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Photophysical and theoretical investigations of the [8]
cycloparaphenylene radical cation and its charge-
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Treatment of [8]cycloparaphenylene (CPP) with the oxidant triethyloxonium hexachloroantimonate
afforded an isolable radical cation of the parent carbon nanohoop. The photophysical properties of [8]
CPP*SbCls~ were investigated, showing the presence of two absorptions at 535 nm and 1115 nm. Time-
dependent density functional theory (DFT) calculations were used to examine these optical absorptions,
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revealing a delocalized, quinoidal carbon nanohoop. Upon mixing with neutral [8]cycloparaphenylene,

the formation of an unusually strong charge-resonance complex ([8]CPP,)* was observed. Spectroscopic
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Introduction

Understanding intramolecular' and intermolecular® charge
transfer phenomena in m-conjugated materials is important for
the design of better performing organic electronic materials
and photovoltaics.* Small molecule aromatic radical cations
can serve as excellent model systems for charge transfer
processes in more complex p-type materials.®® Seminal work by
the groups of Kochi'®" and Rathore'** has allowed the isola-
tion and characterization of a variety of electron-rich aromatic
radical cation salts. Unequivocal analyses of these compounds
in the solid state and in solution has allowed direct structural
and electronic comparisons between the charged compounds
and the neutral parent compounds, providing insight into the
behavior of polyphenylene materials. Furthermore, open-shell
fragments of conducting polymers such as tetrathiafulva-
lene'*™® and oligothiophene**** have been studied as p-doped
models of conducting polymers.

Radicals derived from polycyclic aromatic hydrocarbons
(PAHS) are of particular importance due to their structural
similarities to carbon materials such as graphene, fullerenes
and carbon nanotubes (CNTs) (Fig. 1).>*** Numerous charged
and uncharged radical planar polycyclic aromatic hydrocarbon
compounds have been extensively studied,***® suggesting
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and computational studies were indicative of extensive intermolecular charge delocalization between
the two carbon nanohoops as well.

varying amounts of charge delocalization throughout the
respective m-systems. Additionally, studies of in situ generated
corannulene radical cations and anions have provided insight
into the structural and electronic properties of a bent PAH with
unpaired electrons.***”~*° Although these systems were observed
spectroscopically, it was not until recently that highly distorted,
open-shell aromatic compounds were isolated by chemists.****
These nonplanar compounds have been shown to have
intriguing electronic and structural properties owing to their
non-planar  w-systems  with  three-dimensional  spin
delocalization.

Over the past several years, our group,®** as well as the
groups of Itami***® Yamago,*”** Isobe,* and Miillen* have
developed syntheses of short, neutral [n,n] armchair CNT
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Fig. 1 The [n]cycloparaphenylene radical cation represents a rare example of a
distorted, open-shell graphitic material.
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fragments. These segments, [n]cycloparaphenylenes ([7]
CPPs),"** have attracted ample interest due to their radially-
oriented m-systems, tunable optical properties and supramo-
lecular capabilities.**** With our group's ability to access carbon
nanohoops* on the gram-scale,* the study of their reactivity
has become increasingly viable. For example, in a recent
collaboration with the Petrukhina group we have reported on
the multi-electron reduction of [8]CPP to a tetraanion, an
extremely distorted structure in the solid-state.*® Herein, we
report the first synthesis, theoretical analysis and photophysical
characterization of quinoidal [8]CPP'SbCls,* as well as the
formation of the corresponding unusually strong charge-reso-
nance complex, ([8]CPP,)".

Experimental results
Synthesis

Triethyloxonium hexachloroantimonate (Et;0'SbClg™) (Ereq =
1.5 Vvs. SCE)" is a reagent that has previously been used for the
generation of numerous aromatic radical cations'***® as well as
the oxidation of single-walled CNTs.**’ Treatment of an anhy-
drous dichloromethane solution of [8]CPP (1) at 0 °C with
Et;0'SbCl,~ immediately led to the formation of a dark orange
solution that slowly became deep purple over time (Scheme 1).
Upon cooling to —50 °C, the addition of anhydrous pentane led
to the precipitation of a purple solid that was isolated in 67%
yield. The radical cation 1" was stable on the order of days at
ambient temperature if excluded from excessive moisture.
Additionally, exposure to zinc dust allowed its nearly quantita-
tive reduction back to neutral [8]CPP 1.

Structural analysis

We anticipated that EPR spectroscopy would provide insight
into the electronic nature of the nanohoop radical cation 1°.
Charge delocalization has been extensively studied via analysis
of EPR hyperfine structures, indicating spin-orbit coupling
between the unpaired electron and atoms in the -
system.'®**850-32 Unfortunately in our hands, no hyperfine
structure was observed for a dilute (10> M) solution of 1" in
dichloromethane at 25 °C. Rather, only a single, broad line (g =
2.007) was obtained, which is consistent with the presence of a
delocalized organic radical.®® The spectrum remained
unchanged upon further dilution (10~> M) and cooling to below
—263 °C. In addition, the spectrum remained unchanged even

Scheme 1 Single electron oxidation of [8]CPP.
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after the addition of 5 equivalents of oxidant (Fig. S8 in ESIY). As
no EPR signal was observed for either neutral 1 or Et;0'SbCl~
reagent in CH,Cl,, we cannot attribute the observed signal to a
paramagnetic impurity introduced into the experiment (Fig. S10
in the ESIf). A number of other delocalized aromatic radical
cations, such as coronene, biphenyl, phenanthrene,' and aza-
coronene® portray unresolved signals as well. Additionally,
attempts at characterizing 1" via single crystal X-ray crystallog-
raphy have to date been unsuccessful.*

Photophysical and electrochemical characterization of 1"

Aromatic radical cations often have characteristic features in
the near-IR (NIR) as observed in the twin absorption bands of
the quaterphenyl™ and biphenyl***” radical cations. As seen in
Fig. 2, 1" has two major absorptions at 535 nm (e = 0.81 (40.03)
x 10* M™' em™") and 1115 nm (e = 1.03 (+0.03) x 10* M~*
em™ '), which is consistent with similar aromatic radical
cations. These data are in stark contrast to neutral 1, which has
an absorption at 340 nm (¢ = 1.00 x 10°M " cm™ ') and a broad
shoulder around 400 nm.*® The presence of the two red-shifted
absorptions closely matches the values estimated by TD-DFT
calculations (vide infra).

Spectroelectrochemical experiments (performed in 0.1 M
n-Bu,PFy in CH,Cl, under ambient conditions) allowed us to
monitor the formation of radical cation 1" in situ by applying a
constant potential to the sample. Use of slightly higher poten-
tials than the sole observed ES}; (0.68 V vs. Fe/Fc') in the cyclic
voltammogram (Fig. S4 in the ESIf) led to an increase in
absorption at 535 nm and a decrease in absorption at 340 nm
over 10 min. An isosbestic point at 368 nm strongly supports
our hypothesis that a single oxidation step occurs from neutral
1 to radical cation 1" (Fig. S7 in the ESI}). This observation is
consistent with the absorption in the visible region from both
the chemical oxidation of neutral 1 and the calculated TD-DFT
spectrum (vide infra). Importantly, this also provides evidence
against the formation of radical cation 1* via a disproportion-
ation mechanism involving a dicationic species or interaction
between two radical cation species to form a m-dimer.>***°
Cyclic voltammetry with one equivalent of both neutral 1 and
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Fig. 2 UV-vis-NIR spectra of 1* at increasing concentrations.
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ferrocene (Fig. S5 in the ESIt) revealed almost identical inte-
grated peak areas (4;/Ag. = 1.06). To further support this claim,
differential pulse voltammetry experiments confirmed that the
single wave observed in the cyclic voltammogram corresponds
to the transfer of a single electron as evidenced by just one peak
in current differential (Fig. S6 in the ESIT).”* Lastly, evidence
against a dication species is seen in the calculated TD-DFT
spectrum for a 1" species, which is inconsistent with our
experimental data (Tables S6-S9 in the ESIt). These data, along
with the EPR signal, absence of an absorption at 340 nm (Fig. S1
in ESIt), and nearly quantitative reduction back to neutral 1
confirm the identity and isolation of radical cation 1*.

Characterization of dimer (1),"

Charge-resonance (CR) dimers can be prepared by mixing an
aromatic radical cation with its neutral counterpart, giving rise
to an intense band in the NIR that results from intermolecular
charge transfer. The titration of a yellow dichloromethane
solution of 1 (8.2 x 10~* M) into a purple dichloromethane
solution of 1* (1.0 x 10~* M) resulted in the formation of an
orange CR dimer,” (1),". Concomitant with the gradual
decrease in absorbance at 535 nm (loss of purple color) and
1115 nm was the growth of new bands at 687 nm and 1747 nm
(Fig. 3). We attribute the broad absorption at 1747 nm to a CR
transition that has been observed in other mixed valence dimer
systems.'>** Specifically, this characteristic near-IR band can be
ascribed to the delocalization of positive charge throughout
both [8]CPP moieties. In addition, the EPR spectrum of the CR
dimer (1)," exhibits a broad, unresolved line as well, confirming
its paramagnetic character (Fig. S9 in the ESIt).

With the ability to observe the CR complex (1)," under
ambient conditions, we next sought to investigate the dimer-
ization process quantitatively. The Benesi-Hildebrand proce-
dure® was first used to evaluate the electron transfer process
between iodine and benzene® and later applied to mixed
valence organic paramagnetic complexes.'>**** Thus, we used
this technique to extrapolate values for the binding constant
of (1),*, Kaimer, as well as the extinction coefficient of its CR
band, ¢;747:
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Fig. 3 Titration of neutral 1 into solution (Table S1 in the ESIt) of 1* leads to a
charge-resonance band at 1747 nm.
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In order to employ this procedure, we have made the
assumption that 1, 1%, and (1)," are the only three species that
exist in solution.®® Using the data from Fig. 3 and eqn (1), a
linear plot of [(1)*])/A1747 vs. 1/[1] was constructed (Fig. 4). The
slope and intercept allowed us to extract values of 1.15
(40.03) x 10* M " and 2.99 (£0.06) x 10* M~ * cm " for Kgimer
and ecg, respectively. Unexpectedly, the binding constant
calculated is two orders of magnitude larger than those of
charge-resonance dimers formed from octamethylbipheny-
lene (OMB),** naphthalene and pyrene.®> “Sandwich-like”
complexes from non-planar PAHs have been observed
previously,**® however, a priori one might expect planar
polycyclic aromatic hydrocarbons to engage in more efficient
m-7 interactions than the highly distorted nanohoops. The
high binding constant suggests that the interaction between
the two nanohoops in (1)," is unusually strong compared to
other known mixed valence dimers of planar aromatic
systems.®’

With a binding constant in hand, AG® for the formation of
dimer (1), was estimated (AG° = —RT In Kgimer)- By relating the
change in Gibbs free energy with the equilibrium constant,
Kgimer, We calculated that the dimerization process is
exothermic by 5.55 kcal mol™'. This value, however, should
underestimate the true binding energy as no diffusional
entropic parameters are considered for this intermolecular
process. This process is in contrast to charge-transfer dimers
formed by cyclophane-like radical cations where the entropic
changes are negligible due to the rigidity and intramolecularity
of the system.>

Computational analysis and discussion
Structural analysis of 1*

Since we were unable to gain any detailed structural informa-
tion from EPR spectroscopy and X-ray crystallographic analysis,
density functional theory (DFT) calculations were performed®
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Fig. 4 Benesi-Hildebrand plot for dimeric (1);*.
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using the Gaussian 09 package.®® Previous X-ray crystal struc-
ture analysis®* and theoretical results unequivocally prove the
benzenoid character of closed-shell 1. In contrast, DFT analysis
of 1" provides evidence for a delocalized™ quinoidal structure
(Fig. 5). This quinoidal nature is evident in the shortening of
Cipso—Cipso bonds (a) by 1.5 pm and the Cy¢~Corno bonds (c) by
0.7 pm, as well as the elongation of the C;,,~Cono bonds (b) by
0.6 pm. Interestingly, the arene rings in neutral 1 are non-
uniformly canted to various degrees, ranging from 15° to 33°. In
contrast, the benzene rings in 1" all flatten to a uniform
torsional angle of 23° (Table 1).

TD-DFT calculations for 1*

In order to probe the origins of the optical transitions of 1%,
time-dependent (TD) DFT calculations were performed at the
UB3LYP/6-31G(d,p) level of theory (Fig. 6 and Table S3 in the
ESIT). Consistent with our experimental data, these calculations
predict an absorption in the near-IR at 1414 nm (f= 0.2601) and
in the visible region at 644 nm (f = 0.0021). The lower energy
A-type”™ transition corresponds to a mixture of degenerate
SOMO-1 B — SOMO B and SOMO—2 B — SOMO B, while the
higher energy transition corresponds to a mixture of SOMO—5
B — SOMO B and SOMO—6  — SOMO B. As a comparison, the
sole predicted absorption for 1 at 340 nm (f = 1.4872, 1.3057) at
the same level of theory involves the combination of
HOMO-1 — LUMO, HOMO — LUMO+1, HOMO—-2 — LUMO
and HOMO — LUMO+2.”> The small, broad shoulder around
400 nm present in neutral 1 arises from the symmetry-
forbidden HOMO — LUMO transition.*® Of particular signifi-
cance is the decreased HOMO-LUMO gap (1.1 eV) for 1"
compared to that of neutral 1 (3.2 eV).

Additionally, the frontier molecular orbitals encompassing
these transitions (Fig. 6) were analyzed to further understand
the electronic nature of 1*. The occupied B orbitals involved
show increased electron density along the Cj,s0~Cjpso and Cyso—
Coreno bonds, further confirming a delocalized quinoidal char-
acter. This electron distribution is also in good agreement with
the shortened C;,5,-Cipso (@) and Coreno—Coremo () bonds, as well
as the lengthened C,,5,~Corino (b) bonds observed in the DFT
optimized geometry (vide supra, Table 1).

Fig. 5 DFToptimized geometry of 1* performed at the UB3LYP/6-31G(d,p) level
of theory. Labels refer to the Cjys6~Cipso (@), Cispo—Cortho (b) @and Cortno—Cortho (€)
bonds. The torsional angle (4) between aryl rings is depicted in red.
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Table 1 Theoretical® bond lengths (pm) and torsional angles )Y of 1 and 1*

Parameter 1 1"

a 148.7(1) 147.2(0)
b 140.8(1) 141.4(2)
c 139.1(2) 138.4(0)
0 26(7) 23(0)

¢ DFT calculations performed at the RB3LYP/6-31G(d,p) or UB3LYP/6-
31G(d,p) level of theory for 1 and 1%, respectively. ” Bond lengths are
an average of symmetrically equivalent bonds; torsional angles are an
average of symmetrically equivalent four-atom angles (vide supra, Fig. 5).

DFT analysis of charge-resonance dimer (1),"

In order to gain further insight into the interactions that
contribute to the high stability of (1),", DFT calculations were
performed at the UwB97X-D/6-31G(d,p)”*”* level of theory in the
gas phase. TD-DFT calculations on the optimized geometry at
the same level of theory are consistent with the experimentally
observed broad charge-resonance band in the NIR (Table S4 in
the ESIt). In the optimized geometry (Fig. 7),”° we observe a
7 — 7* interaction between a significantly shortened Cjyso-
Cipso bond of one quinoidal nanohoop and the face of an aryl
ring on the adjacent nanohoop 3.10 A away. The donating Cipso—
Cjpso bond has shortened to 144.5 pm, while the torsional angle
of this specific Cjy5~Cjpso bond further decreased to 13°. These
structural deformations may contribute to the enhanced inter-
action in the nanohoop charge-resonance dimer.
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Fig. 6 Electronic transitions (TD-DFT) calculated at the UB3LYP/6-31G(d,p) level
of theory with associated frontier molecular orbitals.”
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3.10A

Fig.7 Optimized geometry of (1);* at the UwB97X-D/6-31G(d,p) level of theory
(gas phase) depicting the T — m* interaction (highlighted in red).

We also computationally investigated the charge-resonance
dimers arising from ([6]CPP)", ([10]CPP)" and ([12]CPP)" to
explore the relationship between [#]CPP size and binding
strength. The geometries of the four nanohoop charge-reso-
nance complexes were optimized after choosing a consistent set
of Euler angles to orient one CPP ring relative to the other.
This configuration was held constant in all four of the radical
cation dimers. The restriction provided a consistent set of
geometries for different sized [n]CPP charge-resonance dimers
for comparison.

The binding energies were determined by subtracting the
energies of two individual components (i.e. 1 and 1%) from the
energy of a dimeric structure (i.e. (1),") (Fig. 8).”” From these
data, a general trend emerges relating the size of the nanohoops
in a charge-resonance dimer to the binding energy. Specifically,
as the nanohoops become larger, the binding energy increases.
Presumably, the positive charge is more delocalized throughout
the quinoidal m-system in the larger nanohoops than in the
smaller nanohoops, giving rise to the observed trend.

To begin investigating this trend experimentally, we
attempted to characterize the charge-resonance complex of [12]
CPP using the Benesi-Hildebrand procedure. However, even
upon treating [12]CPP with a large excess of oxidant (20 equiv-
alents) and prolonging the reaction time, we were never able to
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Fig.8 Theoretical binding energies of [n]CPP charge-resonance dimers (n =6, 8,
10, 12) calculated at the UwB97X-D/6-31G(d,p) level of theory (gas phase).
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isolate or observe [12]CPP'. Rather, only the paramagnetic
charge-resonance complex ([12]CPP)," was detected (Fig. S12 in
the ESIt). Both the charge-resonance band in the NIR and the
band in the visible region increased in intensity upon addition
of neutral [12]CPP (Fig. S11 in the ESIt). These experimentally
observed absorptions are consistent with the bands observed
for (1),". Since [12]CPP" was not detectable under our experi-
mental conditions, we were not able to measure the exact
binding constant for this larger cycloparaphenylene. The
experimental observation, however, is consistent with larger
carbon nanohoops forming stronger charge-resonance dimers.

The study of intermolecular charge transfer in cyclo-
paraphenylenes may have implications in analogous phenomena
in single-walled CNTs. Prior theoretical”® and experimental work
on systems consisting of two crossed nanotubes has showed that
metal-metal nanotube junctions have a very high conductance
(0.1-0.2 €*/h).7**" In addition, studies have shown a relationship
between diameter and conductance in networks made exclusively
of CNT bundles.*” To our knowledge, however, there has been no
single study explicitly relating CNT diameter and conductance
across CNT-CNT junctions. Based on our results comparing
differing sized [n]CPP charge-resonance dimers, carbon nano-
tube diameter should dramatically affect hole transport across
intermolecular CNT junctions.

Conclusion

In summary, [8]CPP 1 was successfully chemically oxidized for
the first time and isolated as a cationic hexachloroantimonate
salt. A thorough comparison of bond lengths and angles derived
via DFT calculations illustrates the delocalized quinoidal char-
acter of 1". The optical properties of this novel radical cation
were further explored, displaying transitions in both the visible
region and in the near-IR. TD-DFT calculations and an FMO
analysis allowed us to relate the quinoidal structural data with
the observed optical transitions, revealing four A-type transi-
tions from singly-occupied f orbitals with varying quinoid-like
character. The spectroscopic properties of 1* were then exploi-
ted to observe an in situ CR dimer with an unusually large
binding constant, Kgimer. The charge-resonance band at
1747 nm was characteristic of extensive charge delocalization
throughout both cycloparaphenylene rings. Furthermore, DFT
calculations showed that a general trend exists relating nano-
hoop size and charge-resonance binding strength. The highly
delocalized nature of the [#]CPP radical cations—both intra-
molecularly and intermolecularly—bodes well for their use in
advanced organic electronics and photovoltaic devices.
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