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ABSTRACT: Excited triplet states of acene (*1A*, n being the number of benzene rings) have recently attracted considerable
attention because of their useful applications. However, *1A* with n > S have not been experimentally explored, due to the
insolubility and instability of the higher acenes. In this study, we succeeded in detecting spin-polarized *7A* by combining the
photoprecursor method using a degassed amorphous matrix of o-terphenyl and time-resolved electron spin resonance. *7A* is the
longest acene among the *nA* observed to date. It has been clarified that *7A* is generated by preferential intersystem crossing to
the in-plane sublevels and possesses zero-field splitting constants of D = 0.035 cm ™" and E = 0.000 cm™". The D values for *nA* (n =
2—7) were found to follow a linear 1/n-dependence, expressed as D(1n)=0.180/n+0.011 [cm™'], which provides a quantitative basis
for the spatial extent of excitation in even higher *1A* states.

14,15

Acene (nA), in which n benzene rings are linearly fused as sensitivity. Assemblies of nA with n > 4 are expected to

illustrated in Scheme 1a, is a core molecule in the undergo singlet ﬁssion,m'17 which may enable surpassing the
chemistry of various aromatics' > and is a central building theoretical limit of solar-energy conversion efficiency.'®"
block for organic semiconductors.™” Thus, clarifying the electronic structure and dynamics of
*nA* is an urgent and important issue in photochemistry and

Scheme 1. (a) Molecular Structure, Molecular Axis System, exciton engineering. In this paper, we performed electron spin
And Point Group of Acenes (nA); (b) Photodecarbonyl- resonance (ESR) measurements on *7A* photogenerated from

ation Reaction of 5A- and 7A-Diketones (5A-dk and 7A-dk) the precursor, 7A-dk (Scheme 1b), to obtain the magnetic and
kinetic properties of the spin-sublevels for higher *nA* with n
> S, for which no experimental studies have been reported to
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Day Do Do Absorption spectra for 7A-dk and 5A-dk in degassed o-

(a) acene series

(b) photoprecusor method terphenyl (OTP), whose detailed preparation procedure is
PSSO Se | eSS SS S described in section S1 of Supporting Information (SI), are
5A insoluble 7A shown in Figure 1. When the nz* band of the dicarbonyl
ZCO‘\Thc/AdC Zcohc/gdc group”’ was excited in the wavelength (1) range of 400—500

nm using intense light for the decarbonylation (44.), the nz*
bands decreased in intensity and several new bands appeared.
The light-induced spectrum peaking at 4 = 636, 689, 763, and
795 nm for 7A-dk (Figure 1a), which is almost identical to that
) ) for 7A,7"*> demonstrates that 7A is produced from 7A-dk in

Var)ér}?g n allows tuning O_f Fhe HOMO-LUMO energy gap OTP at room temperature. Since 7A exhibits several
of nA.”’ Light absorption arising from the narrowed HOMO— absorption peaks in the 400—500 nm region, the two peaks
LUMO gap enables excited-state chemistry applicable to solar at A = 427 and 452 nm, which overlap with the bleached nz*
energy utilization, phototherapy, quantum information pro- band are attributed to 7A. Additional weak doublet in the
cessing and optoelectronics. Photochemistry often proceeds 530—600 nm region suggests the formation of byproducts. On

. . 3 . . .
from the excited triplet state, nA*, which is typically born the other hand, blue-light irradiation of SA-dk induces a
from excited singlet state, 'nA*, via intersystem crossing (isc),

because its lifetime is longer than that of 'nA*.* Recently 35A*
has attracted attention as a molecule exhibiting MASER
emission at room temperature,g’10 a quantum-entanglement
state involving many nuclear spin qubits of the hydrogens
bonded to carbons.''™'? 35A* and its derivatives are also
utilized as sources of spin angular momentum at room
temperature in dynamic nuclear polarization enhancing NMR
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Figure 1. (a) Absorption spectrum (black) for 7A-dk doped in
degassed OTP matrix, and difference spectrum (red) obtained after
irradiation with 9 mW light at 4;. = 460—500 nm (light blue) for 39
min at room temperature. The difference spectrum was obtained by
subtracting the preirradiation spectrum. (b) Absorption spectrum
(black) for SA-dk doped in degassed OTP matrix, and difference
spectrum (green) after irradiation with 7 mW light at A4, = 470—500
nm (light blue) for 39 min at room temperature. The spectra
recorded before blue-light irradiation (black) exhibit a broad offset
due to light scattering.

spectrum with three peaks in the S00—650 nm region (Figure
1b), assigned to SA, indicating that SA is generated from SA-
dk by blue-light irradiation at room temperature. The first two
peaks in the vibronic progression of absorption spectrum for
SA in OTP agree with the doublet due to the byproduct of 7A-
dk in OTP. This observation suggests the formation of a
byproduct containing a SA moiety (5A-bp), which is
supported by ESR measurements (section S2 of SI). The
photogenerated 7A and SA in OTP were stable even under
selective photoexcitation (section S3 of SI). We also performed
the same experiments using a degassed poly(methyl meth-
acrylate) (PMMA) matrix and observed matrix-dependent
photostability of 7A and SA (section S3 of SI).

Figure 2 shows the transient ESR (trESR) spectra for *7A*
and *5A*, detected at delay time (¢) of 1.0 us after the selective
excitation of the photogenerated 7A and SA in degassed OTP
at room temperature using the nanosecond lasers. Because the
trESR spectrum for *7A* at 80 K has a good signal-to-noise
ratio, the spectrum at ¢ = 0.4 ys is also superimposed in Figure
2a. The intensity of ESR signal for *7A* linearly increases with
the incident laser power. The observed linear dependence
indicates that 7A* is generated by a one-photon process,
excluding the possibility of two-photon excitation of 7A-dk or
the byproducts in OTP. Indeed, the total splitting of trESR
spectrum of *7A* (ca. 78 mT) is much narrower than that of
37A-dk* (ca. 140 mT), which was detected in OTP at 85 K
(Figure S4). Both trESR spectra of *7A* and 35A* exhibit
microwave emission on the low field side and absorption on
the high field side. The spectral pattern of *7A* resembles
those of *>5A* and small *nA*. This similarity indicates that the
upper spin-sublevels in 37A* are preferentially populated
through spin—orbit (SO) interaction with '7A*. Although the
spectral phase could also be explained by rapid energy transfer
from an excited triplet state of nearby molecule with a similar
energy,23 the energy of *7A-dk* (2.36 V) is much higher than
that of *7A* (0.79 €V).*”** Therefore, this mechanism of
triplet energy transfer can be ruled out for the observed spin
polarization of *7A*. The spectral width of *7A* is narrower
than that of 3SA%, reflecting the smaller zero-field splitting

—at RT (1 = 532 nm)
——-sim.
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Figure 2. (a) TrESR spectra for *7A* measured at room temperature
at t = 1.0 ps (light red) and at 80 K at t = 0.4 us (red) after the
nanosecond laser flashes at A, = 640 (0.1 mJ/pulse) and 630 nm (0.4
mJ/pulse), respectively, for the selective excitation of 7A in degassed
OTP, which was prepared by the blue light irradiation at A4, = 450 nm
(125 mW) for 4 min at room temperature. Inset indicates laser power
dependence of the ESR signal intensity for *7A* at 80 K measured at
the canonical field indicated by the red arrow. (b) TrESR spectrum of
35A* measured at room temperature at t = 1.0 us (green) after the
nanosecond laser excitation at A, = 532 nm (0.8 mJ/pulse) for the
selective excitation of SA in degassed OTP, which was prepared by
the blue light irradiation at A4, = 450 nm (12 mW) for 90 min at room
temperature. The black dashed curves represent simulations
calculated using the ESR parameters listed in Table 1.

(zfs) among the spin-sublevels of *7A*. The observed spectra
were successfully simulated using the spin Hamiltonian
(section SS in SI) with the parameters listed in Table 1.

Table 1. g Factor, zfs Constants (D and E), Normalized
Population Differences (p,”), and Spin—Lattice Relaxation
Time (T,)” for *7A* and *SA* in a Degassed OTP Matrix

nA g D/cm™! E/cm™! p10ps%p™ T,/ps
7A” 2,005 0.035 00000  (1-0):(0=1):0 047
SA° 2.002 0.045 —0.0015 0.41:0.59:0.00 1.9

“Section S6 in SL ¥80 K. “Room temperature. “Assuming that the X-,
Y-, and Z-axes are respectively parallel to the L-, S-, and O-axes like
small *nA* and that the smallest sublevel population, po’, is zero.

The energies (¢;) and splitting constants (D = —3¢&,/2 and
IE/DI = I(e;, — &)/3€,)!) of the spin-sublevels (T,°) at zero-
field as well as the population (p,°) of T,® for *7A* and 35A*
are plotted in Figure 3, together with those of *zz* states of
small nAs.”>~>" The subscript I denotes the quantization axes
parallel to the molecular axes (Scheme 1). Both the £, and ¢,
corresponding to the sublevels (T;° and T,,°) whose principal
axes are parallel to the long in-plane (L) axis and the out-of-
plane (O) axis, respectively approach zero with increasing n. In
contrast, &g for the T’ whose principal axis lies along the short
in-plane (S) axis, remains nearly constant, except for n = 1. The
observed trend in g; is fully explained by the extension of
triplet excitation delocalized over the L-axis, which is the
direction of ring condensation. Because the zfs in *nA* is
dominated by the magnetic dipolar interaction between two

https://doi.org/10.1021/jacs.6c06021
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Figure 3. Dependence of the spin-sublevel energy (a) and the D-value
and orthorhombicity of zfs (b) on the z-conjugation size. Data of the
open symbols are taken from the literatures of 1A,>*° 2A,%*
3A,°%% 4A,*" 5A,*° while the filled symbols for SA and 7A represent
data obtained in this work. The solid straight lines in (a) and (b) are
fitting curves. The inset in (a) shows the spin density distribution for
37A%* calculated by DFT.

unpaired electrons in z-orbitals,” the g is expressed by eq 1
with the integral of the molecular orbital for triplet excitation,

‘PT-

)7 <3 -1,
0( 2 ab a
~ =g, Y~ —"pp
87 &Hs % r:b b

UG): X(x), Y(y), Z(2)} ()

Here i, pp, v and j denote the permeability, the Bohr
magneton, the distance between the unpaired electrons, and
the component of r along the J-axis, respectively. The
molecular integral can be approximated by a summation of
the atomic terms of the spin densities (p) on the a- and b-th
atoms. In small 3nA*, the X-, Y- and Z-axes are assigned to the
L-, S- and O-axes, respectively. The decrease of & with n is
mainly attributed to increase in the mean value of r caused by
the extension of triplet excitation. The decrease of le,| with 7 is
understood by a reduction in p associated with the excitation
extension. In contrast, the nearly constant & can be interpreted
as the combined effect of two opposing factors, a decrease in p
and an increase in the number of atomic terms accompanying
the excitation extension.

The D-values for *1A* of n = 2—7 lie well on the line of
D(n) = (0.180 =+ 0.005)/n + (0.011 % 0.002) [cm™']. 31A%* is
excluded from the ﬁtting, because its symmetry is effectively
closer to pseudo-Dg;,.”””” A similar dependence of the D-value
on the 7-conjugation len§th has been regorted for the zx*
states of oligothiophenes®" and polyenals.”> The D-value, equal
to —3€0/2, is proportional to (r*) when Wy is substantially
localized into two points, because the O-axis is parallel to the
Z-axis, a principal axis with the largest splitting. Therefore, the
observed 1/n-proportionality of D in the 3zz* state is likely to
arise from the delocalization of triplet excitation. Also, similar
linear 1/n-relationship with a nonzero intercept has also been
reported for the HOMO—LUMO gap (E,,,) of 'nA* > As
discussed in section S7 in SI, the 1/n-proportionality of D in
>nA* of n = 2—13 can be understood through the analytical
solution derived from a simple model assuming a uniform spin

- 3j2

'uO 2
g =—— ¥
il 87 (g/’tB) < T 1‘5

36311

density distribution over the peripheral carbons. To estimate
the spin distribution more accurately, we calculated it by the
density functional theory (DFT) (section S8 in SI). The
calculated distribution can be approximated as Gaussian
distributions, whose standard deviations are smaller than the
total bond length between the terminal carbon atoms of the
two edge rings along the L axis of nA. Linear 1/n-
proportionalities of the spin-sublevel energies were obtained
even in the Gaussian distribution, in which delocalization of
excitation is restricted in the central rings (Figure S9).

The preferential isc to the in-plane sublevels observed for
37A* can be explained by the vibronic SO-interaction
mediated by Jon* (or '?zo*), analogous to the isc
mechanism in small *1A* (section S9 in SI). The g-value of
37A%, which is larger than that of the free electron, may also
suggest that SO-interaction contributes to the zfs (section S8
in SI).
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