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The excited high-spin quartet (S ¼ 3=2) state of the intramolecular triplet–radical pair between the excited triplet
state of pyrene and a dangling verdazyl radical was reported. A novel verdazyl radical with the pyrene moiety was de-
signed and synthesized. The time-resolved ESR spectrum and a DFT calculation show the photo-induced ferromagnetic
spin alignment between the excited triplet state of the pyrene moiety and the dangling verdazyl radical. This is the first
observation of the high-spin (S > 1) excited state of the �-conjugated pyrene–radical pair.

The photo-induced spin alignment through �-conjugation is
one of the key processes for photo-control of the molecule-
based magnetism. We have recently reported the photo-excited
quartet (S ¼ 3=2) and quintet (S ¼ 2) states on purely organic
�-conjugated radical–triplet pair systems, which were generat-
ed by a spin alignment through �-conjugation between dan-
gling imino-nitroxide radicals (S ¼ 1=2) and the excited triplet
(S ¼ 1) state of a phenyl- or diphenylanthracene.1–5 �-Conju-
gated spin systems arising from the aromatic hydrocarbons
and the stable radicals are ideal systems on studying the pho-
to-induced intramolecular spin alignment through �-conjuga-
tion. The spin correlation of their unpaired electrons via the de-
localized � orbital network is the most important for determin-
ing the spin states both in the ground states6 and in the photo-
excited states.2

Some kinds of the excited high-spin systems arising from the
radical–triplet pairs were reported since the pioneering works
of Corvaja et al.7 and Yamauchi et al.8 However, the number
of the literatures is still limited1–5,7–15 and, in the almost all
studies of their excited high-spin states, stable nitroxide radi-
cals were used as a spin origin. For purely organic excited
high-spin systems, only fullerene-nitroxide7,9,11,12 and anthra-
cene derivatives1–5 have been reported. The search for the novel
photo-excited high-spin organic systems constructed from oth-
er radicals and other triplet moieties is an important research
target. Only our previous works using the anthracene deriva-
tives1–5 offer unique examples of the high-spin excited states
on the �-conjugated radical–triplet pair systems. Although a
CIDEP (RTPM) arising from the exchange interaction between
the excited triplet state of pyrene and a doublet spin of radical
species was reported in solution,16 there has been no direct ob-
servation of the excited high-spin state.

In this paper, we report on the photo-excited high-spin quar-
tet (S ¼ 3=2) state of the novel �-conjugated spin system (1),
which originates from the triplet state of pyrene and the dan-
gling verdazyl radical. This is the first direct observation of
the excited high-spin state of the pyrene-based triplet–radical

pair, in which a verdazyl radical couples to the triplet state of
the pyrene moiety through �-conjugation. A novel verdazyl
radical (1) was designed and synthesized. The photo-excited
state has been investigated by time-resolved ESR. The spin-
density distributions provide the most direct information about
the spin correlation among the unpaired electrons and the
mechanism of the spin alignment. The mechanism of the intra-
molecular spin alignment on the excited states has been dis-
cussed based on the spin-density distribution calculated by ab
initio molecular orbital calculations.

Experimental

1. Materials. As shown in Scheme 1, 1 was synthesized ac-
cording to a procedure similar to that used by Neugebauer et
al.17 to prepare 1,5-dimethyl-3-phenyl-6-oxoverdazyl. The details
of the synthetic procedures are omitted in this paper. Purification
by silica-gel column chromatography using dichloromethane as a
solvent gave 1 as dark-red powders: mp 223.5–224.5 �C (de-
comp.); Anal. Calcd for C20H15N4O: C, 73.38; H, 4.62; N,
17.11%. Found: C, 72.43; H, 4.93; N, 16.75%.

2. Measurements and Analysis. Absorption spectra were tak-
en with a UV–vis spectrometer (Hitachi U-3000) at room temper-
ature. Conventional ESR was measured by an X-band ESR spec-
trometer (JEOL-TE300) with a temperature control system (Ox-
ford ESR 910). The ESR spectrum with hyperfine-splitting in solu-
tion was analyzed by a simulation according to the ordinary
method. TRESR spectra were measured at 30 K using the JEOL-
TE300 X-band ESR spectrometer. The details of the experimental
setup are described in our previous paper.2 Excitation was carried
out at 500 nm light by an OPO laser system (Continuum Surelite
OPO) pumped by a Nd:YAG laser (Continuum Surelite II-10).
The typical laser power in this experiment was ca. 3–5 mJ. An
EPA glass matrix was used for the TRESR experiments. Samples
were degassed by repeated freeze-pump-thaw cycles using a
high-vacuum line system.

The following ordinary spin Hamiltonian of a pure spin state
was used for the analysis:
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H0
spin ¼ �eH:g:Sþ S:D:S ¼ �eH:g:S

þ D½SZ2 � SðSþ 1Þ=3� þ EðSX2 � SY
2Þ:

ð1Þ

In order to determine the spin Hamiltonian parameters, full spectral
simulation using Eq. 1 was carried out by the eigenfield/exact-di-
agonalization hybrid method,18,19 taking the electron spin polariza-
tion (ESP) into account.

Results and Discussion

1. Conventional UV–vis and cw-ESR Spectra. The UV–
vis spectrum of 1 is shown in Fig. 1, together with a typical cw-
ESR spectrum observed in a toluene solution at room temper-
ature and in an EPA rigid glass matrix at 30 K. The absorption
peaks in the wavelength region shorter than 370 nm come from
the pyrene moiety. The very broad shoulder in the range of
370–550 nm is dominantly assigned to an n�� transition of
the dangling verdazyl radicals. Therefore, we can selectively

excite only the radical moiety by 500 nm light used in time-re-
solved ESR (TRESR) experiments. As shown in Fig. 1(b), a
well-resolved hyperfine splitting of the four nitrogen atoms in
the verdazyl moiety are observed in the solution ESR spectrum.
The g value and the hyperfine splitting constants determined by
the simulation are listed in Table 1. The spin-density distribu-
tion on the nitrogen atoms in the doublet ground state was also
determined using the McConnell equation. The observed hy-
perfine splitting constants agree well with the calculated values
using the ab initio MO calculation described in a latter section.

2. TRESR Spectra and Excited Quartet State. A typical
TRESR spectrum observed at 0.5 ms after laser excitation using
the 500 nm light is shown in Fig. 2 together with a spectral sim-
ulation. This excitation wavelength corresponds to the n��
transition of the radical moiety. A well-resolved fine-structure
splitting was observed in this spectrum. The dominant nature
of the TRESR spectrum was unambiguously analyzed to be
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Fig. 1. Optical spectrum and X-band ESR spectra of 1. (a) UV–vis spectrum observed at room temperature. (b) ESR spectrum in
toluene solution. (c) ESR spectrum at 30 K in a rigid glass matrix. The microwave frequency is 9088.04 MHz.

Table 1. g Values and Hyperfine Splitting Constants of the Doublet Ground State of 1

g hfcc/mT � Spin density

D
2.0038 aN(2) ¼ aN(4) ¼ 1:20 (calcd 1.07)a) 0.420b) (calcd 0.438)

aN(1) ¼ aN(5) ¼ 0:62 (calcd 0.58)a) 0. 217b) (calcd 0.191)

a) The values in the bracket are calculated ones by the ab initio MO calculation described in text.
b) The spin densities were estimated using the McConnel relation, AN ¼ QN� (QN ¼ 2:86 mT).20
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an excited quartet (S ¼ 3=2) high-spin state (Q) by the spectral
simulation. The determined spin Hamiltonian parameters are
listed in Table 2 together with the relative population of the
Ms sublevels. We also carried out TRESR experiments by ex-
citation of the ��� transition of the pyrene moiety using 355
nm light of the Nd:YAG laser. In this case, the signals of the
decomposed unknown impurity (indicated by arrows) was su-
perposed in the quartet spectrum (not shown). The superposi-
tion of the impurity signals could be suppressed by the selective
excitation of the n�� transition using the OPO laser system, al-
though a small amount of the spectral contamination of the un-
known compound remains, as indicated by the arrows in Fig.
2(a). This small contamination may have come from excitation
of the tail of the ��� transition of the pyrene moiety, or from
the energy-transfer pathway through an exciplex of the pyrene–
radical system.

The determined g value (2.0035) is close to the expected val-
ue (gðQÞ ¼ ð2gðTÞ þ gðRÞÞ=3, gðTÞ ¼ 2:003, and gðRÞ ¼
2:0041) for a quartet state constructed by a triplet–radical

pair.21 In the weak-coupled limit, the fine-structure parameters,
D and E, of the excited quartet state could also be estimated to
be DðQÞ ¼ 0:0310 cm�1 and EðQÞ ¼ 0:0103 cm�1 from the
following equation by the procedures described in the next sec-
tion:

DðQÞ ¼ ð1=3ÞfDðTÞ þDðRTÞg: ð2Þ

Here, DðTÞ is the D tensor of the excited triplet pyrene moiety
andDðRTÞ is the dipolar interaction between the dangling radi-
cal spin and the triplet moiety. In this estimation, the experi-
mentally determined fine-structure parameters, (DðTÞ ¼
0:0810 cm�1 and EðTÞ ¼ 0:0182 cm�1), of the excited triplet
state of the pyrene molecule22 were used, and DðRTÞ was cal-
culated by the point-dipole approximation. The details of this
estimation are described in the next section. The experimental-
ly determined D and E values are close to the estimated ones,
but a slightly smaller. A small reduction of the magnitude of
the D value can be expected from a slight delocalization of
the unpaired spins in whole of the molecules through �-conju-
gation. The experimentally determined jE=Dj value (0.310),
that being sensitive to the molecular structure, is also close to
the estimated value (0.332), indicating the observed spectrum
certainly comes from molecule 1. The emissive signal, denoted
by ‘D’ in Fig. 2(a), is assigned to be the signal arising from the
doublet ground state judging from its g value. No signal arising
from the excited doublet spin state was detected in the present
�-conjugated spin system. This means that the energy splitting
between the lowest excited quartet state and the excited doublet
spin state is sufficiently large. The time profiles of the quartet
signals at each canonical resonance field position are also
shown in the inset of Fig. 2. The time profile shows that the sig-
nal intensity become a maximum at ca. 0.4 ms after laser exci-
tation. Each signal shows a similar time-decay behavior, show-
ing that all of the signals come from a unique quartet spin state.
The averaged intersystem crossing rate was determined to be
ca. 5:7� 106 s�1 by fitting the raising-curves in the time pro-
files.

3. Calculation of the Fine-Structure Tensor. In an estima-
tion of the fine-structure parameters, we used the fine-structure
tensor of the triplet state of pyrene, itself,22 as DðTÞ in Eq. 2.
DðRTÞ was calculated by a point-dipole approximation using
the calculated spin densities of each moiety. The spin densities
of the triplet state of the pyrene moiety and of the doublet state
of the verdazyl radical moiety (not shown) were obtained by an
open-shell RHF calculation (ORHF Becke 3LYP/6-31G) based
on density functional theory (DFT).23 The calculated spin-den-
sity distributions used in this estimation are shown in Fig. 3.
The molecular structure of 1was assumed to be planar, because
the optimized molecular structures of both moieties were nearly
planar. The calculated DðTÞ and DðRTÞ tensors were obtained
in units of cm�1 by
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Fig. 2. Typical TRESR spectra of 1. (a) Observed spectrum
at 0.5 ms after the laser excitation at 30 K in an EPA glass
matrix. The microwave frequency is 9091.71 MHz. ‘‘D’’
denotes the signal due to the doublet ground state. The inset
shows the time-profile of the signal intensities at the field
positions shown in the inset. The field positions are also in-
dicated in the observed spectrum by the symbol ( ). (b) Si-
mulated spectrum of the excited quartet state.

Table 2. g Values and Zero-Field Splitting Parameters and ISC Ratio of the Quartet (Q) Excited
States of 1

S g D/cm�1 E/cm�1 ISC ratio

Q 3/2 2.0035 0.029 0.009 Pþ3=20 :Pþ1=20 :P�1=20 :P�3=20 = 0.0:0.5:0.5:0.0
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DðTÞ ¼

þ0:0088 0:0 0:0

0:0 �0:0540 0:0

0:0 0:0 þ0:0452

0
B@

1
CA ð3Þ

and

DðRTÞ ¼

�0:0120 þ0:0133 0:0

þ0:0133 �0:0047 0:0

0:0 0:0 þ0:0167

0
B@

1
CA: ð4Þ

The estimated D and E values were calculated by diagonalizing
the fine-structure tensor given in Eq. 2 using these tensors. The
obtained principal axis (Z) giving the maximum fine-structure
splitting was perpendicular to the molecular plane.

4. Dynamic Electron Polarization Pathway. The ob-
served spectrum shows an absorptive and emissive (E) pattern
(A/E pattern) in the lower and higher magnetic field region
than the g ¼ 2 position. This pattern is opposite to that of the
spectral pattern of the triplet state of the pyrene molecule, itself
(the TRESR spectrum of the triplet state of pyrene in the EPA
glass was observed as a broad signal with an E/A pattern by
355 nm excitation). The relative population of theMs sublevels
in the excited quartet state is explained by the selective inter-
system crossing (ISC) to the Ms ¼ �1=2 spin sublevels in a
zero magnetic field. The selective population in the quartet state
observed in this experiment should be explained by the dynam-
ic electron polarization pathway starting from the excited dou-
blet state of the radical moiety. A plausible interpretation is il-
lustrated in Fig. 4. An energy transfer occurs from the excited
doublet state of the radical moiety ( R�

D �1=2) to the n�
� excited

doublet state ( n��
D �1=2) generated by one-electron transfer from

the lone-pair orbital (n) of the nitrogen atom to the �� orbital of
the pyrene moiety. Then, the n�� doublet state is relaxed to the
��� excited quartet state ( ��

�
Q �1=2) by an enhanced intersys-

tem crossing (ISC) mechanism induced by a �-conjugation be-
tween the � orbital of the pyrene moiety and the p� SOMO of
the radical moiety. The origin of the ISC is spin–orbit coupling
at the nitrogen atoms with the p� SOMO and the n orbital.2

Here, although we omitted an explicit expression of the spin–
orbit wavefunctions of these spin states, non-vanishing matrix
elements of the energy transfer and the enhanced inter-
system crossing pathways are h�jHe{ejSOMOðNÞi and
�hnjlZjSOMOðNÞihMs0jsZjMsi, respectively. Here, He{e is the
electron–electron interaction, e2=rij, lZ and sZ are the z compo-
nents of the local orbital angular momentum and the spin angu-
lar momentum operators in the one-center spin–orbit interac-
tion (Hso) at the nitrogen atom. Since both matrix elements
do not change Ms value, the Ms conservation occurs during
the whole spin-polarization transfer pathway, leading to the se-
lective population of the Ms ¼ �1=2 spin sublevels. A direct
observation of the excited quartet state shows that a photo-in-
duced intramolecular spin alignment is realized between the ex-
cited triplet state (S ¼ 1) of the pyrene moiety and the doublet
spin (S ¼ 1=2) of the dangling verdazyl radical.

5. Intramolecular Spin Alignment on the Excited Quartet
State. In order to clarify the physical picture of the intramo-
lecular spin alignment, ab initio MO calculations for the excited
quartet state and the doublet ground state were carried out
based on DFT23 using the full optimized energy minimum
structures of each state obtained by the MNDO/AM1 method.
In this calculation, the UHF method was suitable for clarifying
the nature of the spin polarization. Therefore, the UBecke
3LYP hybrid method was used in the ab initio MO calculation.
Figures 5(a) and 5(b) show the calculated spin densities of the
doublet ground state and the excited quartet state, respectively.
In the doublet ground state, the unpaired electron is almost lo-
calized in the verdazyl radical moiety. This is the result of
strong twisting (almost perpendicular) between the molecular
planes of the pyrene and the verdazyl radical moieties. On
the other hand, the optimized molecular structure becomes
more planer (the dihedral angle between the molecular planes
is ca. 50 degrees) in the quartet photo-excited state. However,
the magnitude of the spin density in the moiety is almost un-
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changed in the excited quartet state. This result comes from
Pauli’s exclusion principle for unpaired electrons with the same
spin direction. The calculation has clarified that the spin density
of the pyrene moiety in the quartet state is dominantly generat-
ed by one-electron excitation from the �-HOMO (�) to the �-
LUMO (��) in the moiety. The connecting carbon site between
their moieties has a large negative spin density (�0:261). This
shows that the large positive spin density (þ0:504) in the pyr-
ene moiety couples to the large positive spin densities (þ0:471
and þ0:467) on the nitrogen atoms in the verdazyl moiety
through the spin polarization mechanism. This large spin polar-
ization effect through �-conjugation leads to a robust ferro-
magnetic spin coupling between the excited triplet spins and
the dangling radical spin, giving the excited quartet high-spin
state.

This work was the financial support by the Grant-in-Aid for
Scientific Research (No. 13440211) from the Ministry of Edu-
cation, Culture, Sports, Science and Technology.
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Fig. 5. Spin density distributions of 1 obtained by the ab initio MO calculation (UBecke 3LYP/STO 6-31G). (a) The doublet ground
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