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ABSTRACT: Stable open-shell polycyclic aromatic hydrocarbons
(PAHs) are of fundamental interest due to their unique electronic,
optical, and magnetic properties and promising applications in materials
sciences. Chichibabin’s hydrocarbon as a classical open-shell PAH has
been investigated for a long time. However, most of the studies are
complicated by their inherent high reactivity. In this work, two new stable
benzannulated Chichibabin’s hydrocarbons 1-CS and 2-OS were
prepared, and their electronic structure and geometry in the ground
state were studied by various experiments (steady-state and transient
absorption spectra, NMR, electron spin resonance (ESR), super-
conducting quantum interference device (SQUID), FT Raman, X-ray crystallographic etc.) and density function theory
(DFT) calculations. 1-CS and 2-OS exhibited tunable ground states, with a closed-shell quinoidal structure for 1-CS and an
open-shell biradical form for 2-OS. Their corresponding excited-state forms 1-OS and 2-CS were also chemically approached and
showed different decay processes. The biradical 1-OS displayed an unusually slow decay to the ground state (1-CS) due to a
large energy barrier (95 + 2.5 kJ/mol) arising from severe steric hindrance during the transition from an orthogonal biradical
form to a butterfly-like quinoidal form. The quick transition from the quinoidal 2-CS (excited state) to the orthogonal
biradicaloid 2-OS (ground state) happened during the attempted synthesis of 2-CS. Compounds 1-CS and 2-OS can be oxidized
into stable dications by FeCl; and/or concentrated H,SO,. The open-shell 2-OS also exhibited a large two-photon absorption
(TPA) cross section (760 GM at 1200 nm).

Closed-shell Open-shell

I. INTRODUCTION and thus have promising applications in materials science.' In
the case of biradical PAHs, the two unpaired or weakly bonded
electrons can be either in a low-spin singlet or in a high-spin
triplet state. The substances with a singlet ground state can

Open-shell polycyclic aromatic hydrocarbons (PAHs) refer to a
type of hydrocarbons with one or more than one 7-electrons
that are not tightly paired into the bonding molecular orbital in

the ground state, which is different from the typical PAHs with exhibit paramagnetic property via a thermally excited transition
a closed-shell electronic structure. Open-shell PAHs are of from singlet to triplet state if the singlet—triplet energy gap
fundamental importance in understanding the nature of (AEg_p) is sufficiently small.> Open-shell PAHs with
chemical bonding and the basic chemical and physical intermediate biradical characters are theoretically predicted to
phenomena of m-conjugated systems. Recent experimental

and theoretical studies have revealed that open-shell PAHs Received: May 24, 2012

could show unique electronic, optical, and magnetic properties Published: August 14, 2012
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have enhanced second hyperpolarizability and a large two-
photon absorption (TPA) cross section as compared to the
corresponding closed-shell and pure diradical systems,” and this
has been experimentally proven by several open-shell singlet
molecules such as Kubo’s bisphenalenyls* and Osuka’s meso-
diketo hexaphyrin.®> Therefore, open-shell PAHs could be used
as new efficient nonlinear optical (NLO) chromophores for
future photonics applications such as optical switching, three-
dimensional memory, optical limiting, and photodynamic
therapy.® Open-shell PAHs usually also exhibit multiple-stage
amphoteric redox behavior, which makes them promising
materials for low threshold-voltage ambipolar field effect
transistors’ and energy storage devices (e.g, lithium ion
batteries).® In addition, certain open-shell PAHs can be
regarded as graphene nanoflakes with unique magnetic
properties and have potential applications for organic
spintronics.

Despite all of their intriguing properties and promising
applications, the open-shell nature of these molecules has
rendered them vulnerable to degradation reactions; therefore,
instability remains a key obstacle for their practical applications.
Recent progress in synthetic method has led to the successful
synthesis and characterization of several types of stable open-
shell PAHs: (1) o-quinodimethane'® and p-quinodimethane
derivatives;'' (2) phenalenyls,'> bisphenalenyl™® and tri-
sphenalenyls;'* (3) teranthene;'® and (4) zethrenes.'® In
most cases, both thermodynamic stabilization by s-electron
delocalization and kinetic stabilization by blocking of the most
reactive sites carrying high-spin density are necessary to obtain
stable materials.

Among various known open-shell PAHs, Chichibabin’s
hydrocarbon possessing a characteristic resonance structure
between a closed-shell quinonoid form and an open-shell
biradical (Chart 1) has been most extensively studied regardin
its ground-state electronic structure and physical properties.'
Because of the recovery of two aromatic sextet rings in the
biradical form, the Chichibabin’s hydrocarbon exhibits large
biradical character in the ground state. However, Chichibabin’s
hydrocarbon reacts avidly with oxygen, yielding polymeric
peroxide. In addition, it also tends to dimerize and oligomerize

Chart 1. Resonance Structures of Chichibabin’s
Hydrocarbon, Tetrabenzo-Chichibabin’s Hydrocarbons, and
Its Derivatives 1-CS/1-OS and 2-CS/2-0OS

Ph._Ph Ph. e Ph

Ph” “Ph  Ph"*"Ph
Chichibabin's hydrocarbon  Tetrabenzo- Chichibabin's hydrocarbon

to give paramagnetic species. All of these make it challenging to
offer a clear-cut conclusion on its ground-state electronic
structure.'® Although some derivatives of Chichibabin’s hydro-
carbons have been prepared,'” side reactions such as oxidation,
dimerization, polymerization, and decomposition usually
cannot be avoided due to the high chemical reactivity of
unpaired electrons. Therefore, great attention has been focused
on synthesizing and studying long lifetime and stable
Chichibabin’s hydrocarbons.*

Like other open-shell PAHs, the stabilization of the highly
reactive Chichibabin’s hydrocarbon can be achieved by either a
thermodynamic approach (aromatic stabilization and 7-electron
delocalization) or kinetic means (steric protection), or by both
approaches. As shown in Chart 1, our new strategy toward
thermodynamic stabilization of the Chichibabin’s hydrocarbon
is by benzannulation of the central biphenyl unit with four
aromatic benzene rings, and thus tetrabenzo-Chichibabin’s
hydrocarbon is generated. Such a design can possibly also
enhance the kinetic stability due to the steric blocking by the
two anthracene units in the case that the biradical form
dominates its ground state. Therefore, the tetrabenzo-
Chichibabin’s hydrocarbon is expected to be more stable due
to compensation by both thermodynamic and kinetic
stabilization. To improve its solubility and also to further
block the reactive sites where dimerization can happen, tert-
butyl groups are introduced onto the para-position of the four
phenyl rings in 1-CS/1-OS (Chart 1). It will be of interest to
study the inherent electronic structure of this novel hydro-
carbon, which can be drawn as a resonance structure between a
quinoidal form (1-CS) and an open-shell biradical form (1-
0S). In addition, it has been reported that the stability of a
radical center can be improved by delocalization through a
fluorenyl moiety.”" Thus, herein the di(4-tert-butylphenyl)-
methene groups in 1-CS/1-OS are further replaced by two
fluorenyl units, and the obtained molecule can also be drawn as
a closed-shell quinoidal form (2-CS) or an open-shell biradical
(2-0S) (Chart 1). The interesting question is whether such
substitution will change the ground-state electronic structure of
the tetrabenzo-Chichibabin’s hydrocarbon. Moreover, consid-
ering the large steric hindrance arising from the two anthracene
units, the geometric structures of both compounds are also of
interest, which could be significantly different from the flat
geometry of the parent Chichibabin’s hydrocarbon.'”® In this
Article, we report the detailed studies on their synthesis, their
ground-state electronic and geometric structures, and transition
between their closed-shell and open-shell resonance forms by
various experiments assisted by theoretical calculations. Their
redox behavior and oxidized species were also investigated. In
particular, the dication of the fluorenyl-containing tetrabenzo-
Chichibabin’s hydrocarbon 2-CS/2-OS provides a new
candidate for a study on charged antiaromatic species.”” In
addition, transient absorption and two-photon absorption
measurements were conducted to further understand the
photophysical properties and NLO response of these types of
possibly open-shell hydrocarbons.

Il. RESULTS AND DISCUSSION

Synthesis and Structural Characterization of 1-CS/1-
OS. The synthetic route toward 1-CS/1-OS is shown in
Scheme 1. Treatment of the bianthraquinone 3% with CBr,/
PPh; afforded the 11,11,11’,11’-tetrabromo-10,10-bianthraqui-
nodimethane 4 in 90% yield. Subsequently, the tetrabenzo-
Chichibabin’s hydrocarbon, 11,11,11’,11'-tetrakis(4-tert-butyl-
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Scheme 1. Synthesis of Compound 1-CS and Generation of
Its Intermediate Biradical 1-OS“

“Reaction conditions: (a) CBr,, PPh;, toluene, reflux, 36 h, 90%; (b)
4-tert-butylphenylboronic acid, Pd(PPh;),, Cs,CO;—K,CO;, toluene/
H,0/EtOH, reflux, 48 h, 90%; (c) DDQ/CH,SO;H, CH,Cl,, room
temperature, 12 h, 75%; (d) SnCl,, dichloromethane, nearly
quantitative yield from $ to 1-OS.

phenyl)-10,10-bianthraquinodimethane (1-CS), was conven-
iently synthesized as a white solid in 90% yield by a 4-fold
Suzuki coupling reaction between 4-tert-butylphenylboronic
acid and the intermediate bromide 4. Careful choice of the
catalyst (Pd(PPh;),) and base (a mixture of Cs,CO, and
K,CO;) was essential to achieve a clean and high-yield reaction.

The steady-state absorption and emission spectra of
compound 1-CS in dichloromethane (DCM) are shown in
Figure la. Compound 1-CS displays an intense absorption
band in the UV—visible region with absorption maximum at
349 nm (log € = 5.54; &: molar extinction coefficient in M~
cm™'), along with a shoulder absorption at 298 nm. Such a
band structure is similar to that for the known bisanthraqui-
none,** indicating that the molecule likely has a closed-shell
ground state as do normal acenequinones. Compound 1-CS
shows a broad emission band with emission maximum at 436
nm, with a fluorescence quantum yield of 12%. 1-CS also
exhibited clear and sharp 'H NMR resonances at room
temperature even at elevated temperatures (e.g, 100 °C),
which further confirmed its closed-shell structure in the ground
state. Single crystals were grown by slow diffusion of methanol
into a solution of 1-CS in DCM at room temperature. X-ray
crystallographic analysis revealed that 1-CS existed in a highly
contorted, quinoidal structure (Figure 1b).** The lengths of the
exo methylene bond and the bond between the two anthracene
units, as labeled in Figure 1b, are 1.342 and 1.349 A,
respectively, which are quite close to those in typical olefins
(1.33—1.34 A). Thus, there is no doubt that 1-CS is a closed-
shell species. In contrast to the planar geometry observed for
the parent Chichibabin’s hydrocarbon from its X-ray crystallo-
graphic structure,'” the central bisanthracene units in 1-CS are
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Figure 1. (a) UV—vis absorption spectrum and normalized emission
spectrum of compound 1-CS in DCM. (b) ORTEP plot of the single-
crystal structure of 1-CS with part of the C=C bond labeled with
length.

highly twisted due to steric repulsion, and the four additional
benzene rings attached to the biphenyl center behave like the
wings of a butterfly; thus, the whole molecule looks like a
butterfly in the crystal state. The closed-shell ground-state
structure of 1-CS can be ascribed to the loss of two aromatic
sextet rings when converted from a quinoidal form to a
biradical form (shown in Chart 1), which makes the quinoidal
form thermodynamically more stable.

Our intention was to conduct an intramolecular oxidative
cyclodehydrogenation reaction of 1-CS so that a fused, more
conjugated hydrocarbon can be generated. The ring cyclization
reaction was gerformed under the well-developed conditions
using FeCl;*® or the 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ)/CH;SO,H system”” in DCM. Interestingly, no
desired ring-closed or even partially cyclized product was
found. Alternatively, an unexpected diol § was separated in
good yield after quenching the reaction with saturated sodium
bicarbonate (Scheme 1). This unexpected result indicated that
the Scholl-type reaction of 1-CS when treated with DDQ/H*
or FeCl; predominantly generated its dication likely at the exo
methylene sites, which is stabilized by charge delocalization
through the two phenyl rings and the anthracene units (vide
infra). Thus, quenching of the dication with water afforded the
diol S. The biradical 1-OS then can be easily generated in
nearly quantitative yield by reduction of the diol 5§ with SnCl,
in various solvents (e.g,, toluene, chloroform, DCM, THF, etc.)
(Scheme 1), and MALDI-TOF mass spectroscopy revealed the
loss of two —OH groups after reduction. Interestingly, the
biradical 1-OS turned out to be an unstable intermediate, and it
relaxed back to the ground-state quinoidal form 1-CS at an
unusually slow rate, which will be discussed in detail in the next
section.

Unusually Slow Decay from Open-Shell 1-OS to
Closed-Shell 1-CS. The freshly generated biradical 1-OS by

reduction of § with excess SnCl, in toluene displayed a broad
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long-wavelength absorption band between 680 and 1050 nm
with maximum at 834 nm, together with a strong absorption
band centered at 507 nm (Figure 2a). This long-wavelength
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Figure 2. (a) Change of UV—vis absorption spectra of the freshly
generated 1-OS biradical with time. (b) ESR spectrum of 1-OS in
chloroform recorded at room temperature.

absorption spectrum is characteristic of typical open-shell PAHs
with unpaired electrons. The existence of the biradical was
further proved by the strong electron spin resonance (ESR)
signal (g = 2.0029) showing unresolved hyperfine coupling,
obtained for the fresh 1-OS solution generated in chloroform
(Figure 2b), indicating a paramagnetic character of the biradical
at room temperature.

The time-dependent UV—vis—NIR absorption spectra of the
newly generated biradical underwent a slow decay process
(Figure 2a). That is, the absorption spectrum of the biradical 1-
OS slowly decreased with time (indicated by the arrow) and
reached zero absorbance in 2 days (at the three major
absorbances), and the final absorption spectrum after decay was
identical to that of 1-CS. This slow relaxation process was also
followed by 'H NMR measurements (Figure S1 in the
Supporting Information), which clearly confirmed a transition
from an unstable biradical form (1-OS) to a stable quinoidal
form (1-CS). The plot of the absorbance (In(A,)) at 834 nm of
the freshly prepared 1-OS in toluene with time revealed a
monoexponential decay from the biradical 1-OS to the
quinoidal form 1-CS at 298 K, with a half-life of around 495
min (Figure 3a). The decay reaction rate constant (k) under
this condition was determined to be 0.0014 min~". To further
determine the thermodynamic parameters for this decay
process, same decay experiments were conducted at least
three times at different temperatures in toluene, and thus the
average decay reaction rate constants at respective temperature
were obtained (Figure S2 in the Supporting Information). The
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Figure 3. (a) Monoexponential decay of the absorbance at 834 nm of
the freshly generated 1-OS biradical with time at 298 K. R?, 0.9934;
standard error, 0.00786. (b) In(k/T) =~ 1/T plot for the decay of 1-OS
at variable temperatures (298—337 K), based on thermodynamic data
obtained by fitting the data with Eyring equation.

value of In(k/T) was plotted with 1/T, and a straight line was
obtained (Figure 3b). The data were fit by the Eyring equation:

k AHF 1 ky)  ASF
Inl]=]=-————=+In|— |+ —
T R h R

in which k is the reaction rate constant, T is the absolute
temperature, AH¥ is the enthalpy of activation, R is the gas
constant, kg is the Boltzmann constant, 4 is the Planck constant,
and the AS¥ is the entropy of activation. The thermodynamic
parameters for such an unusual decay process then were
obtained, with AH¥ = 38.5 + 5.1 k] mol ™ and AS* = —189.5 +
0.6 ] mol™" K. Accordingly, the Gibbs energy of activation
AG* (AH¥ — TAS¥) was determined as 95.0 + 2.5 k] mol ™! at
298 K. The result means that such a transition from the
biradical form to the quinoidal form requires overcoming a high
energy barrier. The large negative AS* value also indicates a
conversion from a disordered structure to a highly ordered
conformation (i.e., the highly contorted butterfly structure for
1-CS).

DFT calculations (UCAM-B3LYP/6-31G*)*® were then
conducted to provide a further understanding of such an
unusual decay process. The optimized geometries of the 1-CS
and 2-OS are shown in Figure 4. Molecule 1-CS also has a
butterfly-like geometry with a typical quinoidal character, which
is consistent with its single-crystal structure. For 1-OS, it
possibly exists as a singlet or a triplet biradical. In comparison
to the quinoidal 1-CS, both the singlet and the triplet 1-OS
show longer bond lengths for the exo methylene bonds and the
bond between the two anthracene units (labeled with arrow),
indicating a distinct open-shell character of 1-OS. In addition,
the biradical 1-OS adopts an orthogonal geometry for the

dx.doi.org/10.1021/ja3050579 | J. Am. Chem. Soc. 2012, 134, 14513-14525
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Figure 4. Calculated geometric structures (with part of the bonds
labeled with length in A) and the frontier molecular orbitals of the
closed-shell 1-CS and open-shell 1-OS both in singlet and in triplet
states. The bottom shows the spin density distribution of the singlet
and triplet 1-OS.

bisanthracene core with a dihedral angle of nearly 90°
indicating a transition from a quinoidal structure in 1-CS to a
benzenoid form in 1-OS. This results in a large negative change
of entropy from a disordered to an ordered conformer during
the transition from 1-OS to 1-CS, which agrees well with the
large negative AS* value determined experimentally.
Calculations also revealed that the Gibbs energies of the
singlet and triplet biradical form 1-OS are located 18.4 and 15.9
kJ/mol higher than for the closed-shell 1-CS, indicating that the
quinoidal resonance form dominates the ground-state elec-
tronic and geometric structure and the 1-OS can be regarded as
a metastable excited state (see energy diagram in Figure S). The

4G *=+118| kI/mol

“Orthogonal” > “Butterfly”

*=-2.5 kJ/mol

1-0S (triplet
{"pe}ﬂG

Figure 5. Calculated energy diagram for the 1-CS, 1-OS (singlet), and
1-OS (triplet) and schematic representation of a transition from a
higher-energy orthogonal biradical form to a lower-energy butterfly
conformer through a high-energy transition state.

decay process mimics the monoexponential fluorescence decay
of a chromophore from the excited state to the ground state. In
addition, the energy level for the triplet 1-OS is slightly lower
(2.5 kJ/mol) than that of the singlet 1-OS; thus the orthogonal
biradical favors a triplet state, which is also consistent with the
observed paramagnetic signal for the newly generated biradical
1-0S. Upon conversion from the free-rotated orthogonal
biradical to the lower-energy butterfly like quinoidal form, the
molecule must overcome a high energy barrier to reach a
transition state, in which the zigzag edges of the anthracene
units are in close proximity with each other and with the four 4-
tert-butylphenyl rings so that a conversion to a contorted
butterfly conformation is possible (Figure S). A considerable
energy barrier of 118 kJ/mol was calculated, which is close to
the experimental activation energy value (95 = 2.5 kJ/mol)
measured in solution at 298 K. It is worth noting that, in most
cases, the conversion between different electronic configu-
rations that are very close in energy in the ground electronic
state occurs at very short time-scale and cannot be easily
detected. However, in this case, because of a high activation
energy needed for the intersystem crossing from 1-OS to 1-CS,
an unusually slow decay process was observed experimentally.
1-CS displays the largest coeflicients for the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) along the quinoidal bisanthraqui-
nodimethane moiety (Figure 4), indicating an extended -
electron delocalization despite its highly contorted structure.
The two unpaired electrons (a and /8 spin) in the singlet 1-OS
show a disjointed singly occupied molecular orbital (SOMO),
SOMO-a and SOMO-f, with orbital coefficients mainly
localized at the terminal diphenylmethene units (Figure 4),
indicating a large biradical character for 1-OS. The spin-density
distribution also presents a central symmetry with the terminal
diphenylmethene units having the largest density, while there is
still significant spin density distributed on the anthracene units
(Figure 4). This suggested that the spins are delocalized, which
can explain the good chemical stability of the intermediate
biradical against oxidation and dimerization/oligomerization.
The SOMO-a and SOMO-§ profiles and the spin-distribution
of the triplet 1-OS indicate that the two spins are independent
from each other, indicating a weak radical—radical coupling.

Synthesis and Characterizations of 2-CS/2-CS. To
further tune the ground-state electronic and geometric
structure of the tetrabenzo-Chichibabin’s hydrocarbon, the
two di(4-tert-butylphenyl)methene groups in 1-CS were
replaced by two fluorenyl units. The synthesis of 2-OS was
based on a similar synthetic concept as shown in Scheme 2.
The 10,10’-dibromo-9,9’-bianthryl 6 was treated with 2 equiv
of n-BuLi followed by reaction with 9H-fluoren-9-one to give
the precursor diol 7 in 65% vyield. Subsequent reduction of 7
with SnCl, and purification of the crude product by routine
column chromatography on silica gel afforded a deep red solid,
which was identified as the biradical 2-OS.

MALDI-TOF mass spectrum of this product agrees well with
the molecular weight of compound 2-OS. It is noteworthy that
the absorption spectral patterns with vibronic splitting observed
in the region of 300—400 nm are characteristic of that of
anthracene.*® In addition, a long absorption tail into the near-
infrared region is attributed to the lowest energy transition with
a small HOMO—-LUMO energy gap of 1.28 eV. This steady-
state optical property of 2-OS suggests a representative open-
shell biradical electronic structure as we expected (cf., Scheme
2). In this regard, this compound in THF-dg; solvent did not
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Scheme 2. Synthetic Route of Compounds 2-OS and 2-CS*

2-CS

“Reaction conditions: (a) (1) n-BuLi/THF; (2) 9H-fluoren-9-one,
65%; (b) SnCl,, CH,Cl,, room temperature, 82%; (c) Pd(PBu),,
Cul, CsF, toluene.

show any NMR signals at room temperature even after cooling
to —100 °C, indicating the presence of a considerable
paramagnetic species. Strong ESR signal was detected for the
sample in various solutions and in the solid state. For example,
the solution of 2-OS in 2-methyl tetrahydrofuran (2-Me—
THF) showed a well-resolved quintet ESR spectrum with g =
2.0027 at 153 K (Figure 7a). Simulations indicated that most of
the hyperfine structure resulted from two sets of two equivalent
protons with hyperfine coupling constants of 4.1 and 3.2 G.
Superconducting quantum interference device (SQUID)
measurements were conducted for 2-OS in the powder form
at 5—380 K. The product of magnetic susceptibility y and
temperature T is plotted as a function of temperature in Figure
7b and the magnetic susceptibility can be well fitted with
Bleaney—Bowers equation. The singlet—triplet gap was
estimated to be 2J/kz = 166 K (1.4 kJ/mol), indicating that
the ground state for 2-OS is triplet (paramagnetic). Thus, all of
these experiments confirmed that the obtained compound was
the biradical 2-OS instead of the closed-shell form 2-CS.
Interestingly, 2-OS displayed extremely high stability, and there
was no obvious decomposition when the solution or solid was
stored under ambient air and light conditions for months,
which could be attributed to thermodynamic stabilization of the
fluorenyl moieties and kinetic stabilization by the anthracene
units.

To further understand the nature of the biradical in 2-OS, an
anthryl-substituted fluorenyl monoradical 8 (Scheme 2) was
also prepared for comparison (see detailed synthesis in the
Supporting Information). The UV—vis absorption spectrum
(Figure 6) and the ESR spectrum (Figure 7) of compound 8
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Figure 6. UV—vis—NIR absorption spectrum of 2-OS and compound
8 in DCM.
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Figure 7. (a) CW ESR spectra of 2-OS and 8 in 2-Me—THF at 153 K.
(b) xT versus T curve for the powder of 2-OS in the SQUID
measurements and the fitting plot via the Bleaney—Bowers equation.

are very similar to that of 2-OS, indicating that there is very
weak dipole coupling between the two radicals. This is
presumably due to the large mean internal radical-to-radical
distance and the orthogonal arrangement of the two anthracene
units in 2-OS (vide infra). The small singlet—triplet energy gap
(1.4 kJ/mol) obtained from the SQUID measurement also
indicates a weak coupling between the two radicals, and both
the singlet and triplet diradicals could exist at room
temperature.

The existence of such a stable biradical character also implied
that it may represent the ground-state structure of the 2-CS/2-
OS. To confirm this hypothesis, the synthesis of the closed-
shell structure 2-CS was also attempted (Scheme 2). This was
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done by the Still coupling reaction between compound 4 and
9,9-dimethyl-9-stannafluorene 9*' in the presence of Pd-
(PBu;), as catalyst. However, the biradical form 2-OS was
generated instead of the closed-shell 2-CS. This suggested that
the closed-shell form 2-CS was formed as an unstable
intermediate compound, which quickly underwent relaxation
to its more stable open-shell biradical form 2-OS. The product
2-0S could not be separated in its pure form by this method
due to the contamination with other side-products including a
ring-opening oligomer of 9, which was identified by X-ray
single-crystal analysis (Figure S3 in the Supporting Informa-
tion). However, the formation of 2-OS can be unambiguously
identified by MALDI-TOF mass spectrum and UV-vis
absorption measurement, which are identical to those for
pure 2-OS. Therefore, the ground state of 2-CS/2-OS can be
defined as the open-shelled biradical, which is in contrast to the
1-CS/1-0S pair.

Similar theoretical calculations were also conducted for 2-

CS/2-0S (Figure 8). The closed-shell form of 2-CS adopted a

2-CS 2-05 (singlet) 2-05 (triplet)
I](_ 1.474 A «— 1474 A
1.347 A : i‘_: 1497 A «— 1497A
~)
0

SOMO-a (#179-a)

SOMO-B (#178-B)

L SO S

HOMO (#178) SOMO-a (#178-a) SOMO-a (#178-a)
2-05 (singlet) 2-05 (triplet)

Figure 8. Calculated geometric structures (with part of the bonds
labeled with length in A) and the frontier molecular orbitals of the
closed-shell 2-CS and open-shell 2-OS both in singlet and in triplet
states. The bottom shows the spin density distribution of the singlet
and triplet 2-OS.

contorted butterfly conformation with characteristic bond
lengths (as labeled with arrows, 1.353, 1.347 A, respectively)
for a quinoidal hydrocarbon, similar to 1-CS. The open-shell 2-
OS structures show an orthogonal geometry due to steric
congestion, similar to those for 1-OS as well. DFT calculations
showed that the diradical states (singlet and triplet 2-OS) had
lower energies than its closed-shell form (2-CS) by 23.4—25.9
kJ/mol, and the energy of the triplet state was slightly lower
energy than the singlet biradical state by 2.5 kJ/mol, which is
consistent with the SQUID measurement (AEg_p = —1.4 kJ/
mol). The frontier molecular orbital profiles of 2-CS revealed
that the electrons are mainly delocalized through the 7-
extended quinodimethane part at the middle of the molecule

for both HOMO and LUMO. In contrast to 2-CS, the SOMOs
of the o and S spins in 2-OS exhibit an extended delocalization
to the fluorenyl unit, especially for the singlet state. Thus, 2-OS
showed large spin density at the fluorenyl moiety (Figure 8).
The large spin delocalization through the fluorenyl anthryl
methene unit should account for the high stability of the
biradical.

Electrochemical Properties of 1-CS/2-OS and Their
Dication 1-CS**/2-0S?*. Cyclic voltammetry was performed
to investigate electrochemical properties of 1-CS and 2-OS. 1-
CS in DCM exhibited one chemically irreversible reductive
wave with half-wave potential E, .4 at —1.27 V (vs Fc*/Fc), and
the first oxidative scan revealed an intense irreversible oxidation
wave above 0.73 V (Figure 9a). However, the reverse scan from
the high oxidation state back to —0.6 V showed two closely
overlapped quasi-reversible reduction waves. The second and
third circle scans showed that the same redox waves existed.
This observation suggested that subsequent chemical reaction
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Figure 9. Cyclic voltammograms of 1-CS (a), 2-OS (b), and
compound 8 (c) in dry DCM with 0.1 M Bu,NPF, as supporting
electrolyte, Ag/AgCl as reference electrode, Au disk as working
electrode, Pt wire as counter electrode, and a scan rate at 100 mV/s.
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Figure 10. UV—vis—NIR absorption spectra of 1-CS (a), 2-OS (b), and compound 8 (c) upon oxidative titration with FeCl; in dry DCM, and

absorption spectrum of 2-OS in concentrated H,SO, (d).

might happen after the oxidation of 1-CS at high potential
(>0.73 V) so that a new redox active species with lower
oxidation potential was generated. Electrolysis of the 1-CS in
DCM was then conducted at 1.0 V using a large Pt plate
electrode, and the mixture was monitored by MALDI-TOF
mass spectroscopy. Interestingly, the mass spectrum of the
mixture revealed the existence of the starting material and a
species with a loss of 12 hydrogen atoms (Figure S4 in the
Supporting Information). Thus, an intramolecular oxidative
cyclodehydrogenation likely occurred at the high oxidation
potentials, which gave the fully fused hydrocarbon 1-CS-closed
(inserted structure shown in Figure 9a) via the loss of 12
hydrogen atoms.>* Compound 2-OS exhibited two reversible
oxidation waves with half-wave potentials E ' = 0.38 V and E,>
= 0.52 V (vs Fc*/Fc), and one quasi-reversible reduction wave
with a half-wave potential E,.q = —0.98 (vs Fc*/Fc) (Figure 9b).
The energy levels of the HOMO and LUMO were determined
to be —5.10 and —3.87 eV, respectively, from the onset
potentials of the oxidation and reduction waves. Thus, a low
electrochemical energy gap (EgEC) of 1.23 eV was determined
for 2-OS, which was consistent with its optical energy gaps
(E, P = 1.28 eV). Such a small energy gap promoted 2-OS to
adopt open-shell biradical in the ground state. These two
oxidative waves suggest that compound 2-OS can be oxidized
to its monoradical cation and dication after removal of one and
two unpaired electrons. For comparison, the monoradical 8
showed one reversible oxidation wave at E;, = 0.37 V and one
reversible reduction wave at E,.4 = —1.04 V (Figure 9c), with
the HOMO and LUMO energy levels being —5.10 and —3.84
eV, respectively.

The low oxidation potentials observed for 1-CS and 2-OS
allowed us to approach their cationic species (monoradical
cation and dication) by chemical oxidation. Instead of using
highly reactive and expensive oxidants such as super acid SbF;/
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SO,CIF, which are usually used for generating aromatic or
antiaromatic carbocations of hydrocarbons at very low
temperature.”> We found that mild oxidants such as FeCl,
could be used for the oxidation of 1-CS/2-OS into their
corresponding dications in nearly quantitative yield at room
temperature. Chemical oxidative titration of compounds 1-CS
and 2-OS by FeCl; was conducted in dry DCM, and the
progress was monitored by UV—vis—NIR spectroscopy (Figure
10a and b). Both compounds can be oxidized by FeCl; into
stable cationic species, and the absorbance reached a saturation
state when 2 equiv of FeCl; was used, indicating formation of
stable dications. This is consistent with the previous
observation that attempted cyclodehydrogenation of 1-CS
with FeCl; followed by quenching with aqueous solution gave
the diol 5. A new sharp and intense absorption band at 500 nm
and a broad absorption band centered at 832 nm were observed
for the dication 1-CS?*. Similarly, for 2-OS, titration with FeCl,
finally led to a well-resolved band with maximum at 528 and
475 nm, and a new broad band with maximum at 1130 nm for
the dication 2-OS82*. It should be noted that in both cases, the
broad bands were bathochromically shifted obviously during
the titration before reaching the final state, indicating the
existence of both monoradical cation and dication at the
intermediate stage. Under the same condition, compound 8 can
be progressively oxidized by FeCl; into its monocation (Figure
10c), and a broad band centered at 1027 nm together with a
well-resolved band at 500/458 nm were observed. The band
structure was similar to that for 2-OS>* due to their similar
chemical structure.

Although the preparation of the parent 9-fluorenyl cation in
sulfuric acid was difficult due to rapid decomposition and
polymerization to unidentifiable products,®* we found that the
oxidation of 2-OS in concentrated sulfuric acid gave a stable
dication 2-O8?*, which permitted UV—vis—NIR absorption and
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'H NMR spectroscopic measurements. As shown in Figure 10d,
the UV—vis—NIR spectrum of compound 2-OS in concen-
trated H,SO, is nearly identical to the dication 2-O8>*
generated from oxidation of 2-OS with FeCl;, indicating that
the dication species was indeed formed upon mixing 2-OS with
concentrated H,SO,. The 'H NMR spectrum of 2-OS>*" was
then recorded in D,SO,, and well-resolved aromatic proton
resonances appeared after 2 h, which could be clearly assigned
to the desired dication 2-OS*" (Figure S5). It was worthy to
note that the protons on the fluorenyl unit showed obvious
shift to the high field, indicating an antiaromatic nature of the
cyclopentadienyl cation. The dication solution in sulfuric acid
was quite stable and showed no change after storage at room
temperature for several weeks. However, oxidation of the 1-CS
and compound 8 with concentrated H,SO, led to a
complicated mixture due to decomposition of the starting
materials.

Subsequently, DFT (UCAM-B3LYP) calculations were
conducted to further understand the stability of the dications
1-CS?* and 2-OS?". In both cases, high HOMO coeficients are
mainly found at the anthracene units, while the LUMO
coeficients are mainly localized at the diphenylmethane or
fluorenyl moieties (Figure 11). The Mulliken charge density

2-0S82*:

1-cs?*:

LuUMmo

e
—G
;O

t”

HOMO

it

=
Charge density
aase

.‘2
<o
Pl g"?

Charge density

Figure 11. Calculated frontier molecular orbital profiles and the
Mulliken charge density distribution of 1-CS** and 2-OS>".

distribution indicated that the positive charges are mainly
localized at the methane cation site but also delocalized through
the anthracene units and the diphenyl or fluorenyl moieties.
Such a charge delocalization should account for the good
stability of the dications 1-C$>* and 2-OS**.

FT Raman Spectra of 1-CS/2-OS and Their Dications.
To scrutinize the intrinsic structure of 1-CS/2-OS in neutral
state and their corresponding dications 1-CS?*/2-0S*", FT
Raman experiments were conducted and provided further
structure—property relationships between the closed-shell and
open-shell species.> FT-Raman spectra of 1-CS and 2-OS in
their neutral states are shown in Figure 12, and there is a large
difference between the two spectra in the 1600 cm™' region.
The spectrum of 1-CS has clear signatures of benzo-quinoidal
rings (ie, band at 1596 cm™') together with a band at a
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Figure 12. 1064 nm FT-Raman spectra of neutral and oxidized 1-CS
(bottom: dotted and solid lines, respectively) and of neutral and
oxidized 2-OS (top: dotted and solid lines, respectively).

position close to that of usual conjugated C=C bond stretches
(i.e., band at 1612 cm™), which indicates that the structure of
1-CS is compatible with a closed-shell electronic configuration.
The spectrum of 2-OS, however, with the strongest band at
1560 cm™, reveals its anthracene-like structure originated from
the stabilization of the open-shell aromatized species. The
evolution from a closed-shell structure in 1-CS to an open-shell
structure in 2-OS as delineated by the Raman spectra can be
interpreted by the larger stabilization energy of the radical
center in a planar cyclopentadienyl moiety in 2-OS, a structural
motif that is not possible in 1-CS.

The unique absorbance tail of 2-OS from 500 nm to the
near-infrared (Figure 6), likely due to the open-shell structure,
allows us to use resonance Raman spectroscopy to get further
insights onto the electronic configuration by comparing the
Raman spectra of 2-OS recorded with the 633 and 1064 nm
excitation wavelengths, which correspond to on-resonance and
off-resonance experiments, respectively (Figure S6 in the
Supporting Information). The spectra of 2-OS under different
excitation wavelengths are essentially identical, highlighting that
there is a sole electronic configuration describing the ground
electronic state. On the other hand, the VT FT-Raman spectra
for 1-CS and 2-OS in the solid state (Figure S7 in the
Supporting Information) showed that between —170 and +120
°C the Raman spectra are almost unaltered, revealing the
absence of any relevant thermal interpopulation between low
energy lying states; that is, 1-CS and 2-OS are robust singlet
and triplet ground electronic states, respectively. For 2-OS, the
thermal invariance of the Raman spectra might indicate almost
iso-energetic singlet and triplet states or a rather small singlet—
triplet energy gap, which is in accordance with both theoretical
calculations and experimental measurements.

These two samples were oxidized to their corresponding
dications by FeCl; in dry DCM, and the FT-Raman spectra of
the oxidized species in solution are also shown in Figure 12.
These two spectra correspond to resonance Raman spectra as
the 1064 nm laser of the Raman experiment excites the
characteristic electronic absorptions of both dicationic species
(Figure 10). This is important because it discards interference
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by other species. Conversely to the case of the neutral systems,
the two spectra now became similar (Figure 12), suggesting
that both species shared a similar geometrical structure in their
charged ground electronic states. The appearance of the intense
band in the two oxidized species around 1570 cm™ can be
assigned to the anthracene-like structure of the two molecular
cores, which was in accordance with the formation of the
corresponding carbocations either in the fluorenyl center in 2-
OS or in the diphenylmethene center in 1-CS. Thus, our
Raman spectroscopic measurements clearly revealed the
ground-state electronic structures of 1-CS/2-OS and their
dications, which were consistent with the previous studies by
other approaches.

Femtosecond Transient Absorption and Two-Photon
Absorption Spectroscopic Measurements. To date, the
excited-state dynamics of open-shell organic molecules has
been still rarely investigated because of the limited number of
systems with stable radical-associated molecules suitable for
testing these effects. A few hybrid derivatives possessing the
stable heteroatomic spin center on N—O units (e.g, TEMPO
and a-nitronylnitroxide) have been characterized by transient
absorption spectroscopy.®® In contrast to the spin-localized
heteroatomic systems, the spin-delocalized pure PAHs would
exhibit the different relaxation nature in their excited states.
The effect of open-shell electronic structure of 2-OS on the
excited-state photophysical properties is of interest. Therefore,
we carried out the femtosecond transient absorption (TA)
measurements to investigate the excited-state dynamics of 1-CS
and 2-OS (Figures S8,59 in the Supporting Information). For
compound 1-CS in toluene at room temperature, the broad
excited-state absorption (ESA) signals around 700 nm become
narrower and hypsochromically shifted to 670 nm within an
initial 15 ps time decay, probably due to the conformational
change through the internal conversion process from the higher
excited state. The two decay-associated spectra at early time-
evolution and the longer one indicate the TA spectra before
and after vibrational relaxation process, respectively. The decay
time constants probed at various wavelengths are fitted by two
exponential functions of 7 and 96 ps. The singlet excited-state
lifetime of 1-CS estimated to be 96 ps is relatively shorter
presumably due to the structural flexibility resulting from the
contorted butterfly geometry.

In the case of 2-OS, the broad ESA signal was observed in
the whole visible region. The decay profile probed at 736 nm
was estimated to be 24 ps by fitting with a single exponential
function. As compared to the closed-shell 1-CS, the open-shell
derivative 2-OS had a more short-lived excited-state lifetime.
While the structure-dependent radical-induced quenching
mechanism>®® through enhanced intersystem crossing (ISC)
and/or internal conversion (IC) in doublet radical—chromo-
phore dyads has been reported, the fast decay kinetic profile of
2-0S is considered to reflect an acceleration of the nonradiative
IC rates arising from the smaller energy gap between the lowest
excited state and the open-shell ground state. The non-
fluorescent property of 2-OS is also consistent with the short
excited-state lifetimes. Considering the relatively rigid orthog-
onal structure of 2-OS containing aromatized anthracene units,
the unpaired electrons associated with the molecule contributed
to the ultrafast relaxation dynamics.

To investigate the NLO properties of the biradical 2-OS,
two-photon absorption measurements were conducted by using
the open-aperture Z-scan method with 130 fs pulses in the NIR
region from 1200 to 1500 nm where one-photon absorption

(OPA) contribution is negligible. As shown in Figure 13 (and
Figure S10 in the Supporting Information), although 2-OS had
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Figure 13. OPA (black solid line and left vertical axis) and TPA
spectra (blue symbols and right vertical axis) of 2-OS in chloroform.
TPA spectra were plotted at A,/2.

a rather small OPA absorption coeflicient, it showed a large
TPA cross section in the wavelength region with the maximum
value as 760 GM at 1200 nm. In comparison with typical
hydrocarbon chromophores, which only exhibited a small TPA
value at the long wavelength, a relatively larger cross section for
compound 2-OS was obtained, and was comparable to the
achieved value of other open-shell PAH molecules (300—890
GM)? in the same region of photoexcitation. This result can be
reasonably understood by the unusual ground-state electronic
structure of 2-OS with distinct biradical character. The
measurement on the closed-shell 1-CS however was limited
by its too short absorption wavelength, which was out of the
range of the photoexcitation wavelength of our facilities.

lll. CONCLUSION

In summary, two new stable tetrabenzo-Chichibabin’s hydro-
carbons were synthesized by a new strategy, and their electronic
structure and geometry in the ground state were investigated by
various experiments assisted by DFT calculations. Their
ground-state structures were tunable, with 1-CS as a closed-
shell hydrocarbon and 2-OS as an open-shell biradical. Such a
difference can be explained by an enhanced thermodynamic
stabilization of the biradicaloid resonance form when the di(4-
tert-butylphenyl)methene groups in 1-CS were replaced by
fluorenyl units in 2-OS. The extremely high stability of the
biradical 2-OS can be ascribed to thermodynamic stabilization
by delocalization and kinetic blocking by the anthracene units.
Their excited states were also approachable by chemical means,
and an unusually slow transition from the orthogonal 1-OS to a
highly contorted butterfly like 1-CS was observed, which can be
explained by a very large energy barrier arising from steric
repulsion during the transition. A quinoidal form 2-CS
represented the excited state of 2-OS, and it quickly relaxed
back to the ground state during chemical synthesis. The nature
of the biradical in 2-OS was confirmed as two weakly coupled
radicals with a triplet ground state and a small singlet—triplet
energy gap (AEs_r = —1.4 kJ/mol). Both compounds can be
oxidized into stable dications by chemical oxidation. FT Raman
spectroscopy also provided further structural information, such
as a quinoidal form for 1-CS and a benzenoid form for 2-OS, 1-
CS?*, and 2-0S8?", which was consistent with other
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experimental data. The open-shell 2-OS has a shorter singlet
excited lifetime than that of closed-shell 1-OS, which can be
considered to reflect a radical-induced acceleration of the
nonradiative internal conversion rates. Moreover, the open-
shell 2-OS exhibited a large TPA cross-section value (760 GM)
at long wavelength (1200 nm), indicating promising potential
applications of open-shell PAHs in nonlinear optics.

IV. EXPERIMENTAL SECTION

Steady-state UV—vis absorption and fluorescence spectra were
recorded on a Shimadzu UV-1700 spectrometer and a RF-5301
fluorometer, respectively. The electrochemical measurements were
carried out in anhydrous DCM with 0.1 M Bu,NPFg as the supporting
electrolyte at a scan rate of 100 mV/s at room temperature under the
protection of nitrogen. A gold disk was used as working electrode,
platinum wire was used as counting electrode, and Ag/AgCl (3 M KCl
solution) was used as reference electrode. The potential was externally
calibrated against the ferrocene/ferrocenium couple. Continuous wave
X-band ESR spectra were obtained with a Bruker ELEXSYS ES00
spectrometer using a variable-temperature Bruker liquid nitrogen
cryostat. Quantitative ESR experiments were conducted by over-
modulating the EPR signals and comparing the signal intensities of 8
and 2-OS with the long-lived radical anion produced by the one-
electron reduction of vitamin K1*7 obtained under identical
instrumental and experimental conditions. The integrated ESR signals
of 1 mM solutions of each radical were obtained separately in a silica
flat cell. The observation that compounds 8 show integrated signal
intensities similar to that of VK1°~ confirms that they are the primary
radicals, and the signal is not due to minor impurities. The signal
intensity of 2-OS is 1.77 times that of 8, indicating the existence of
diradicals containing both singlet and triplet species. A SQUID system
(Quantum Design, ST) was used for the magnetic characterization in
the temperature range of 5—380 K. The powder of 2-OS powder (9
mg) was sealed in a plastic tube. Magnetic susceptibility was measured
under a constant magnetic field of 3000 Oe in the temperature range
of 5-380 K. The signal of sample holder and plastic tube was
deducted by measuring the sample holder and plastic tube under same
conditions. For the analysis of the raw SQUID data, we assumed that
the magnetic susceptibility of the 2-OS sample consists of three
components, diamagnetic signal, paramagnetic impurity, and signal of
singlet—triplet (which can be described with the Bleaney—Bowers
equation).

FT—Raman spectra were measured using an FT-Raman accessory
kit (FRA/106-S) of a Bruker Equinox SS FT-IR interferometer. A
continuous-wave Nd-YAG laser working at 1064 nm was employed for
excitation, at a laser power in the sample not exceeding 30 mW. A
germanium detector operating at liquid nitrogen temperature was
used. Raman scattering radiation was collected in a back-scattering
configuration with a standard spectral resolution of 4 cm™. 2000 scans
were averaged for each spectrum. A variable-temperature cell Specac
P/N 215285, with interchangeable pairs of quartz windows, was used to
record the FT-Raman spectra at different temperatures. The variable-
temperature cell consists of a surrounding vacuum jacket (0.5 Torr)
and combines a refrigerant Dewar and a heating block as the sample
holder. It is also equipped with a copper constantan thermocouple for
temperature monitoring between —170 and 150 °C. Samples were
inserted into the heating block part or the Dewar/cell holder assembly
in the form of pure solids dispersed in KBr pellets, and Raman spectra
were recorded after waiting for thermal equilibrium in the sample. The
samples in KBr pellets were prepared in an oxygen- and water-free bag.

The femtosecond time-resolved transient absorption spectrometer
used for this study consisted of a femtosecond optical parametric
amplifier (Quantronix, Palitra-FS) pumped by a Ti:sapphire
regenerative amplifier system (Quantronix, Integra-C) operating at 1
kHz repetition rate and an accompanying optical detection system.
The generated OPA pulses had a pulse width of ~100 fs and an
average power of 1 mW in the range 450—800 nm, which were used as
pump pulses. White light continuum (WLC) probe pulses were
generated using a sapphire window (2 mm thick) by focusing of small

portion of the fundamental 800 nm pulses, which were picked off by a
quartz plate before entering into the OPA. The time delay between
pump and probe beams was carefully controlled by making the pump
beam travel along a variable optical delay (Newport, ILS250).
Intensities of the spectrally dispersed WLC probe pulses were
monitored by miniature spectrograph (OceanOptics, USB2000+).
To obtain the time-resolved transient absorption difference signal
(AA) at a specific time, the pump pulses were chopped at 25 Hz, and
absorption spectra intensities were saved alternately with or without
pump pulse. Typically, 6000 pulses were used excite samples and to
obtain the TA spectra at a particular delay time. The polarization angle
between pump and probe beam was set at the magic angle (54.7°)
using a Glan-laser polarizer with a half-wave retarder to prevent
polarization-dependent signals. The cross-correlation fwhm in the
pump—probe experiments was less than 200 fs, and chirp of WLC
probe pulses was measured to be 800 fs in the 400—800 nm regions.
To minimize chirp, all reflection optics were used in the probe beam
path, and a quartz cell of 2 mm path length was employed. After each
set of fluorescence and TA experiments was completed, the absorption
spectra of all compounds were carefully checked to rule out the
presence of artifacts or spurious signals arising from, for example,
degradation or photo-oxidation of the samples in question.

The two-photon absorption spectrum was measured in the NIR
region using the open-aperture Z-scan method with 130 fs pulses from
an optical parametric amplifier (Light Conversion, TOPAS) operating
at a repetition rate of 3 kHz generated from a Ti:sapphire regenerative
amplifier system (Spectra-Physics, Hurricane). After passing through a
10 cm focal length lens, the laser beam was focused and passed
through a 1 mm quartz cell. Because the position of the sample cell
could be controlled along the laser beam direction (z axis) using the
motorcontrolled delay stage, the local power density within the sample
cell could be simply controlled under constant laser intensity. The
transmitted laser beam from the sample cell was then detected by the
same photodiode as used for reference monitoring. The on-axis peak
intensity of the incident pulses at the focal point, I, ranged from 40 to
60 GW cm™. For a Gaussian beam profile, the nonlinear absorption
coefficient can be obtained by curve fitting of the observed open-
aperture traces T(z) with the following equation:

Pl — &)

T(z) =1 — 3
2001 + (2/24)°]

where q is the linear absorption coefficient, [ is the sample length, and
2y is the diffraction length of the incident beam. After the nonlinear
absorption coefficient has been obtained, the TPA cross section 62 of
one solute molecule (in units of GM, where 1 GM = 10™° cm* s
photon™ molecule™) can be determined by using the following

relationship:

§= 106N, d

hy
where N, is the Avogadro constant, d is the concentration of the
compound in solution,  is the Planck constant, and v is the frequency
of the incident laser beam.

Theoretical calculations were carried out by using the Gaussian 09
program. The initial geometry optimizations of 1-CS/1-OS and 2-CS/
2-OS were performed with the UCAM-B3LYP/6-31G* level of
theory.”®*® The resulting DFT solution (ie., singlet “closed-shell”:
zero spin density on all atoms) was further tested for its stability with
the STABLE=OPT keyword. A spin symmetry broken DFT solution
was found with lower energy for 2-OS. Next, the Guess=Read keyword
was used to perform the optimization at the same level. Frequency
calculations were conducted to ensure that these structures are indeed
local minima (see the Supporting Information for a summary of the
computation results).

Synthesis of Tetrabenzo-Chichibabin’s Hydrocarbon 1-CS. A
mixture of 4 (500 mg, 0.72 mmol), 4-tert-butylphenylboronic acid
(1.302 g 7.23 mmol), K,CO; (1.0 g, 7.23 mmol), Cs,CO; (940 mg,
2.89 mmol), and Pd(PPh;), (330 mg, 0.029 mmol) in the mixed
solvents of toluene (100 mL), ethanol (1 mL), and water (3.6 mL)
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was degassed and purged with argon three times. The mixture was
heated to 130 °C for 48 h. After being cooled, the reaction mixture was
concentrated in vacuum and then diluted with DCM (200 mL), and
washed with water (100 mL) and brine (100 mL). The combined
organic extracts were dried over anhydrous Na,SO, and filtered, and
the solvent was removed in vacuo. The residue was then purified by
column chromatography (silica gel, DCM/hexane = 1:10) to afford
the desired product (600 mg, 90%) as a white solid. '"H NMR (CDCl,,
500 MHz): § ppm 7.41 (d, ] = 8.5 Hz, 8H, Ar), 7.32 (d, J = 8.5 Hz,
8H, Ar), 7.15 (d, ] = 7.5 Hz, 4H, Ar), 7.08 (d, ] = 7.5 Hz, 4H, Ar), 6.87
(t, 4H, ] = 7.0 Hz, Ar), 6.82 (t, 4H, ] = 7.0 Hz, Ar), 1.32 (s, 36H,
CH;). BC NMR (CDCly, 75 MHz): § ppm 149.41, 139.98, 139.64,
138.89, 137.59, 135.07, 132.14, 129.28, 128.64, 128.24, 125.46, 125.08,
124.74, 3447, 31.38. High-resolution mass spectrum (HR MS) (EI):
caldc for C,Hgs, 908.5321; found, m/z = 908.5329 (error = +0.9
ppm).

Synthesis of Tetrabenzo-Chichibabin’s Hydrocarbon 2-OS.
Under a nitrogen atmosphere, a solution of 7 (105 mg, 0.147 mmol)
in dry DCM (30 mL) was added to SnCl, (139 mg, 0.735 mmol). The
mixture was stirred overnight at room temperature under a nitrogen
atmosphere. The solvent was removed under reduced pressure. The
residue was then purified by column chromatography (silica gel,
chloroform/hexane = 1:20) to give compound 2-OS as a red solid (82
mg, 82%). HR MS (APCI): caled for Cy,Hj,, 680.2504; found, m/z =
680.2506 (error = +0.3 ppm). No NMR signal was observed at room
temperature even at low temperature (—100 °C). The purity was
further determined by HPLC analysis with a silica column by using
different eluents. Under variable conditions, only one elution peak was
observed, indicating high purity of this compound (Figure S10 in the
Supporting Information).
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