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n-Topology and ultrafast excited-state dynamics of
remarkably photochemically stabilized pentacene
derivatives with radical substituents

Building blocks depict the photochemical stability:
n-topologically different Pn derivatives with both n-radical-
and TIPS-substituents are synthesized, which showed
remarkably improved photochemical stability (at least

102 times higher than that of TIPS-Pn). Ultrafast intersystem
crossing within sub-pico second for the purely organic
compounds is realized without heavy atoms by effective
n-conjugation. The relationship between rn-topology and
the photochemical stability is also discussed based on

the excited-state dynamics. A synergetic effect exists
between the radical photo-stabilization and TIPS
electronic-stabilization.
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Pentacene derivatives with both n-radical- and TIPS-substituents (Im and 1p) were synthesized and their

photochemical properties and excited-state dynamics were evaluated. The pentacene-radical-linked
systems 1m (1p) showed a remarkable improvement in photochemical stability, which was 187 (139)
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times higher than that of 6,13-bis(triisopropylsilylethynyl)pentacene. Transient absorption spectroscopy
showed that this remarkable photostabilization is due to the ultrafast intersystem crossing induced by
effective m-conjugation between the radical substituent and pentacene moiety. The relationship

between =m-topology and the photochemical stability is also discussed based on the excited-state

rsc.li/pccp dynamics.

Introduction

Pentacene (Pn) derivatives have been intensively studied as
promising candidates for organic field-effect transistors
(OFETs),! organic thin-film transistors (OTFTs),” and organic
light-emitting diodes (OLEDs)>* owing to their high hole
mobility in the solid state.>® In addition, it is also a promising
spin-current transport material that is useful for spintronics.”®
Improving the photochemical stability of Pn derivatives is an
important issue because the Pn framework easily decomposes
by reacting with oxygen under ambient light.>'® A typical
stabilization methods involves the use of a bulky and/or
electron-withdrawing substituent(s) on the Pn moiety,>*"* of
which a representative example is 6,13-bis(triisopropylilyl-
ethynyl)pentacene (TIPS-Pn) reported by J]. E. Anthony
et al.">"™ We reported a different strategy for the photochemical
stabilization (radical photostabilization) that utilized the
unique excited-state spin dynamics induced by the attachment
of the m-radical substituent(s) to the Pn moiety."**® Thus, Pn
derivatives with one'® or two'* m-radical substituent(s) were
significantly more stable against photodegradation because of
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the enhanced/accelerated intersystem crossing (EISC) of the Pn
moiety."

In this study, we report the design and synthesis of new Pn
derivatives (1m and 1p in Fig. 1) with both n-radical and TIPS
substituents, which have different m-orbital networks (i.e.,
n-topology). We evaluated their photochemical properties and
their excited-state dynamics in the relation to the m-topology.
The spin-state ordering and dynamics in the photoexcited
states expected according to the spin-density distributions in
the pohotoexcited states'®'” are also shown in Fig. 1 The
n-radical-linked Pn derivatives (1m and 1p) showed remarkable
improvement in photochemical stability much over the pre-
viously reported radical-linked pentacene derivatives (2, 3, and
4)"™ or TIPS-Pn (Fig. 1). This remarkable photochemical
stability has been ascribed to the ultrafast (femtosecond) EISC
induced by the effective m-conjugation between the radical
substituent and the pentacene moiety owing to the molecular
planarity.

Results and discussion

1m was synthesized from 6,13-pentacenedione as the starting
material, according to the procedures shown in Scheme 1. 5 was
synthesized from 6,13-pentacenedione according to the similar
procedures described in the literature.'® 6m was synthesized from
5 by a lithiation reaction with 40% yield and, then, reduced in the
dark to 7m under acidic condition with 74% yield."® A condensation
reaction of 7m with 1,3-diamino-1,3-dimethylurea in a (CH,Cl),/
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Fig. 1 (a) Chemical structures for m-radical-linked pentacene derivatives

(Im, 1p, 2, 3, and 4), and TIPS-Pn. (b) Expected excited-state dynamics for
1m and 1p.
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Scheme 1 Synthetic route for 1m.

methanol mixture afforded 1mpre. Finally, oxidation of 1mpre by
Ag,CO; on Celite (48 wt%) produced 1m as a greenish-blue powder
after recrystallization (19% yield). 1p was synthesized using similar
procedures. The detailed synthetic procedures for 1m and 1p are
described in the ESL

To characterize the electronic structures of 1m and 1p,
electron spin resonance (ESR) and cyclic voltammetry (CV)
measurements were performed. The obtained and simulated
ESR spectra of 1m and 1p are shown in Fig. S13 (ESIt), which
was adequately characterized as a dimethyloxoverdazyl radical
according to their g values and the hyperfine splitting, which
are similar to those of the phenyl-dimethyl-substituted
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Table1 Electrochemical (oxidation (Ox) and reduction (Red)), and photo-
chemical stability data of 1p, 1m, TIPS-Pn, 2, 3, and 4 in air-saturated
CH2C12

First redox potentials vs. F¢/Fc'

Derivatives E[Ox]/V E[Red]/V Tgec/hour

1m 0.332 —1.32, —1.47 178 £ 6 (97%, dominant)
3.03 & 0.43 (3%, minor)

1p 0.322 —1.32, —1.46 132 =+ 4 (96%, dominant)
0.90 =+ 0.16 (4%, minor)

TIPS-Pn  0.402 —1.45 0.950 + 0.015

2 0.294713 —1.38" 0.737 + 0.014

3 0.298"% —1.37% 2.64 + 0.05

4 0.405 —1.24 15.4 £+ 0.1

oxoverdazyl radical.*® The cyclic voltammograms (CV) of 1m,
1p, TIPS-Pn and 4 are shown in Fig. S14 (ESIt). The CV curves of
2 and 3" are not shown here, but their redox potentials are
listed in Table 1, and their photochemical stabilities are
discussed later. The first oxidation potential of 1m (1p) is
0.332 V (0.322 V), which is close to the middle between TIPS-
Pn (0.402 V) and 2 (0.294 V) or 3 (0.298 V). Notably, the
oxidation potential of the verdazyl radical overlaps with that
of the pentacene moiety.”" These findings obtained from the
CV data show that the electronic states of the pentacene moiety
in their ground state are almost unchanged by the attachment
of the radical substituent similar to shown already in our
previous work.™ Although the luminescence of 1m and 1p were
completely eliminated by the ultrafast EISC shown later, their
ground-state properties of the pentacene moiety are not
affected by the radical substituent, leading to the application
to OFETs, OTFTs, spintronics devices and so forth. It has been
actually shown in our preliminary experiment that 1p acts as
the efficient hole transport material in the OFETs (not shown).
In addition, the luminescent property of the pentacene is
expected to recover by a weak acid treatment after making
devices, leading to the possible application for OLEDs.

The photochemical stabilities of 1m and 1p were evaluated
by comparing them with TIPS-Pn, 2, 3, and 4 in air-saturated
CH,Cl, solution at room temperature (ca. 20 °C) under irradia-
tion with visible light (light power 70 mW; A, = 650 £ 25 nm for
1m, 1p and TIPS-Pn; Z., = 600 + 25 nm for 2, 3 and 4). The setup
of the irradiation system is shown in Fig. S18 (ESIt). Fig. 2a—c
show the photoirradiation-induced time-variations in the
steady-state absorption spectra of 1m, 1p, and TIPS-Pn, respec-
tively, in CH,Cl,. Only a 13(17)% decrease in the absorbance
was observed for 1m (1p) for 20 h, showing their remarkable
photochemical stabilities. In contrast, TIPS-Pn, a well-known
commercially available photochemically stable pentacene deri-
vative, showed a significant decay of the 'n-n* absorption band
of the Pn moiety within 2 h. The time variations in the
absorption spectra of the other compounds are provided in
the ESL{ The 'n-n* transition of the Pn moiety in 1m (1p) was
observed at the peak wavelength of 653.5 nm (658 nm), which
was ca. 10.5 (15) nm red-shifted than that for TIPS-Pn.
The molar absorption coefficient (¢) of 1m (1p) in CH,Cl,
was determined to be 35600 M~' cm™' at 653.5 nm
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Fig. 2 Photochemical stability of 1m (black), 1p (red), TIPS-Pn (blue), 2
(light blue), 3 (yellowish brown) and 4 (yellow green) in air-saturated
CH,Cl, at room temperature. Time variations in the absorption spectra
of (a) Im, (b) 1p, and (c) TIPS-Pn. (d) Time variations in absorbance of the
peaks in 0 « 0 band for m, 1p, TIPS-Pn, 2, 3, and 4. Their curve fittings
were obtained using eqn (1) for TIPS-Pn, 2, 3, and 4 or eqgn (2) for 1m and
1p. Abs(0) values of 1m, 1p, TIPS-Pn, 2, 3, and 4 were 1.001, 1.013,1.035,
1.036, 1.037, and 1.014, respectively.

(38000 M™" cm ™" at 658 nm), which is almost identical to that
of TIPS-Pn (& = 28 900 (27 100) M~ cm ™" at 640 nm (643 nm) in
THF (CH,Cl,)).** The n-r transition of the verdazyl radical was
masked by the overlap with the 'n-n* transition. These char-
acteristics were well reproduced by the TD-DFT calculations
(Fig. S19-S21 in ESIt). Fig. 2d shows the decay profiles of the
low-energy 'n-n* absorption peaks of all compounds studied in
this work (1m: A = 653.5 nm, 1p: 1 = 658 nm, TIPS-Pn: 1 =
643 nm, 2: 2 = 589.5 nm, 3: 2 = 589.5 nm, and 4: 4 = 602 nm).
The decay profiles of 2, 3, 4 and TIPS-Pn were analyzed by using
the following eqn;**

1)

1 Abs(0) __ 1
Abs(1) = loglo{l +0—}

lol/fdec

where, Abs(¢) refers to the absorbance at time ¢. In this eqn, the
decrease in the absorbance at the excitation wavelength by the
photochemical reaction of the Pn moiety was considered.
The characteristic time (¢g..) for the decomposition of the Pn
moiety by the photochemical reaction with the molecular
oxygen was determined by the least-squares fitting. In the case
of 1m and 1p, a small amount of impurity (<4%) with a
decomposition time comparable to that of TIPS-Pn was present;
therefore, their decay profiles were well analyzed using the
following eqn;

loAbsl(O) -1

lot/fldec
lo(Abs(O)—Absl(O)) _ 1}

107/72dec

Abs(1) = loglo{l +

+ loglo{ 1+ (2)

where, Abs1(0), and 714ec, and {Abs(0) - Abs1(0)}, and 724, refer
to the initial absorbance and the decay times of the major and
minor components, respectively. The t14.. values for 1m and 1p
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were 178 + 6 h and 132 + 4 h, respectively, which are
significantly longer than the decay times of previously reported
radical-linked pentacene derivatives (2, 3, and 4) and TIPS-Pn.
The 724, values for 1m and 1p were 3.03 + 0.43 and 0.90 +
0.16 h, respectively, which are comparable to the decay time of
TIPS-Pn (0.950 £+ 0.015 h), indicating that these belong to non-
radical species having both TIPS and Pn moieties, which are
likely to be decomposed products of the radical species. The
photochemical stabilization data are summarized in Table 1.
Overall, the presence of a radical substituent exerts a remark-
able photochemical stability for 1m (1p), which is approxi-
mately 187(139), 242(179), and 11.6 (8.6) times higher than
that of TIPS-Pn, 2, and biradical 4 (the most photostable
radical-linked pentacene derivative reported previously),
respectively. In addition, 1m and 1p can be easily dissolved in
the common organic solvents such as CH,Cl,, because of the
TIPS substituent; the calculated dipole moments of 1m, 1p, and
TIPS-Pn are 0.74, 0.68, and 0.10 Debye, respectively.

We reported that intersystem crossing (ISC) in Pn and
anthracene derivatives was enhanced/accelerated by introdu-
cing m-radical substituent(s),">'®** and a similar phenomenon
was observed for ultrafast ISC for perylene-3,4,9,10-bis-(dicar-
boximide) derivatives with radical substituent(s).>>** The
excited singlet states ("Pn*) in 1m and 1p were expected to be
efficiently converted to the excited triplet state (*Pn*) by the
EISC. Thus, the enhanced/accelerated ISC mechanism in the Pn
moiety from 'Pn* to *Pn* works in 1m and 1p, leading to the
observed remarkable photochemical stability, because the
photochemical reaction of the Pn derivative with oxygen occurs
predominantly in 'Pn* states.>” The enhancement in the photo-
stability was much larger than that of 2, 3, 4, and TIPS-Pn. It
should be noted that the increase in the number of radical or
TIPS substituents leads to an additional effect on the photo-
stability, which is “linearly” (or close to linearly) proportional
to the number of substituents."*'*'? Therefore, the significant
increase in the photochemical stability of 1m and 1p is
due to their molecular planarity, which leads to the ultrafast
(enhanced) ISC by the effective m-conjugation between the
radical substituent and pentacene moiety. The synergetic effect
of the radical photostabilization and the electronic effect of the
TIPS substituent may also contribute to this enormous
photostability.

To confirm the above speculation and gain further insight
into the excited-state dynamics, we performed transient
absorption (trA) measurements. The experimental details are
described in the ESI.{ Fig. 3 shows the color maps of the trA
spectra and time courses at the characteristic wavelengths.
Typical time courses of the spectra are provided in the ESI.}
The transitions at 446 nm and 574 nm in Fig. 3a correspond to
the wavelength of the trA peaks of 1m at an early stage, which
was assigned to the singlet excited state of the Pn moiety ('Pn*).
The peak wavelength of the triplet excited state of the Pn moiety
(*Pn*) corresponds to 497 nm, while that of the bleach corre-
sponds to 644 nm (see ESIt). The time-dependent decays of the
trA intensities (AAbs) at 446 nm and 574 nm were analyzed
using a double exponential function (AAbs(f) = Csexp(—t/ts) +

This journal is © the Owner Societies 2022
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Fig. 3 Typical transient absorption data. (a) 1m (Left: Color maps of the
transient absorption spectra. Right: Time decays at the characteristic
wavelengths.) (b) 1p (Left: Color maps of the transient absorption spectra.
Right: Time decays at the characteristic wavelengths.).

Crexp(—t/tr), where, 15 and tr refer to the singlet state and
triplet state lifetimes of Pn* moiety, respectively), showing that
the trA spectra of 'Pn* and *Pn* overlapped. It should be noted
that the total spin states of the whole molecule are sing-
doublet, *(*Pn*-R) for 'Pn*, and trip-doublet *(*Pn*-R) and
trip-quartet *(*Pn*-R) for *Pn*, respectively. Therefore, 15 and
7r denote the lifetimes of 'Pn*-R and *Pn*-R, respectively. The
15 value was estimated from the fit of the trA decay at 574 nm,
where the trA of 'Pn* was the most dominant (the tg estimated
from the fit of the trA decay at 446 nm was 560 + 43 fs which
was within the experimental error). The recovery of the bleach
at 644 nm was used to estimate the average decay time ((z1)) of
*Pn* because the process related to *Pn* is slightly compli-
cated, as follows. The trA intensity at 497 nm first decreased,
second increased and then decreased, which may suggest the
existence of an indirect pathway from 'Pn* to *Pn* (see ESIY).
This behavior is difficult to fit using a simple double exponen-
tial function. The triplet lifetime (zy) was roughly estimated
from the least-squares fit using a triple exponential function
(see ESIt). The 15 and (tr) values of 1p were estimated by the
double exponential fit of the decay of the TrA peak at 584 nm
and by the single exponential fit of the recovery of the bleach at
659 nm in Fig. 3b, respectively. The peak at 584 nm corre-
sponds to the trA peak of 1p (see ESIT) at an early stage. The 7

Table 2 Lifetimes (ts and t7) of the singlet and triplet states of the Pn
moiety of 1p, 1m, 2, 3, and TIPS-Pn in CH,Cl,

1m 1p 2!® 31 TIPS-Pn”

ts 537 fs (37 fs)”
w128 ps (3 ps)*
(vr) 49 ps (1 ps)*

“ standard error of fit. ? See ref. 30. ¢ Bleach was difficult to separate
from the scattered light.

135 fs (26 fs)* 19 ps 5.3 ps  9.46 ns (0.05 ns)
163 ps (2 ps)* 830 ps 560 ps 4.31 ps (0.32 ps)
74 ps (2 ps)* —°
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value was roughly estimated from the fit using a triple expo-
nential function (see ESIT), because the indirect pathway from
'Pn* to *Pn* is also indicated from the time course of the trA
intensity at 501 nm. The obtained lifetimes (g, 11, and (z1)) are
listed in Table 2 along with the lifetimes (z5 and 1) of 2, 3 and
TIPS-Pn. The lifetimes of the precursors (1mpre and 1ppre)
were similar to those of the TIPS-Pn (see ESIt).

The g of 1m (1p) was ca. 1.8 x 10* (7.0 x 10%) times shorter
than that of TIPS-Pn because of the EISC and 35 (140) times
shorter than that of 2 due to the effective n-conjugation, as a
result of the molecular planarity (the dependency on the radical
species was less than 4 times judging from the t5 of 2 and 3).
The (tr) of 1m (1p) was ca. 8.8 x 10* (5.8 x 10%) times shorter
than 7 of TIPS-Pn and 17 (11) times shorter than that of 2 (On
the discussion related to the photochemical stability, (tr) is
better than tr.). It is known that the difference in the exchange-
couplings between the unpaired electron on the radical and the
electrons in half-filled orbitals on the excited chromophore is
important in the EISC rather than the magnitude of the
exchange coupling,®®?” although the effective n-conjugation is
expected to be one of the critical factors in EISC of 1m and 1p.
The detailed discussions of the expected mechanism for the
ultrafast quenching of the photoexcited states is described in
the ESL{ Because the photochemical stability of 1m (1p) is
242(179) times higher than that of 2, a synergetic effect between
the radical photo-stabilization and TIPS electronic stabilization
seems to exist, but the dominant effect is due to the ultrafast
EISC owing to the effective m-conjugation. It should be noted
that tr and (tq) of 1m are shorter than those of 1p, which is
consistent with the spin-state ordering of *(*Pn*-R) and
*(Pn*-R). Thus, as shown in Fig. 1b, the expected lowest
excited state of 1m is *(*Pn*-R) with a low-lying higher energy
*(*Pn*-R) state. Therefore, the spin-allowed transition to the
ground-state is expected to occur efficiently from *(*Pn*-R). In
contrast, the expected lowest excited state of 1p is *(*Pn-R),
from which the transitions to the ground state can occur
indirectly via the low-lying higher-energy *(*Pn*-R) state. This
indicates that the excited-state dynamics can be controlled by
n-topology. Notably, the photochemical stability of 1m was
higher than that of 1p, although the 75 of 1p was shorter than
that of 1m. This is understandable as the complete suppression
of the reaction pathway via 'Pn* is due to the extremely short g
value for 1m and 1p, although the dominant decomposition
pathway of pentacene is known to occur via 'Pn*.”® Thus, the
remaining effective decomposition pathways occur in *Pn*.

Conclusions

A remarkable improvement in photochemical stability of 1m
(1p) was achieved, which was 187 (139), 242(179), and 11.6 (8.6)
times higher than that of TIPS-Pn, 2, and 4, respectively. It is
also worthy of notice that the intersystem crossing of the purely
organic compounds without heavy atoms is realized in the sub-
femtosecond region. The trA spectroscopy clarified that the
ultrafast enhanced/accelerated ISC was realized owing to the
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effective m-conjugation between the radical and the pentacene
moieties. In contrast, no enhanced/accelerated ISC and no
photochemical stability improvement were reported for the
Pn derivative attached to the TEMPO radical.’®*° The strong
conjugation of the n-radical with the Pn moiety is essential for
the enormous photochemical stabilization of 1m and 1p. In
addition, m-topological control of the excited-state dynamics
was realized and applied to the enhancement of photochemical
stability.
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