 2νH for B0||z, while |hT‚AH
2‚h/hT‚AH‚h| <

2νH for B0||y and B0||x. The results prove that the low-field
EPR transition forB0||z corresponds to that of|-1〉 T |0〉,
whereas they are the transition of|+1〉 T |0〉 for B0||y andB0||x.
Therefore, we conclude that the sign of theD value is negative
in the T1 state of DPB.

Despite the relatively large distribution of spin density in the
T1 state of DPB, the|D| value of 0.25 cm-1 is much larger
than those of phenylacetylene and diphenylacetylene.10,11 The
D value of hydrocarbon compounds is well-known to be
governed by the electron spin dipole-dipole interaction because
of the small spin-orbit coupling (SOC) constant of the carbon
atom (λC ) 32 cm-1).31-33 However, the electron spin dipole-
dipole interaction is unable to give such a large|D| value in
the3πxπx* state. ZFS parameters due to the spin dipole-dipole
interaction were calculated using semiempirical SCFπ-electron
molecular orbital theory.34 Wave functions were constructed
from Pariser-Parr-Pople type LCAO MOs by including
configurations arising from the main single excitations relative
to the ground state. The spin dipole-dipole interactions were
calculated using double-ú atomic orbitals by Clementi.35 The
geometry of DPB was taken from the optimization result by
the AM1 RHF-SCF MO method. The calculations gave the
ZFS parameters ofD ) -0.114 cm-1 andE ) -0.0046 cm-1.
The |D| value calculated is less than half of the present
experimental result. Therefore, the SOC should contribute to
the ZFS splitting, suggesting the very small energy difference
between3πxπx* and 3πxπy*. The SOC effect on theD value of

ZFS parameters is expressed by

Here, only thez element (lzk) in orbital angular momentum of
the kth carbon can operate efficiently at the one-centered
integrals in numerator. Figure 8 shows the schematic energy
diagram of the3πxπx* and 3πxπy* states in adding SOC of eq
4. The negative largeD value in the3πxπx* of DPB is well-
explained by the SOC with the close-lying3πxπy*. We can
reproduce the observedD value by the SOC with the energy
difference (∆ε) of ca. 1000 cm-1 between these two states.
Polyyne type molecules have the orthogonalπ orbitals on the
same carbon, leading to different behavior from polyene type
molecules in the excited states. This characteristic can make
the SOC contribution to ZFS parameters effectively even at the
carbon center. Despite no experimental evidence, the positive
D value was reported for the related molecule of biphenylglu-
tarate diacetylene in a single crystal.6 According to the present
result, theD value of biphenylglutarate diacetylene is speculated
to be negative unless a drastic structural change is induced by
the substituent group.

Matrix Dependence of the TREPR Spectra.The TREPR
spectrum of DPB observed in a methylcyclohexane glassy
matrix was well-reproduced by using the Gaussian type line
shape with a half-width at half-height of 5 mT (see Figure 2).
However, we obtained poor fits in the simulation for the TREPR
spectra in toluene,n-butyronitrile, and ethanol despite the
complete coincidence of the canonical fields in these spectra.
In particularly, there are large residuals in the fits in the field
region lower than 0.06 T. The inhomogeneous broadening may
arise from the asymmetric distribution of the ZFS parameters.
Environmental effects could induce the relatively small varia-
tions for the twisting angle of the phenyl groups in DPB, as
reported in carbonyl molecules36-38 in solid matrices. The
energy gap,∆ε(3πxπy*-3πxπx*), decreases with the increasing
of the twist angle resulting in the increase of the|DSOC| value.
In the soft matrix such as methylcyclohexane, the molecular
conformational heterogeneity is considered to be small and DPB
keeps the planar conformation.

Figure 8. Schematic energy diagram for the triplet sublevels of DPB.

DSOC)
3

2
Dzz

SOC) -λC
2

|〈3πxπx* |∑
k)1

4

lz
k|3πxπy* 〉|2

∆ε(3πxπy* - 3πxπx*)
(4)
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Intersystem Crossing. From the polarity of the TREPR
spectrum and the negativeD value, it was elucidated that the
ISC occurs preferentially into the Tz sublevel of the T1 state
from the S1 state. It has been assigned that the S1 state of DPB
is πxπx* (1B1u).4 Because direct SOC between the S1(B1u) and
T1(B1u) states is impossible, some vibronic spin-orbit coupling
must be considered for the ISC process. Preferential ISC would
occur from the S1 state to the Tz sublevel (B1u) of the 3πxπy*
(3Au) state following the internal conversion promoted by the
vibrational modes withb1g symmetry. The spin polarization in
the Tz sublevel is kept through the internal conversion route
from the3πxπy* state to the T1 state.

Conclusion

A very large|D| value of ZFS parameters was observed in
the T1 state of DPB using the CW-TREPR technique. The
principal axes of the fine structure tensor were identified by
the magnetophotoselection experiment and by utilizing stretched
PVA films, suggesting that a linear planar structure was retained
in the T1 state. The ESEEM signals on the T1 state of DPB
were observed even in a glassy matrix using three-pulse
sequences. The spin densities on the ortho and para carbons
of phenyl groups were estimated. The moderate spin densities
on the phenyl rings indicate that the electronic configuration of
the T1 state is3πxπx* in character. On the basis of the negative
largeD value, we conclude that the spin-orbit interaction with
the close lying3πxπy* state governs the ZFS parameters.
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