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ABSTRACT: Polycyclic aromatic hydrocarbons with an open-shell
singlet biradical ground state are of fundamental interest and have
potential applications in materials science. However, the inherent high
reactivity makes their synthesis and characterization very challenging.
In this work, a convenient synthetic route was developed to synthesize
two kinetically blocked heptazethrene (HZ-TIPS) and octazethrene
(OZ-TIPS) compounds with good stability. Their ground-state
electronic structures were systematically investigated by a combination
of different experimental methods, including steady-state and transient

HZ-TIPS
Closed-shell

OZ-TIPS
Singlet Open-shell Biradical

absorption spectroscopy, variable temperature NMR, electron spin

resonance (ESR), superconducting quantum interfering device (SQUID), FT Raman, and X-ray crystallographic analysis, assisted
by unrestricted symmetry-broken density functional theory (DFT) calculations. All these demonstrated that the heptazethrene
derivative HZ-TIPS has a closed-shell ground state while its octazethrene analogue OZ-TIPS with a smaller energy gap exists as
an open-shell singlet biradical with a large measured biradical character (y = 0.56). Large two-photon absorption (TPA) cross
sections (6*)) were determined for HZ-TIPS (6 =920 GM at 1250 nm) and OZ-TIPS (¢®__ = 1200 GM at 1250 nm). In
addition, HZ-TIPS and OZ-TIPS show a closely stacked 1D polymer chain in single crystals.

1. INTRODUCTION

Open-shell polycyclic aromatic hydrocarbons (PAHs)" are of
interest for understanding fundamental chemical and physical
phenomenon (e.g, the nature of chemical bonding). In
addition, their unique electronic, nonlinear optical (NLO),>
and magnetic properties make them suitable for functional
materials in electronic devices,’ quantum information process-
ing systems,4 lithium ion batteries,” and organic spintronics.é
However, the open-shell structure of these molecules renders
them vulnerable to degradation reactions; therefore, instability
remains a key obstacle for their practical applications. Recent
progress in synthetic methods has led to successful synthesis
and characterization of several types of stable open-shell PAHs:
(1) p-quinodimethane’” and o-quinodimethane® derivatives, in
which the open-shell biradical resonance form contributes

-4 ACS Publications  © 2012 American Chemical Society

largely to the ground-state electronic structure due to the
recovery of aromaticity of the quinodimethane unit; (2)
phenalenyl” and bisphenalenyl'® derivatives, in which the
radicals are thermodynamically stabilized by delocalization
throughout the phenalenyl moiety; and (3) low band gap PAHs
with Kekulé structure, such as teranthene, in which the breaking
of a double bond is compensated by recovery of three Clar’s
sextet rings.'" Higher order acenes'” and periacenes'” are also
predicted to show open-shell character in the ground state, but
there is no reported example so far. In most cases, kinetic
blocking of the reactive radical sites with bulky groups is
necessary to obtain stable materials, even if they are
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thermodynamically stabilized by 7-electron delocalization or by
substitution with electron-withdrawing groups.

Remarkable open-shell biradical character was predicted for
the zethrene family, a type of Z-shaped PAH which can also be
regarded as a dibenzoacene. Theoretical calculations predicted
their enhanced static second hyperpolarizability and large two-
photon absorption (TPA) cross section.'* The large biradical
character for heptazethrene and octazethrene can be explained
by recovery of an aromatic benzene or naphthalene ring in the
biradical resonance form, as indicated in Chart 1. Although the

Chart 1. Resonance Structures of Heptazethrene and
Octazethrene, and Structures of HZ-TIPS and OZ-TIPS
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smallest member of the zethrene family, i.e. zethrene, was also
predicted to have a significant biradical character, so far all
reported zethrene and its derivatives' have showed a closed-
shell ground state. The synthesis of parent heptazethrene'® was
not successful due to its high reactivity. We recently reported
the first synthesis of a heptazethrene derivative, the
heptazethrene diimide (HZ-DI, Chart 1), and demonstrated
that it existed as a singlet open-shell biradical in the ground
state.'” HZ-DI showed reasonable photostability in solution;
however, the material slowly decomposed during stora%e either
in solution or in solid. The higher order octazethrene'® and its
derivatives have never been reported due to their expected
extremely high reactivity. In this paper, we report an efficient
synthetic route for a new kinetically blocked heptazethrene
derivative (HZ-TIPS), in which the most reactive sites
(indicated by arrows in Chart 1) are substituted by bulky
triisopropylsilylacetylene (TIPS) groups (Chart 1). By using a
similar concept, the first stable octazethrene derivative (OZ-
TIPS, Chart 1), which was found to have a singlet open-shell
ground state, was also obtained. The ground-state electronic
structures of both compounds were systematically studied by
various experiments and density functional theory (DFT)
calculations. Their NLO properties and solid-state packing were
also investigated in detail.

2. RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Our pre-
vious synthetic methods for the zethrene diimide'* and
heptazethrene diimide'” using intramolecular transannular
cyclization afforded the final products in low yields. Herein,

the heptazethrene diketone 4 was chosen as a key intermediate
for the high-yield synthesis of HZ-TIPS (Scheme 1). Suzuki

Scheme 1°

“Reagents and conditions: (a) 2-methylnaphthalen-1-yl-1-boronic
acid, 3 equiv, Pd(PPh;),/ Na,CO;, toluene/EtOH, reflux, 82%; (b)
NaOH, 8 equiv, THF/MeOH, 70 °C, 95%; (c) PPA, reflux, 93%; (d)
i-Pr;SiC=CMgCl, THF, rt; (e) SnCl,, rt, 2 h; 87% for HZ-TIPS and
35% for OZ-TIPS, over two steps.

coupling between the diester 1'* and 2-methylnaphthalen-1-yl-
1-boronic acid*® followed by acidification of the product 2 gave
the diacid 3 in an overall 78% yield. The desired diketone 4 was
then obtained from 3 under reflux for 3 h with polyphosphoric
acid (PPA). The introduction of a methyl group at the 2-
position of the naphthalene moiety prevents the formation of a
five-membered ring containing isomers and also improves the
solubility of the diketone 4. Addition of 4 with excessive
triisopropylsilylacetylene Grignard reagent followed by reduc-
tion with SnCl, provided HZ-TIPS in 87% yield. Using a
similar strategy, the octazethrene derivative OZ-TIPS was
prepared from the corresponding diketone 5'® in 35% yield.
The structures of HZ-TIPS and OZ-TIPS were unambiguously
identified by 1D 'H (**C) NMR, 2D NOE/COSY/NOESY
NMR spectroscopy, high-resolution mass spectrometry (Figure
S1-S10 in the Supporting Information (SI)), and single-crystal
analysis (vide infra).

Steady-State and Transient Absorption Spectroscopic
Measurements of HZ-TIPS and OZ-TIPS. The solution of
HZ-TIPS has a blue color and shows a well-resolved one-
photon absorption (OPA) spectrum with a p-band at 634 nm
(Figure 1 and Table 1), which is ty?ical for many closed-shell
PAHs, such as rylenes and acenes.”’ HZ-TIPS also exhibits a
moderate fluorescence quantum yield (16%) with emission
maximum at 704 nm (Figure S11 in SI). In addition, HZ-TIPS
displays a well-resolved 'H NMR spectrum even under elevated
temperatures (e.g., 100 °C in CDCL,CDCl,, Figure SI in SI).
All these indicate that HZ-TIPS likely has a closed-shell
structure in the ground state, which is in contrast to its
analogue HZ-DI, which possesses the same heptazethrene
chromophore but with a different substituent.'” For compar-
ison, HZ-DI shows a different absorption band characteristic of
a biradicaloid species and there is almost no fluorescence.'”
OZ-TIPS has a blue-to-green color and the absorption
spectrum displays a well-resolved band in the far-red and
near-infrared region, with maxima at 795, 719, 668, and 613
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Figure 1. UV—vis—NIR absorption spectra of HZ-TIPS and OZ-TIPS
in chloroform.

nm. The band shape is different from HZ-TIPS but is similar to
other open-shell PAHs such as teranthene'' and HZ-DL'
Moreover, OZ-TIPS exhibits a low fluorescence quantum yield
of 1.5% with emission maximum at 807 nm (Figure S11 in SI).
All these data indicate that OZ-TIPS may exist as an open-shell
biradical in the ground state, and the lowest energy absorption
band likely originates from the presence of a low-lying excited
singlet state dominated by a doubly excited electronic
configuration (H, H—L, L), as theoretically and experimentally
demonstrated by the quinoidal oligothiophene oligomers.**

Femtosecond transient absorption (TA) measurements were
then carried out to explore the excited-state photophysical
properties of HZ-TIPS and OZ-TIPS. The TA spectra of HZ-
TIPS and OZ-TIPS exhibit ground-state bleach signals around
630 and 670 nm as well as weak excited-state absorption bands
in 450—550 and 700—750 nm spectral regions, respectively
(Figure 2). The singlet excited-state lifetimes of HZ-TIPS and
OZ-TIPS were estimated to be 3.4 and 1.6 ns, respectively,
which are consistent with the fluorescence lifetimes measured
by the time-correlated single-photon-counting (TCSPC)
technique (Figure S12 in SI). The radiative decay rate constants
can be calculated by k, = @ /7. Also, because we already know
7¢ and k,, the nonradiative deactivation rate constants can be
estimated through 7; = 1/(k, + k,) (Table 1). While the
nonradiative decay rate of OZ-TIPS was faster than that of HZ-
TIPS, the radiative decay rate of OZ-TIPS was observed much
slower than that of HZ-TIPS. The difference in the radiative
decay rates as well as the nonradiative decay rates between OZ-
TIPS and HZ-TIPS is thought to reflect their respective
electronic character.

VT NMR, ESR, and SQUID Measurements. Variable
temperature (VT) 'H NMR spectra of OZ-TIPS were recorded
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Figure 2. Transient absorption spectra of HZ-TIPS (a) and OZ-TIPS
(b) in chloroform. Insert are the decay curves.
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Figure 3. Variable-temperature "H NMR spectra (aromatic region) of
OZ-TIPS in CDCl; and assignment of all aromatic protons. The
resonance assignment referred to the structure shown in Chart 1.

in CDCl, (Figure 3). In contrast to HZ-TIPS, the resonances
from the octazethrene core in OZ-TIPS are significantly
broadened at room temperature and further broadened at
elevated temperatures. However, these peaks become obviously

Table 1. Photophysical and Electrochemical Data of HZ-DI, HZ-TIPS, and OZ-TIPS®

Aabs Emax PL QY % k,
compd (nm) M em™) (nm) (%) (ns) (s7h)
HZ-DI 641, 701, 747, 24382 - - - -

827
HZ- 584, 634 60000 704 16 34 47 x 107
TIPS
oz- 613, 668, 719, 83300 807 1S 16 94 x 10°
TIPS 795

2.5 % 108

62 x 108

kg E 2 E 47 HOMO LUMO Ef° E
(s7) V) (V) (eV) @) (V) (V)
062,093  —0.65, —0.69 -522  —423 099 116
017,069  —1.48, —1.86 —487 —341 146 182
0.02, 022, —130, —1.56, -473 =360 113 150

0.61 -1.82

“Aps: absorption peak wavelength. €,,: molar extinction coefficient at the absorption maximum. PL: photoluminescence wavelength. QY:

fluorescence quantum yield. 7 fluorescence lifetime. k,: radiative decay rate constant. k, : nonradiative deactivation rate constant. E,,'/? and E, .

1/2

are half-wave potentials of the oxidative and reductive waves, respectively. HOMO and LUMO are determined from the oxidation and reduction
onset, respectively. EgEC: electrochemical energy gap. Egof’t: optical energy gap.
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sharper as the temperature decreases to 0 °C. This is a typical
phenomenon for other PAHs with a singlet open-shell ground
state. The NMR signal broadening results from a thermally
excited triplet species, which is slightly higher in energy than
the singlet biradical state."”'"'” Further decrease of temper-
ature led to signal broadening and upfield shift of the
resonances of the octazethrene core, particularly for the
protons a, b, and h, which can be explained by enhanced
aggregation at lower temperature. The existence of strong
intermolecular association in solution is supported by the
crystallographic analysis to be discussed later on.

Solution and solid powder of HZ-TIPS did not show any
electron spin resonance (ESR) signal, even at elevated
temperatures (up to 400 K), further supporting its closed-
shell structure. The solution of OZ-TIPS did not show any
ESR signal, too; however, its powder exhibited a ESR signal at g
= 2.0026 (Figure 4a), and the intensity decreases with a
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Figure 4. (a) ESR spectrum of OZ-TIPS in powder measured at room
temperature. (b) yT—T plot for the solid OZ-TIPS. The measured
data was plotted as open circles, and the fitting curve was drawn using
the Bleaney—Bowers equation with g = 2.00.

decrease of temperature, presumably due to the lower
population of triplet species at lower temperature. However,
zero-field splitting and Am, = &2 transition were not observed,
probably due to long mean spin—spin separation, and a similar
phenomenon was also observed in a meso-diketo hexaphyrin
biradical.® The singlet—triplet energy gap (AEg.r) of OZ-TIPS
was estimated by superconducting quantum interfering device
(SQUID) measurements for a powder sample at 5—380 K. The
measurements showed an increasing susceptibility above 220 K
(Figure 4b), and careful fitting of the data by using Bleaney—
Bowers equation™* gave a 2J/ky = —1946 K (0.168 eV or 3.87
kcal/mol). These measurements prove that OZ-TIPS has a
singlet open-shell ground state, which can be thermally excited
to its triplet excited state at room temperature due to a small
singlet—triplet energy gap (AEgp =~ 3.87 kcal/mol). The
percentage of the triplet species at room temperature was thus
estimated to be about 0.14%. This also means that there is very
low spin concentration in the dilute solution of OZ-TIPS,
which can explain the ESR silence in solution. However, in the

powder form, the increased spin concentration allowed
detection of the paramagnetic signal by ESR. SQUID
measurement on HZ-TIPS only revealed diamagnetism.

FT Raman Spectroscopic Measurements. Raman spec-
troscopy has proven to be very useful for the characterization of
benzene-type aromatic biradicals, either singlets or triplets.”®
This is based on the fact that there exist characteristic benzene
vibrational Raman bands around 1600 cm™ that are very
sensitive to the electronic configuration within the six-
membered benzene ring, either “benzoquinoidal” or “benzoar-
omatic”. Benzoaromatic Raman modes are associated with
frequency bands higher than 1600 cm™, while benzoquinoidal
modes always appear at lower frequencies due to the overall
CC bond weakening of the benzenoid ring by the loss of
aromaticity. Therefore, FT 1064 nm Raman spectroscopy was
used to further probe the electronic configuration of the p-
xylylene and 2,6-naphthodimethane units in HZ-TIPS and OZ-
TIPS.

At room temperature, a diagnostic #(C=C) band at 1590
cm™! was observed for HZ-TIPS, while this band was shifted to
1602 cm™ in OZ-TIPS (Figure S). Such a change could be
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Figure S. Solid-state 1064 nm FT-Raman spectra of OZ-TIPS (a) and
HZ-TIPS (b) with the regions of interest expanded (left) and variable-
temperature Raman spectra of OZ-TIPS (right). Arrows highlight the
intensity inversion.

explained by the evolution of a p-quinodimethane-like structure
in the closed-shell HZ-TIPS to a pseudoaromatic naphthalene
structure in the open-shell OZ-TIPS (highlighted in Figure S).
Variation of temperature did not result in significant change
for the Raman spectrum of HZ-TIPS. However, for OZ-TIPS,
thermal heating delineates a progressive 1602/1595 cm™
intensity inversion (Figure S, indicated by arrow). In the
diagnostic 1600 cm™ region, the spectrum displays a single
band at 1602 cm™ at —170 °C accompanied by a very weak
signal at 1591 cm™". With the heating of the sample from room
temperature up to 130 °C, a band at 1595 cm™ appears and
becomes the strongest. Overall the thermal heating leads to a
progressive 1602/1595 cm™' intensity inversion, and impor-
tantly, the cycle is reversible (i.e., the spectrum is completely
recovered by cooling the sample from 130 °C to room
temperature). Our recent studies on a viologen sample with
similar singlet and triplet biradical forms showed that its triplet
form dis}z)laced at lower frequency compared with its singlet
biradical.>*® Thus, for OZ-TIPS, we can assign the 1602 cm™
band at low temperatures to its singlet biradical species and the
downshifted band at 1595 cm™" at 130 °C to its triplet species.
By heating, therefore, we promote a singlet-to-triplet
intersystem crossing, which is in consistent with the VT
NMR, ESR, and SQUID measurements, as discussed above.
To further confirm the assignment, UCAM-B3LYP/6-31G*
theoretical calculations of the Raman spectra were conducted

dx.doi.org/10.1021/ja304618v | . Am. Chem. Soc. 2012, 134, 14913—-14922
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for the relevant singlet and triplet species of HZ-TIPS and OZ-
TIPS (Figure 6). The main two bands of the theoretical

(+130 °C)
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Figure 6. Left: Theoretical UCAM-B3LYP/6-31G* and experimental
Raman spectra (in OZ-TIPS, the experimental spectrum corresponds
to that at —170 °C). Right: UCAM-B3LYP/6-31G* theoretical Raman
spectrum of OZ-TIPS in its first triplet excited state together with the
experimental spectrum at +130 °C. The rest of the bands of the singlet
species are denoted as red circles.

spectrum of HZ-TIPS at 1581 and 1520 cm™" (difference of 61
cm™") correlate with the experimental ones at 1590 and 1534
cm™ (difference of 56 cm™). The band at 1581 cm™ can be
described as a CC stretching mode located in the central
benzene ring, which represents a motion of the parallel CC
bonds of this ring bearing a quinoidal pattern (seen in Figure 7

 Hz-TIPS 0Z-TIPS 0z-TIPS
*H’If {1581 cm") }?fﬂ/“ (1592 cm)

e S cm)

Figure 7. Theoretical vibrational eigenvectors associated with the most
relevant bands of the theoretical spectra.

is its theoretical vibrational eigenvector). This 1581 cm™ band
splits into two components in OZ-TIPS at 1592 and 1580 cm™
(difference of 12 cm™'), which might be related with the
experimental bands at 1602 and 1591 cm™" (difference of 11
cm™"). The vibrational eigenvector of the 1592 cm™" theoretical
band can be described as a CC stretching placed at the two
innermost fused benzene rings in Figure 7. In contrast to that at
1581 cm™ in HZ-TIPS, the OZ-TIPS mode describes an
aromatic-like motion in which the six CC bonds of each
benzene vibrate with significant amplitude (in the quinoidal
mode this motion is restricted to the parallel quinoidal CC
bonds).

Figure 6 also compares the Raman spectrum of OZ-TIPS at
+130 °C with the UCAM-B3LYP/6-31G* theoretical one of its
triplet species. In the 1600 cm™' region, the theoretical
spectrum only predicts one intense band at 1626 cm™. As a
result, this theoretical band must be assigned to the sole band
that increases its intensity with the heating, that is, the band at
1595 cm™'. The normal mode associated with this band in
Figure 7 resembles that associated with the 1592 cm™ band of
the open-shell singlet species of OZ-TIPS. Therefore, the
bands at 1602 and 1591 cm™' measured at —170 °C in OZ-
TIPS are due to the singlet open shell species. The Raman

band of the triplet appears nearby, at 1595 cm™, but it
selectively shows enhancement with the increase of the
temperature due to the singlet—triplet equilibrium.

DFT Calculations on the Ground-State Electronic
Structures. Unrestricted symmetry-broken DFT calculations
using the UCAM-B3LYP method”® were conducted to further
understand the ground-state electronic structures. The AEq
values were calculated to be 8.1 and 4.4 kcal/mol for HZ-TIPS
and OZ-TIPS, respectively (triplet above singlet), and the
computed energy differences between the closed-shell singlet
and the open-shell singlet biradical states were —3.7 and —11.3
kcal/mol for HZ-TIPS and OZ-TIPS, respectively, suggesting
that both molecules may contain a certain degree of the singlet
biradical property in the ground state. More informative singlet
biradical characters y, of 0.159 and 0.434 were obtained for
HZ-TIPS and OZ-TIPS, respectively, to represent their
biradical natures between the closed-shell and pure diradical
states (0 to 1). While HZ-TIPS was predicted to have some
lower degree of singlet biradical character in the ground state,
our experimental data suggested its closed-shell electronic
structure. Such difference between theory and experiment has
been observed for other PAHs, especially for those having
borderline biradical characters.”” However, the trends that
increasing the conjugated units leads to a decrease of AEg .t and
an increase in the y, values are in good agreement with
observations in the related systems.'”'"**® The calculated
singly occupied molecular orbital (SOMO) profiles of the «
and S spin of OZ-TIPS shown in Figure 8 revealed a typical

p.
S < | -
)—-
=
SOMO-a ~somo-B -~

Spin distribution

Figure 8. Calculated (UCAM-B3LYP) SOMOs for the a and f
electrons and spin density distribution of the singlet biradical of OZ-
TIPS. Blue and green surfaces represent a and f spin density,
respectively. To simplify calculation, the triisopropylsilyl groups are
replaced by triethylsilyl units.

disjoint feature, indicating a large singlet biradical character for
this molecule. The spin densities in OZ-TIPS are evenly
distributed throughout the whole octazethrene and ethynylene
moieties (Figure 8), which is different from that of the
bisphenalenyls, in which the spin density is mainly delocalized
at the two terminal phenalenyl units.'’

TPA Spectroscopic Measurements and Evaluation of
the Singlet Biradical Character y. As a general rule, we have
found that the third-order NLO response reflects variations in
the electronic structure as well as the conformational geometry
of the molecules, giving rise to the underlying static and
dynamic polarizability.”® In contrast with HZ-TIPS, OZ-TIPS

dx.doi.org/10.1021/ja304618v | . Am. Chem. Soc. 2012, 134, 14913—-14922
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has an unusual ground-state structure with an open-shell
configuration, which should be one of the most attractive issues
in understanding the TPA—structure correlation between these
derivatives. The large TPA activities of bis(phenalenyl)
hydrocarbons with benzene and naphthalene spacers possessing
an intermediate singlet biradical character have been reported.
To characterize NLO properties, the TPA values of HZ-TIPS
and OZ-TIPS were measured by using a wavelength-scanning
open aperture Z-scan method in the wavelength range from
1200 to 1650 nm, where one-photon absorption contribution is
negligible. In relevance to the structure-correlation of radical
character, while the TPA cross-section of the closed-shell
system HZ-TIPS was determined to be 920 GM at 1250 nm,
OZ-TIPS possessing a singlet biradical character exhibited an
enhancement of TPA cross section value of 1200 GM at 1250
nm (Figure 9 and Figure S13 in SI). Such an enhancement on
the third-order NLO property can be explained by the larger
singlet biradical character of OZ-TIPS.

—HZ-TIPS OPA (a)| —ozTPs oPa (b)
- HZ-TIPS TPA cross section - 0Z-TIPS TPA cross section 2000
4 =
3
= 1500 :
-
.g 6 B
1]
= w
5, 1000 @
< a
< \ g
w 5 \ \ 500 G
J‘Jk E
0 2 ; : : : - 0
400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm)

Figure 9. OPA (black solid line and left vertical axis) and TPA spectra
(blue symbols and right vertical axis) of (a) HZ-TIPS and (b) OZ-
TIPS in chloroform. TPA spectra are plotted at A./2.

On the basis of the OPA and TPA data and the AEg  value
obtained from the SQUID measurement, the singlet biradical
character y value of OZ-TIPS was evaluated to be 0.56 by using
the following equation

y= 1 1 Eslurslg - ETlu‘Slg
ES S
2g/°1g

where Eg s and Eg, g correspond to the energy of the lowest-

energy peaks in the one- and two-photon absorption spectra
(795 nm = 1.60 eV and 800 nm = 1.55 eV, respectively, in the
case of OZ-TIPS), and Er, s, corresponds to the energy gap

between triplet and singlet ground states (3.87 kcal/mol =
0.168 eV for OZ-TIPS).”’

Electrochemical Properties. Cyclic voltammetry was
performed to investigate the redox behaviors of HZ-TIPS
and OZ-TIPS (Figure 10, and the data are collected in Table
1). Excellent electrochemical amphotericity was observed for
both HZ-TIPS and OZ-TIPS. HZ-TIPS undergoes two
reversible oxidations with half-wave potential (E!/?) at 0.17
and 0.69 V and two reversible reductive waves with half-wave
potential (E,.q"/%) at —1.48 and —1.86 V (vs Fc*/Fc). OZ-TIPS
shows three reversible oxidation waves with (E./?) at 0.02,
0.22, and 0.61 V and three reversible reductive waves with
E.4/* at —1.30, —1.56, and —1.82 V (vs Fc'/Fc). A low
electrochemical energy band gap (EgEC) was determined as 1.13
eV for OZ-TIPS, 0.33 eV lower than that of HZ-TIPS. For

Current

—HZ-TIPS
— 0Z-TIPS

20 45 40 05 00 05 10
Potential (V) vs Fc/Fc"

Figure 10. Cyclic voltammograms of HZ-TIPS and OZ-TIPS in
DCM with 0.1 M Bu,NPF4 as supporting electrolyte, Ag/AgCl as
reference electrode, Au disk as working electrode, Pt wire as counter
electrode, and scan rate at 50 mV/s.

comparison, HZ-DI has a much smaller E;* (0.99 V) than
HZ-TIPS (1.46 V), and the same trend was observed for their
optical energy gaps (E,*"), i.e, E,”" = 1.16 eV for HZ-DI and
1.82 eV for HZ-TIPS (Table 1). Considering that both HZ-DI
and HZ-TIPS have the same heptazethrene core, such a
difference in the energy gap should account for their different
ground states. This observation provided further evidence that
a small energy gap is a crucial precondition for the formation of
a singlet open-shell ground state.'”""

X-ray Crystallographic Analysis. Single crystals of HZ-
TIPS and OZ-TIPS suitable for crystallographic analysis were
successfully grown from solution and their structure and 3D
packin(g structure determined at 90 K are shown in Figure
11.>*°% Both molecules are completely flat with point symmetry
and exhibit large bond length alternation for the p-xylene
framework in HZ-TIPS and the 2,6-naphthodimethene frame-
work in OZ-TIPS. Importantly, the exo-methylene double
bonds, C2C15 [1.398(2) A] in HZ-TIPS and C3C6
[1.4088(19) A] in OZ-TIPS, are both significantly longer
than those in typical olefins (1.33—1.34 A), suggesting the
contribution of biradical character. The slightly but distinctly
longer exo-methylene bond in OZ-TIPS is in accordance with
their different singlet biradical character.

Interestingly, both HZ-TIPS and OZ-TIPS are packed into a
1D infinite chain via intermolecular 7—7 interactions, with an
average 7-stacking distance of 3.38 and 3.35 A, respectively.
Such distance is larger than those in the phenalenyl dimer” and
in the 1D polymer chain of Kubo’s bisphenalenyls,'® in which
intermolecular covalent 7-bonding is believed to form between
the phenalenyl radicals. Thus, the intermolecular interactions in
our systems are dominated by 7—x interactions with very less
covalent character. Such difference may originate from the
closed-shell structure of HZ-TIPS and the homogeneous spin
distribution in OZ-TIPS.

Photostability Test. Compounds HZ-TIPS and OZ-TIPS
remained unchanged in the solid state and in chloroform
solution for at least 3 months when stored at 4 °C under
nitrogen protection and in the absence of light. In contrast,
solid HZ-DI decomposed in 1 week under the same conditions.
The half-lives of HZ-TIPS and OZ-TIPS in chloroform upon
ambient light irradiation in air at room temperature were found
to be as long as 4 days and 34 h, respectively (Figure S14—18 in
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Figure 11. X-ray single-crystal structures of HZ-TIPS and OZ-TIPS, with bond length labeled for the central p-xylylene and 2,6-naphthodimethane
units, and their top view and side view packing structures. Hydrogen atoms are omitted for clarity.

SI). The decomposition is likely due to addition of one or two
oxygen molecules onto the heptazethrene or octazethrene
backbone, as indicated by MALDI-TOF mass spectrometry
(Figure S19—S20 in SI). The relatively good photostability of
OZ-TIPS comes from the large extended delocalization of the
biradicals and the kinetic blocking of the most reactive sites by
TIPS groups.

3. CONCLUSION

In summary, kinetically blocked heptazethrene (HZ-TIPS) and
octazethrene (OZ-TIPS) were prepared by a new synthetic
approach. The attachment of the TIPS group at the most
reactive site efliciently stabilizes the otherwise unstable
biradicals. Both compounds show good stability both in the
solid state and in solution due to kinetic blocking, which is
important for their practical applications. Their electronic
structures in the ground state were systematically investigated
by a series of experimental methods assisted by DFT
calculations. Steady-state absorption spectroscopic measure-
ments disclosed the distinguished difference of the band
structure between the open-shell OZ-TIPS and the closed-shell
HZ-TIPS. Transient absorption and fluorescence spectra
provided further information on the excited state lifetime,
which again showed obvious difference between the open-shell
and closed-shell structure. VT NMR, ESR, and SQUID were
used to probe the magnetic properties, and the observed
paramagnetism for the open-shell OZ-TIPS can be explained
by the thermally excited singlet-to-triplet transition, which is an
important feature of the singlet biradicaloids. More importantly,
the singlet—triplet energy gap can be evaluated by VT ESR and
SQUID experiments. FT-Raman spectroscopy was used to
further probe the ground-state electronic structure. The
quinoidal resonance form and the aromatic biradical resonance
form can be nicely distinguished in their vibrational spectra, and
even the singlet—triplet transition can be followed by the VT
Raman measurements. Unrestricted symmetry-broken DFT
calculations were used to understand the electronic structure
and singlet biradical character. X-ray crystallographic analysis
provided further information about the bond length, which is

closely related to the ground-state electronic structure. Both
compounds form a closely packed 1D infinite chain in single
crystals via 7—x stacking, indicating their potential applications
for ambipolar field effect transistors and spintronics. In
addition, both compounds show large TPA cross sections,
which is in agreement with theoretical predictions on the open-
shell singlet biradicaloids. The large TPA response and good
stability of these new compounds indicate their potential
applications in nonlinear optics. By collecting all these
experimental data and theoretical calculations, a clear picture
of the ground state structure can be figured out: the HZ-TIPS
has a closed-shell ground state while the higher order OZ-TIPS
has an open-shell singlet biradical ground state. Remarkably,
the singlet biradical character y = 0.56 for OZ-TIPS was
obtained by a combination of the OPA, TPA, and SQUID data.

In contrast to our previously reported open-shell heptazeth-
rene diimide (HZ-DI),"” the HZ-TIPS has a closed-shell
ground state, although it has the same heptazethrene core. This
can be explained by the relatively large energy gap of the latter,
indicating that a small energy gap is crucial for an open-shell
ground state structure. It is noteworthy that the first stable
octazethrene derivative OZ-TIPS was synthesized, which has
been pursued by chemists for a long time. The design concept
and the new synthetic strategy starting from the corresponding
diketone likely can be applied to the synthesis of other stable
open-shell polycyclic hydrocarbons or hybrid structures. The
characterization methods reported here can be regarded as a
comprehensive and systematical approach to investigate singlet
biradicaloids in the future.

4. EXPERIMENTAL SECTION

The synthetic details and the general characterization methods (e.g,,
NMR and MS) are described in the Supporting Information.

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,NPF as the supporting electrolyte at a scan rate
of 0.05 V/s at room temperature under the protection of nitrogen. A
gold disk was used as working electrode, platinum wire was used as
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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.

A superconducting quantum interference device magnetometer
MPMS-XL was used for the magnetic characterization. The temper-
ature-dependent magnetic susceptibility (y,,) Was measured for the
HZ-TIPS and OZ-TIPS samples under a constant magnetic field of
1000 Oe in the temperature range of 5—380 K.

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 to 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 the 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
completing each set of fluorescence and TA experiments, 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.

Time-resolved fluorescence lifetime experiments were performed by
the TCSPC technique. As an excitation light source, we used a
homemade cavity-dumped Ti:sapphire oscillator, which provides a
high repetition rate (200—400 kHz) of ultrashort pulses [100 fs at full
width at half-maximum (fwhm)] pumped by a continuous wave (cw)
Nd-YVO, laser (Coherent, Verdi). The output pulse of the oscillator
was frequency-doubled by a 1 mm thickness of a second harmonic
crystal (barium borate, BBO, CASIX). The fluorescence was collected
by a microchannel plate photomultiplier (MCP-PMT, Hamamatsu,
R3809U-51) with a thermoelectric cooler (Hamamatsu, C4878)

connected to a TCSPC board (Becker & Hickel SPC-130). The
overall instrumental response function was about 25 ps (fwhm). A
vertically polarized pump pulse by a Glan-laser polarizer irradiated
samples, and a sheet polarizer, set at an angle complementary to the
magic angle (54.7°), was placed in the fluorescence collection path to
obtain polarization-independent fluorescence decays.

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. Since 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 + (z2/24)°]

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 @ of
one solute molecule (in units of GM, where 1 GM = 10™° cm* s
photon™ molecule™") can be determined by using the following

relationship

e 109N, d
hv

where N, is Avogadro’s constant, d is the concentration of the
compound in solution, 4 is Planck’s constant, and v is the frequency of
the incident laser beam.

Theoretical calculations were carried out by using the Gaussian 09
suite of programs. The initial geometry optimization of HZ-TIPS and
OZ-TIPS was performed with the UCAM-B3LYP level of theory on
the singlet state and the Handy and co-workers’ long-range corrected
version of B3LYP 6-31G*, and all electron basis sets were employed
for all atoms.?***' The resulting DFT solution (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. Then the Guess=Read keyword
was used to perform the optimization at the UCAM-B3LYP level
(singlet open shell). Frequency calculations were conducted to ensure
that these structures are indeed local minima. To simplify calculation,
the triisopropylsilyl groups are replaced by triethylsilyl units.
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