Open Access Article. Published on 22 July 2019. Downloaded on 10/28/2025 2:10:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

ROYAL SOCIETY
OF CHEMISTRY
>

ORGANIC CHEMISTRY
FRONTIERS

PEERE

Chinese Chemical Society

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Trioxotriangulene with carbazole: a donor—
acceptor molecule showing strong near-infrared
absorption exceeding 1000 nmf

’ '.) Check for updates ‘

Cite this: Org. Chem. Front., 2019, 6,
3107

Tsuyoshi Murata, 2 Kazuki Kariyazono,® Shusaku Ukai,? Akira Ueda, @< Yuki Kanzaki
Daisuke Shiomi, Kazunobu Sato, € ¢ Takeji Takui & ¢ and Yasushi Morita {2 *2

A donor-acceptor type trioxotriangulene (TOT) neutral radical derivative having three carbazolyl groups
as electron-donors was newly synthesized. The ESR spectrum showed that the electronic spin delocalized
over both the TOT skeleton and three carbazolyl groups, causing high stability of the neutral radical
species. In the cyclic voltammetry measurement, the adduct exhibited multiple redox waves from the
redox processes of TOT from the monocation to radical tetraanion species and also from the oxidation of
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the carbazolyl groups. The UV-vis spectra showed a strong near-infrared photoabsorption band with an
absorption maximum of 1028 nm, which was characterized as an intramolecular charge-transfer from the
carbazolyl group to the TOT neutral radical core. In both solution and solid states, the neutral radical
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Introduction

Organic molecules that contain electron-donor (D) and elec-
tron-acceptor (A) units (D-A) are of interest in the develop-
ment of organic electronics due to the intramolecular electron
transfer (IET) processes which have various applications such
as non-linear optics," photovoltaics,”> photoconductivity,®
ambipolar charge-transport® etc. In particular, a strong IET
absorption band with a large bathochromic shift extending
into the near-infrared (NIR) region is the most characteristic
feature of D-A molecules.” The wavelength of the IET absorp-
tion band can be controlled by the strength of D and A units
(HOMO and LUMO energies, respectively), and many D-A
molecules having an absorption maximum Apa Of
500-900 nm have been reported.” On the other hand, D-A
type small molecules exhibiting a IET band with Ay >
1000 nm are rare.”” When the D or A unit possesses an
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formed a n-dimer stabilized by the strong two-electron-multicenter bonding on the TOT skeleton.

unpaired electron, additional intriguing functions can be
found, originating from the electronic-spin and open-shell
electronic structure. D-A molecules with the perchlorotriphe-
nylmethyl (PTM) neutral radical as an A unit and tetrathiaful-
valene (TTF) as a D unit exhibit a high electrical conductivity
induced by high pressure (Fig. 1).> A TTF derivative having a
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Fig. 1 Molecules in text. R represents the substituent groups, and the
asterisk (*) represents the electronic states of the TOT skeleton.
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nitronyl nitroxide unit shows a high electrical conductivity of
orr =9 x 107" S em™" as a single component under ambient
conditions, and also exhibits a magnetoresistance response
upon the application of a magnetic field.” The D-A molecules
of the 6-oxophenalenoxyl (60PO, A unit) neutral radical with
TTF exhibit a spin-center transfer phenomenon controlled by
the external stimuli, where the spin-center (unpaired electron)
moves from 60PO to TTF units by the IET process.'® A similar
transformation of the electronic-spin structure based on the
bistability of open-shell D-A molecules has also been
observed in PTM neutral radicals with TTF and ferrocene (Fc)
units.'** In addition to the number of substituted D units,
the interaction of the m-electronic system between D and A
units would also be important for the intensity of the
IET bands. These open-shell D-A molecules also exhibit
IET absorption bands in the NIR region with Ay, >
1000 nm; however, their intensities are usually very weak
(Emax < 10> M™' em™)."°"* The triphenylamine substituted
PTM derivatives linked through an ethynyl spacer exhibited a
strong IET band at 4,,.x = 800-900 nm, where the intensity of
the band increases with the number of substituted D units,
from emax = 5-6 x 10> M~! ecm™ for the mono-substituted
derivative to ema = 12-17 x 10> M~ ecm™" for the tri-substi-
tuted one."

Trioxotriangulene (TOT, Fig. 1) is a stable organic neutral
radical with an electronic-spin structure delocalizing on the
whole three-fold symmetric 25n-electronic system.'* The TOT
neutral radical possesses a strong electron-accepting ability
with the redox potential of —0.05 V vs. Fe/Fe', which is close to
that of tetracyanoquinodimethane (Fig. 1, TCNQ, E = —0.11 V).
The strong self-assembling ability of TOT forming one-dimen-
sional z-stacking columns induced high electrical conduc-
tivities as single component neutral radicals and mixed-
valence salts composed of neutral radicals and monoanion
species."> We have also disclosed that the n-stacking columns
of the TOT neutral radical in the crystalline state exhibit a
strong NIR absorption with A, > 1000 nm through inter-
molecular interactions of the SOMO.*®

Here we have newly synthesized a D-A type TOT neutral
radical having three carbazolyl groups as D units, 1 (Fig. 1).
Carbazole is a heterocyclic chromophore, and has been widely
studied as a building block of organic electronic materials due
to its intrinsic photophysical and redox properties.'” In par-
ticular, the electron-donating and charge-transporting abilities
of carbazole derivatives have been utilized in the development
of organic light-emitting diodes (OLEDs)"® and photoconduc-
tive materials.'® Open-shell D-A compounds of the tris(2,4,6-
trichlorophenyl)methyl (TTM, Fig. 1) neutral radical with car-
bazolyl groups as D units have demonstrated various intri-
guing functions such as low-energy photoabsorption/emis-
sion,'® paramagnetic liquid ecrystallinity”® and ambipolar
charge-transport.>' In this paper, we disclose the electronic
effects of the carbazolyl groups on the electronic spin struc-
ture, redox properties and n-stacking structure of 1. In particu-
lar, we emphasize that the introduction of electron-donating
groups to the TOT neutral radical as substituents gave rise to a
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strong NIR photoabsorption with A, > 1000 nm with enax >
10* M~ em™ due to the IET process.

Results and discussion
Synthesis and stability of 1

The synthetic method of 1 is shown in Scheme 1. The carbazo-
lyl groups were introduced into the TOT skeleton by the cross-
coupling reaction of tribromo TOT derivative 2 with corres-
ponding 3,6-di-tert-butylcarbazole under the presence of the
Pd catalyst.”* After removing the pivaloyl protecting group with
a base, the product was acidified with aqueous HCI to afford
the radical precursor 3. The treatment of 3 with tetra-n-buty-
lammonium hydroxide ((n-Bu)sN'OH™) gave the monoanion
salt ((n-BuyN')(17)), and the oxidation of 3 with PbO, yielded
the neutral radical 1. Similarly to the pristine TOT 4, both
(n-BuyN")(17) and 1 were stable under air both in solution and
in the solid state. Neutral radical 1 did not show any decompo-
sition even at 300 °C under air, and the decomposition point
under a N, atmosphere was ~400 °C (Fig. $11)."*? Due to the
bulky tert-butyl groups around the carbazolyl groups, 1 was
highly soluble in toluene, CH,Cl, and THF to give a green
solution; however, it was insoluble in non-polar hexane and
strongly polar DMSO and alcohols.

Electronic spin structure

The electronic-spin structure of neutral radical 1 was investi-
gated by ESR and "H-ENDOR/TRIPLE spectroscopy in toluene
solution. The ESR spectrum of 1 showed a broad signal with
hyperfine structures owing to the contributions from small
hyperfine splitting (Fig. 2a and b). The observed g-value was
2.0040, which is very similar to that of the pristine TOT 4 (g =
2.0041)."* The 'H-ENDOR spectrum (Fig. 2c) showed three
kinds of proton hyperfine couplings, and their relative signs
were unequivocally determined from the 'H-TRIPLE spectrum
(Fig. 2d). Considering the molecular symmetry, the observed
hyperfine couplings of protons were assigned with the help of
DFT calculations (Fig. 3): the largest splitting is assignable to
the six a-protons in the TOT skeleton (a(H') = +2.16 MHz),
whereas the smaller ones are ascribable to the protons of the
carbazolyl groups (a(H?) = —0.47 MHz and a(H?) = a(H’) =
+0.15 MHz). The experimental and calculated hyperfine coup-

1. 15mol% Pd(dba),
15 mol% P(t-Bu);

4 equiv 3,6-di-tert-butylcarbazole
4.5 equiv NaO--Bu
toluene, 100 °C

8

o
°
2

2. a.excess (n-Bu)yNOH
- MeOH, 60 °C
b.2 M HCl aq.
60°C

excess excess
(n-Bu),NOH PbO,
-~ 3 — 1
toluene, rt

(n-BugN*)(17) ——p

Scheme 1 Synthesis of neutral radical 1 and monoanion salt 1™.
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Fig. 2 (a) Observed at 273 K and (b) simulated ESR spectra, and (c)
*H-ENDOR and (d) *H-TRIPLE spectra of 1 in degassed toluene (9 x 107> M)
at 260 K. The ESR simulation was achieved by optimizing the hyperfine
coupling constant (hfcc) of the nitrogen nucleus and line width
(Lorentzian line shape) with the proton hfcc's (a's) fixed which are
experimentally determined by H ENDOR spectroscopy: a(HY) =
2.16 MHz, a(H?) = 0.47 MHz, a(H®) = a(H*) = 0.15 MHz, a(N) = 0.58 MHz
and the line width = 0.011 mT (see Fig. S3t for detailed analysis). The
upward and downward arrows in (d) denote an increase and decrease in
the intensity of an ENDOR signal, respectively, when the pump fre-
quency at 13.400 MHz is applied. Note that the two weak signals
appearing at around 13.9 and 15.0 MHz in (c) and (d) are attributable to
the unidentified species in extremely small amounts. These signals are
free from the TRIPLE effect which is intramolecular, as shown in (d).

ling constants are in good agreement. These results show that
the electronic spin delocalizes over the carbazolyl groups. The
delocalization of the electronic spin to the carbazolyl groups is
also suggested experimentally from the smaller hyper fine
coupling constant of the a-proton on the TOT skeleton com-
pared to that of 4 (a(H') = 2.57 MHz),"*? implying the
reduction of the electronic-spin density at the a-carbon atoms.
In the DFT calculations, 22% of the total spin densities of 1 is
located at the three carbazolyl groups. The intensity of the ESR
signal of 1 gradually decreased upon cooling due to the for-
mation of a non-magnetic n-dimer as observed in other TOT
derivatives (Fig. S27), indicating the strong multicenter bonding
nature in the rn-dimer of the TOT neutral radical.'*’ The
enthalpy and entropy changes for the n-dimerization were deter-
mined to be —12.9 kcal mol™ and —17.5 eu, respectively, from
which the dimerization constant Kgimer was determined as 3.7 x
10> M~".>® These parameters were similar to those for the tri-
tert-butyl substituted TOT 5, where Kgjmer is 1.2 X 10° M~.*°
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Fig. 3 (a) Observed hyperfine coupling constants (in black) and calcu-
lated values (in red) of 1. Considering the molecular symmetry, the cal-
culated hyperfine coupling constants for the equivalent nuclei were
averaged. Cz indicates the 3,6-di-tert-butylcarbazolyl groups. (b)
Calculated spin-density distribution of 1. The calculations were per-
formed by using the DFT method at the UB3LYP/6-31G(d,p) level of
theory. The tert-butyl groups were omitted during the calculation.

Cyclic voltammograms

The electronic effect of the carbazolyl groups on the multistage
redox ability was evaluated by means of electrochemical
measurements of the salts (n-Bu,N")(17) in CH,CI, (Fig. 4 and
Table 1). Due to the poor solubility of the neutral radicals of 4
and 5, the (n-Bu),N" salts of the monoanion species were used
for the measurement. In the cyclic voltammetry (CV) measure-
ments in CH,Cl, (Fig. 4 and Fig. S47), redox processes of the
monoanion 1~ to radical dianion (1*>7) and further diradical

trianion (1°7) were observed at E?,, = —1.87 V and E}), =

1/2
—2.12 V vs. Fc/Fc', respectively, as/ reversible ones. On the
other hand, the redox wave between monoanion 1~ and
neutral radical 1 at E* ~—0.2 V was not simple, where both oxi-
dation and reduction proceeded in two steps probably due to
the association of 17 and 1 in the solution state. The redox

potential of E' was much higher than those of TTM

1+, 1 ; 1- 127 13-
[ : H ;P
redox of ! ' '
carbazole ! |
— e
- -0.20 -0.39
g E31/2| =-2.12
o
© E2%p=-1.87
5 -0.12
5 E01/2 =+0.61
O E'
ECZ, = +1.02
1 A 1 1 1 A 1
+1 0 -1 -2

Potential / V vs. Fc/Fc*

Fig. 4 Cyclic voltammograms of 1 measured using the n-BusN* salt of
monoanion species (1 mM) in CH,Cl,. The result was calibrated with an
Fc/Fc* couple.
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Table 1 Redox potentials (V)? of 1, 4 and 5 in the CV measurements in
CH,Cl, or DMF solution, and their LUMO and SOMO energies (eV)?

1 4 5
CH,Cl, DMF CH,Cl, DMF CH,Cl, DMF

E* — —2.75° — —3.09° —3.18°

E? -2.12 —2.14 — —2.39 —2.53¢ —2.48

E* -1.87 -1.79 —2.18° —2.03 —2.18° —2.10

E! -0.21° —-0.13°  +0.07° —0.05° —0.35 —0.26°

E° +0.61 +0.70° — — +0.79° —

E* +1.02°¢ +0.97° — — — —

LUMO  -2.63¢ —2.53 —-2.29

SOMO  -3.19¢ —3.33 -3.11

“ Potentials were calibrated with an Fc/Fc" couple = 0 V. ? Calculated by
the DFT method at the ROB3LYP/6-31G(d,p) level of theory. Peak
potentials were listed due to the irreversibility. ¢ Calculated with an
optimized structure where the dihedral angle between TOT and carba-
zolyl groups is 47°.

(=0.89 V) and PTM (ca. —0.7 V),'® indicating the stronger
electron-accepting ability of 1. At a further higher potential, a
reversible wave assignable to the redox between neutral radical 1
and monocation species 1* was observed at EY ;= 10.61 V.
Compared to the oxidation potential of 9-phenylcarbazole at
+0.80 V, the strong redox wave at the highest potential at
+1.02 V originates from three carbazolyl groups (Egz). These
redox waves were observed reproducibly. In the CV measure-
ments, in a highly polar DMF solution having a wider window
to the negative potential, similar redox properties were
observed, and the reduction of 1*~ to radical tetraanion (1*7)
can be observed around Eﬁ = —2.75 V as an irreversible peak
(Fig. S51). Redox waves corresponding to E° to E* were also
observed in 4 and 5, and therefore these waves are assignable
to the redox processes of the TOT skeleton.

According to the molecular orbital (MO) calculations of 1
and 4 (Fig. S67), the E' and E° waves correspond to the SOMO
and the E’-E' waves correspond to the doubly degenerate
LUMOs."*? The redox events E>-E* of 1 in DMF are positively
shifted by 0.2-0.3 V compared to those of 4 and 5 due to the
effective m-extension to the carbazolyl groups (Fig. S5t). The
redox potential of E' of 1 in CH,Cl, was slightly higher than
that of 5, and was lower than that of 4 (Fig. S4t). These
changes in the redox potentials originating from the substitu-
ent effect showed a good agreement with the MO calculation
(Table 1 and Fig. S61). It is known that the electronic
effects of the substituent groups are strongly influenced by
relative conformation (stereoelectronic chameleon).** We also
calculated the MO energies of 1 with various dihedral angles
between TOT and the carbazole moieties (Fig. S7t). The calcu-
lation indicates that the increasing dihedral angle causes
the weakening of the delocalization of the SOMO and the low-
ering of the SOMO and LUMO energies. When TOT and the
carbazolyl groups are co-planar (6 = 0°), the SOMO energy
becomes higher, and redox of E' of 1 will occur at a lower
potential compared to that of 5. On the other hand, when TOT
and the carbazolyl groups are vertical to each other (6 = 90°),
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the carbazolyl group acts as an electron-withdrawing group,
and the redox potential of E* of 1 will become higher than that
of 4. The steric repulsion between the hydrogen atoms at the
a-positions of TOT and 1-positions of the carbazole moieties
(H' and H? in Fig. 3a) causes a twisting between TOT and the
carbazole moieties. The CV measurements imply that the
molecular structure of 1 in the solution state has a twist angle
close to that of the optimized structure (6 = 47°).

Absorption spectra

The effects of the introduction of carbazolyl groups into TOT
neutral radical were further studied by the UV/Vis measure-
ment in CH,Cl, (Fig. 5). The spectrum of 1 at a shorter wave-
length than 700 nm can be explained by the superimposition
of the carbazole and 4. At the longer wavelength region, 1
showed a new strong and broad absorption band with Ay.x of
1028 nm and ey, of 1.3 x 10* M™' em™. In the previous work,
we revealed that TOT neutral radicals are in an equilibrium
between the monomer and n-dimer, and the n-dimer exhibits a
low energy absorption band around 800-900 nm due to the
strong intermolecular interaction of two SOMOs (indicated by
an arrow in Fig. 5).'° In the temperature dependent measure-
ments from 293-213 K, the intensity of low energy absorption
in 1 was almost kept constant at room temperature (Fig. S61).
A similar behavior can be seen in the concentration variable
UV/Vis measurement of 1 in CH,Cl,, where the concentration
had a negligible effect on the intensity of the low energy
absorption band (Fig. S871). Such a behavior was quite different
from those of other TOT derivatives, where an increase in
temperature and decrease in concentration caused a signifi-
cant weakening of the band due to the dissociation of the
n-dimer (Fig. S97).'® These experimental results suggest that
the low energy absorption band is caused by the IET from the
electron-donating carbazolyl groups to the electron-accepting
TOT neutral radical.

In order to obtain an insight into the electronic transition,
we performed TD-DFT calculations of 1 (Fig. S10%). The calcu-
lation reproduced the IET band around 1180 nm originating
from the electronic transition from the doubly degenerate

— 1(3x10° M in CH,Cl,)
— 5(8.3x 105 M in CHCl5)
—— 9-phenylcarbazole (3 x 1075 M in CH,Cl,)

1028 nm

m-dimer
transition

|

£x 104/ M1 ecm™!

)
T

800 1200
Wavelength / nm

400 1600

Fig. 5 UV-Vis spectra of 1 (black line), tri-tert-butyl TOT 5 (brown line),
and 9-phenylcarbazole (green line) at room temperature.
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HOMOs to SOMO (Fig. S61). The HOMO and SOMO coeffi-
cients reside on the carbazole and TOT parts, respectively.
Thus, the calculation also indicates that the low energy absorp-
tion band of 1 is an optically induced IET from the carbazolyl
group to the TOT moiety. The difference between the oxidation
potentials of the TOT skeleton (E' ~—0.2 V) and carbazolyl
groups (Ej” = +1.02 V) in the CV measurements was ca. 1.2 V
(Fig. 4), corresponding to ca. 1000 nm. This value is close to
the experimental and calculated IET excitation energy.

A similar absorption band was also observed in the carba-
zole substituted TTM radicals at around A,,,x = 600-700 nm
With £max = 2-5 x 10> M~ em™"."' Since TOT possesses a
much higher electron-accepting ability than TTM, the tran-
sition energy became much smaller. Among the numerous
open- and close-shell D-A molecules reported previously,
those showing absorption bands at A,,,x > 1000 nm are rare,
and further these bands are weak with £ ~10° M~ em™. In
the TTF-TCNQ dyad linked through a c-bonding linker, a
low energy IET band was observed at An., of 1630 nm with
Emax ~3 X 10> M~ em™".*® The open-shell D-A molecule com-
posed of TTF and 60PO which has an electron-accepting
ability close to that of p-chloranil exhibits a very weak IET
band at Ama, = 1350 nm with e ~6 X 10> M~ em™*.1%¢

In the low temperature measurements in toluene (3.0 x 107>
M), a weak shoulder band was observed at around 1260 nm, in
which the intensity decreased with increasing temperature and
almost disappeared at 353 K (Fig. 6). Considering the
n-dimerization observed in the temperature dependence of the
ESR measurement, this low energy absorption band can be
characterized as the intermolecular transition within the
n-dimer. Such a behavior is very similar to the n-dimerization
of 5, where the intermolecular transition was observed at
Amax = 834 nm."® The significant red-shift of 1 in comparison
with 5 is caused by the delocalization of the =n-electronic
system within the molecule. In the solid-state spectrum, the
low energy absorption was observed as a single band around
800-1400 nm, where IET and intermolecular transition bands
were gathered by broadening (Fig. S117).

— 10p8e 1052 nm
3 — 233K > *e$ pL IS .
T -y EO°] o e 0%
€ — 263K € b4
S 273 206 .
|§ 2 2o % 1268 nm®
~ — 303K ©04r L
— 313K
=4 — 323K B ) ) )
=1 e “ 250 300 350
353K Temperature / K
400 800 1200 1600

Wavelength / nm

Fig. 6 Temperature-dependent UV-Vis spectra of 1 in toluene (3.0 x
107° M). The inset shows the plots of the intensities at 1052 nm (blue)
and 1268 nm (red), where the values were normalized with those at
223 K.
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The UV-Vis spectra of 1 were measured in various solvents,
where both A,,.x and intensity of the IET band became lower
with increasing the solvent polarity from toluene (1049 nm) to
acetonitrile (874 nm) (Fig. 7). The hypsochromic effect of the
IET band suggests an increase in the energy gap with the
solvent polarity. A similar observation was also found in the
PTM radical having a carbazolyl moiety; however, the change
in Amax and intensity in carbazole-PTM was remarkably smaller
than those of 1.%° The difference in the solvent effects between
1 and carbazole-PTM would be the consequence of the stron-
ger electron-accepting ability of the TOT moiety compared to
that of PTM and/or the extended =n-system of TOT that enables
strong interaction with solvent molecules.

Crystal structure and solid-state properties

A single crystal of 1 was obtained by vapor diffusion using
CHCI; and EtOH, and the quality of the structural analysis was
poor due to the efflorescence of CHCI; solvent and disorder of
tert-butyl groups (R = 0.15). The TOT skeleton of 1 was nearly
planar, and the dihedral angle between the TOT and three car-
bazolyl groups were 42-47° (Fig. 8a). In the crystal packing, 1
formed a n-dimer in a staggered manner with a face-to-face
distance of 3.28 A, similarly to 3 and 4 (stack-A, Fig. 8b).**%'®
The n-dimers further stacked on the TOT and carbazole moi-
eties (stack-B, Fig. 8c, ca. 3.2-3.8 A), forming a one-dimen-
sional chain structure along the c-axis (Fig. 8d). Such a stack-
ing pattern is in a sharp contrast with the n-dimer-based
columns in the crystal structures of 4 and 5.**** This struc-
tural feature is probably due to the steric repulsion of the
bulky tert-butyl groups on the carbazole moiety.

In the temperature dependence of magnetic susceptibility
(xp» Fig. $127), almost all spins of 1 were quenched due to the
strong antiferromagnetic interaction within the n-dimers
shown in the crystal structure (Fig. 8b). The analysis based on
the singlet-triplet model®” resulted in the 2J/ks > —2000 K of
antiferromagnetic interaction, which is similar to those in
n-dimers of other TOT derivatives.'*? The 2j/kg values of the
n-dimer of 1 was also estimated by the DFT method.*® At the
UB3LYP/3-21G level of theory, the calculations showed a 2j/kg
value of —2273 K, which is very close to the experimental
value. On the other hand, the calculated magnetic interaction

—toluene (Amax = 1049 nm)

61 —CH,Cl; (Amax = 1035 nm)
)
S —THF (Amax = 1007 nm)
T —acetone (Amax = 878 nm)
E 41 —acetonitrile (Amax = 874 nm)
k)
521

0

800 1200
Wavelength / nm

400 1600

Fig. 7 UV-Vis spectra of 1 in various solvents (~1.0 x 10~> M) at room
temperature. Numerical values in parentheses are 1, of the IET band.
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(@) . y

disordered

Fig. 8 Crystal structure of 1. (a) Top view of 1. Ellipsoids are drawn at
the 25% probability level, and labels Cz-A to Cz-C indicate the carbazole
moieties. (b, c) Overlap patterns in stacks-A and -B. Hydrogen atoms
and tert-butyl groups are omitted. (d) 1D rn-stacking column along the
c-axis. Cz-A and -B moieties which do not participate in the z-stacking
are omitted.

between the n-dimers was 2J/kg = —6 K, much smaller than
that within the n-dimer.

Conclusions

In conclusion, we have designed, synthesized and character-
ized an open-shell D-A molecule, 1, where three carbazolyl
groups were introduced into the TOT neutral radical preserving
its threefold symmetry. ESR spectroscopy and DFT calculations
showed that a large amount of the electronic-spin delocalized
over the carbazolyl groups. In the electrochemical measure-
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ment, 1 exhibited six-stage redox processes consisting of five
steps of TOT and one step of the carbazolyl group.
Furthermore, 1 exhibited a self-assembling ability to form a
n-dimer inherent in TOT neutral radicals through strong two-
electron-multicentered bonding in both solution and crystal-
line states. Most importantly, 1 exhibited a strong NIR photo-
absorption band both in solution and in the solid state, which
was formed by the IET from the carbazolyl groups to the TOT
neutral radical. The high absorbance of the IET band in the
NIR region exceeding 1000 nm is a substantial electronic
feature among many D-A molecules.

n-Conjugated molecules showing NIR photoabsorption have
been noticed in the research studies not only of organic
electronic materials®*° but also of biological applications.*
One of the molecular design strategies for NIR dyes is the
extension of the n-conjugated systems as demonstrated in the
polymeric fused porphyrin array (3500 nm, dodecamer)*' and
the giant hydrocarbon sheet (C,,Hjp, 250-1400 nm).>* The
n-stacking assemblies of open-shell molecules also exhibit NIR
absorption bands at 1000-2000 nm as shown in radical-ion
salts of TTF and TCNQ?® and also in TOT neutral radicals of
our previous studies."'®> In both cases, the construction of
large m-electronic system through the assembly of many
n-units is the key for lowering the absorption energy. The
open-shell D-A molecules 1 in the present work realized a
strong NIR photoabsorption without extension of the
n-electronic system.

Recently, interesting properties and functions of D-A mole-
cules with an open-shell electronic structure have been dis-
closed. Furthermore, the electronic structures of these systems
are sensitive to temperature and solvent, and cause a drastic
response on their electronic-spin structures.'®*> The develop-
ment of the functionalities of 1 based on the responses to the
external stimuli is currently underway. It should also be noted
that the one-dimensional r-stacking column of TOT neutral
radicals exhibits a high electron-transport ability to show a
high conductivity in the crystalline state."® Our current interest
is aimed at the exploration of pressure or NIR photoinduced
electrical conductivity as a single component neutral radical
crystal or thin film, where IET locally generates TOT™ species
within the one-dimensional column providing a conduction
carrier.

Experimental
Materials and methods

The synthesis of compound 2 is described in our previous
work.'*'® Toluene used for the synthesis and ESR measure-
ment was purified by distillation from CaH,. R¢ values on TLC
were acquired on E. Merck precoated (0.25 mm) silica gel 60
F*>** plates. Melting and decomposition points were measured
using hot-stage apparatus with a Yanako MP-J3, and were
uncorrected. Melting and/or decomposition were detected by
eye observation. Elemental analyses were performed at the
Graduate School of Science, Osaka University. 'H and '*C

This journal is © the Partner Organisations 2019
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NMR spectra were obtained on a JEOL ECA-500 with DMSO-d
using Me,Si as an internal standard. The infrared spectrum
was recorded on a JASCO FT/IR-660 Plus spectrometer using a
KBr plate (resolution 4 cm™).

Synthetic procedures

Synthesis of tetra-n-butylammonium 2,6,10-tris[9'-(3',6"-di-
tert-butylcarbazolyl)]-4,8-dioxo-4H,8H-dibenzo[cd,mn]pyren-12-
olate [(n-Bu,N*)(17)]. In a 300 mL Schlenk flask, 2 (700 mg,
1.09 mmol), 3,6-di-tert-butylcarbazole (1.22 g, 4.37 mmol), Pd
(dba), (93.8 mg, 0.16 mmol), tri-tert-butylphosphine (36.6 pL,
0.16 mmol), and sodium tert-butoxide (471 mg, 4.90 mmol)
were placed and dissolved in toluene (70 mL). The resulting
mixture was stirred at 100 °C for 47 h, and then cooled down
to room temperature. The mixture was diluted with CH,Cl,,
and the insoluble material was removed by filtration through
the celite column. The filtrate was concentrated under reduced
pressure, and then the residue was dissolved in acetone
(30 mL). To this mixture was added n-BuyNOH (1 M MeOH
solution, 4.0 mL, 4.0 mmol), and the resulting mixture was
stirred at 60 °C for 1 h. 2 M HCI aqueous solution was added
to the mixture, and the mixture was stirred at 60 °C for 1 h.
The resulting precipitate was collected by filtration and
washed with water, to give 3 (207 mg, 25%) as a deep purple
powder. The product was used in the next reaction without
further purification. TLC R 0.60 (10 : 1 ethyl acetate/MeOH).

In a 50 mL round-bottomed flask, 3 (80.0 mg, 0.069 mmol)
was suspended in acetone (10 mL), and then n-Bu,NOH (1 M
MeOH solution, 4.0 mL, 4.0 mmol) was added. After stirring at
room temperature for 1 h, the mixture was concentrated under
reduced pressure. The residue was washed with hot water, and
then the resulting precipitate was collected by filtration, to give
(n-Buy,N")(17) (94 mg, 97%) as a deep blue powder. M.p.
~280 °C (in air); TLC Rf 0.60 (10:1 ethyl acetate/MeOH);
'H NMR (500 MHz, DMSO-ds, 80 °C) 6 0.94 (m, 12H),
1.28-1.36 (m, 8H), 1.46 (s, 54H), 1.54-1.62 (m, 8H), 3.12-3.18
(m, 8H), 7.50 (s, 12H), 8.32 (s, 6H) 8.90 (s, 6H) ppm; >C NMR
(500 MHz, DMSO-d,, 80 °C) & 13.83, 19.76, 23.78, 32.41, 35.05,
58.58, 109.59, 117.07, 123.64, 124.33, 128.84, 130.19, 131.21,
131.65, 139.81, 143.35, 180.31 ppm; IR (KBr) v 3049, 2961,
2871, 1614, 1548, 1496, 1297 cm™%; UV (CH,Cl,) Amax (£) 239
(6.0 x 10%), 291 (4.8 x 10%), 382 (2.7 x 10%), 625 (sh, 4.9 x 10?),
860 (7.2 x 10°) nm; MALDI-TOFMS (negative-mode) m/z 1152.6
(M = (n-Bu),N]") (Fig. S13-S157).

Synthesis of 2,6,10-tris[9-(3',6'-di-tert-butylcarbazolyl)]-4,8-
dioxo-4H,8H-dibenzo[cd,mn|pyren-12-olyl [1]. In a 100 mL
round-bottomed flask, 3 (76.0 mg, 0.066 mmol) was dissolved
in toluene (30 mL). To the solution was added PbO, (157 mg,
0.66 mmol), and the resulting mixture was stirred at room
temperature for 30 min. The reaction mixture was filtered
through a celite column. The filtrate was subjected to silica gel
column chromatography with toluene as an eluent, to give 1
(71 mg, 94%) as a green powder, which was suitable for the
physical property measurements. D.p. >300 °C (in air); TLC
Ry 0.70 (10:1 hexane/ethyl acetate); IR (KBr) v 2959, 1639,
1577, 1480, 1372, 1320, 1298 cm™'; UV (CH,Cl,) Amax (€) 294
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(3.7 x 10%), 376 (2.2 x 10%), 660 (2.2 x 10%), 1034 (1.3 x 10*) nm;
UV (KBr) Amax 290, 382, 690, 1064 nm; Anal. Caled for
(Cs2H,sN303)(H,0)0.7: C, 85.38; H, 6.82; N, 3.64. Found: C,
84.42; H, 6.96; N, 3.55.

Magnetic measurements

Magnetic resonance measurements were performed on a
Bruker ELEXSYS E500 spectrometer for X-band liquid-phase
ESR spectra and on Bruker ESR/ENDOR spectrometers ESP
300/350 for "H-ENDOR, and "H-TRIPLE spectra equipped with
a wide-band 500 W radiofrequency amplifier. The solution of
the radical was degassed by the freeze-pump-thaw method
before the measurements were recorded. Magnetic suscepti-
bility was measured on a Quantum Design SQUID magnet-
ometer MPMS-XL at 2-300 K. The magnetic responses were
corrected with diamagnetic blank data of the sample holder
obtained separately. The diamagnetic contribution of the
sample itself was estimated from Pascal’s constants.

Electrochemical measurements

Electrochemical measurements were made with an ALS
Electrochemical Analyzer model 630A. Cyclic voltammograms
were recorded with a 3 mm-diameter carbon plate and Pt wire
counter electrodes in dry CH,CH, or DMF containing 0.1 M
n-BuyNClO, as the supporting electrolyte at room temperature.
The experiment employed a Ag/AgNO; reference electrode, and
the final results were calibrated with an Fc/Fc' couple.

UV-Vis absorption spectroscopy

Electronic spectra were measured for KBr pellets or solutions
on a Shimadzu UV-vis scanning spectrophotometer
UV-3100PC. Temperature-dependent measurements were per-
formed using an Oxford ITC502 temperature controller and an
Oxford OptistatDN valuable temperature liquid nitrogen
cryostat.

X-ray crystallography

X-ray crystallographic measurements were made on a Rigaku
Raxis-Rapid imaging plate with graphite monochromated Cu
Ka (4 = 1.54187 A). The structure was determined by a direct
method using SHELXS program,** and refinement was per-
formed by a fullmatrix least-squares on F> using
SHELXL-2014.% All non-hydrogen atoms were refined anisotro-
pically, and all hydrogen atoms were included but not refined.
Empirical absorption correction was applied.

Crystal data for 1. Cg Hg,ClgN3;O5, M, = 1392.21, ortho-
rhombic, Phcn (#60), a = 32.108(3) A, b = 23.7420(7) A, ¢ =
19.1103(7) A, V=14 568(1) A*, T=200 K, Z = 8, deaieq = 1.270 &
em™, 4 = 2.552 mm™", 204 = 136.5°, A(CuKa) = 1.54187 A,
® scan mode, 172 468 reflections, of which 13 292 were unique
and 3126 were included in the refinement [I > 2.000(I)], data
corrected for Lorentzian and polarization effects; an empirical
absorption correction resulted in transmission factors ranging
from 0.605 to 0.880. The final values R, = 0.150, wR, = 0.474,
GOF = 1.077, maximum positive and negative peaks in AF map
Were prax = 0.506 €7 and ppin, = —0.580 e . The quality of the
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structural analysis was poor due to the efflorescence of the
CHCI; solvent and disorder of tert-butyl groups.

Computational details

Density functional theory (DFT) calculations were performed
using the Gaussian 03 program package. The calculation of
electronic-spin structures of the neutral radicals 1 and 4 was
performed at the UB3LYP/6-31G** level of theory with optimiz-
ation of the geometries. The MO energy levels were calculated
at the ROB3LYP/6-31G** level of theory with the geometries
obtained from UB3LYP/6-31G**. TD-DFT calculations were per-
formed at the UB3LYP/6-31G** level of theory with the geome-
tries obtained from UB3LYP/6-31G**. In the calculation of
intermolecular magnetic interactions within z-stacking struc-
tures, the geometries were extracted from the crystal structure,
and the UB3LYP/3-21G level of theory was applied.
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