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Abstract: We have explored the effect of resonance overlap on electronic communication inσ-bondedπ-systems
through a combined experimental and computational investigation. The system studied consists of a series of
diphenyl-substituted acenaphthofluoranthenes and fluoranthenes with constrained dihedral angles between
polycyclic core and phenyl substituents of 90°, 70°, and 15°. The spin density distribution within the radical
anions of these conformationally restricted polycyclic aromatic hydrocarbons was assessed via DFT-B3LYP
calculations validated through SEEPR-derived experimental hyperfine coupling constants (hfc’s). Orthogonal
subsystems were essentially insulated, while substantial delocalization of spin density was observed for near-
planar subsystems. The insulation of the phenyl substituents combined with the possibility of forming ladder-
type polymers makes the orthogonal diphenyl-substituted acenaphthofluoranthenes intriguing building-blocks
for molecular electronics.

Introduction

Electronic communication throughπ-bonds plays a key role
in the creation of molecular electronic devices.1,21,2 Extended
π-conjugation in molecular wires provides a low-energy path
for long-range intramolecular electron transfer.3-5 The bonding
and antibondingπ-orbitals in these systems are delocalized into
conduction and valence bands with a relatively small band gap,
analogous to semiconductors.6 Localized states in the form of
uncoupledπ-systems, on the other hand, are desirable in the
quest for molecular quantum effect devices7 and organic
ferromagnets.8,98,9 One approach to such electron confinement
makes use of the dependence of electron delocalization on the
dihedral angleθ betweenσ-bondedπ-systems. Forθ approach-
ing 90° (orthogonalπ-systems) molecular orbital theory predicts
the overlap integralSi,j between twoσ-bondedπ-systems to
approach zero, rendering insulated subsystems.10 Isolation of
orthogonal, spin-carrying subunits in a series of oligo (9,10-
anthrylene)s indeed led to the generation of high-spin polyradical

anions.9 These systems were found, however, to possess a singlet
ground state, and it was proposed that better isolation through
more rigid orthogonal alignment is necessary for the generation
of true organic ferromagnets. Hyperconjugation between ortho-
gonalπ-systems further contributes to the observed residual spin
delocalization. EPR, ENDOR, and TRIPLE spectroscopy of
9,10-diphenylanthracene11,1211and rubrene13 have shown sub-
stantial hfc’s associated with the meta-position of the phenyl
substituents. INDO calculations for this phenyl hyperconjugation
predict a sin2 θ dependence of the meta-proton hfc on the spin
density of the carbon atom, to which the phenyl ring is
attached.11,14Since the 9,10 positions of the anthracene radical
anion are the centers of highest spin density, substantial spin
density delocalization into the phenyl substituents of 9,10-
diphenylanthracene is to be expected. Better isolation between
σ-bondedπ-systems is predicted if the phenyl substituents are
connected at sites of low spin density. Two systems which fulfill
such a requirement are 7,14-disubstituted acenaphtho[1,2-k]-
fluoranthenes and 7,10-disubstituted fluoranthenes. The radical
anions of these nonalternant polycyclic aromatic hydrocarbons
possess comparatively small spin densities at the substitution
positions (vide infra),12 combined with steric hindrance between
core and phenyl substituents, which causes an out-of-plane
rotation of the latter.

We here report a combined EPR-spectroelectrochemical and
computational investigation of the spin density distribution
within the one-electron reduced radical anions of 7,14-disub-
stituted acenaphtho[1,2-k]fluoranthenes1a-c as well as 7,10-
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diphenylfluoranthene3 and the tied-back 8,9-dihydrodiindenno-
[1,2-j:2′1′-l]fluoranthene4 (Figure 1).15 Recent interest in these
systems has been sparked through the discovery that diphenyl
acenaphthofluoranthene1a can undergo oxidative electropoly-
merization.16 Carbon-carbon bond formation involving the
polycyclic core results in a ladder-type polymer with extended
π-structure, which is electroactive and electrochromic. In the
diphenyl acenaphthofluoranthene system, theσ-bonded phenyl
substituents of the acenaphthofluoranthenes1a-c are forced
into near-orthogonal orientation with respect to the polycyclic
core as confirmed by the X-ray crystal structure of1a,17 due to
steric interactions between the ortho-hydrogens of the phenyl
substituents and the four buttressing hydrogens at positions 1,
6, 8, and 13 of the acenaphthofluoranthene moiety. The tied-
back fluoranthene4 serves as the other extreme: the bridging
methylene groups restrain the dihedral angle between phenyl
substituents and fluoranthene core to about 15°. For fluoranthene
3, the average dihedral angle amounts to about 70°, due to the
less sterically demanding polycyclic core, which allows for
greater rotational freedom of the phenyl substituents combined
with the possibility of an out-of-plane bend.

Fluorescence quenching experiments carried out to assess the
intramolecular heavy atom effect of1c and the di-p-bromo
analogues of3 and4 indicated a qualitative correlation between
quantum yield and dihedral angle.15 Fluorescence quenching,
i.e., communication between core and phenyl substituents in
the excited state, ranged from negligible for the orthogonal
acenaphthofluoranthene1c to almost complete for the near-
planar dibromo analogue of4. We report here the quantitative
determination of electron delocalization in the radical anion state
for these structurally constrained polycyclic aromatic hydro-
carbons using a combined EPR and computational strategy.

Experimental Section

Materials and General Methods.Solutions were prepared using
reagent grade THF dried via distillation over sodium metal. Tetrabu-
tylammonium perchlorate (TBAP, obtained from SACHEM, electro-
metric grade) was recrystallized twice from water and dried for several
days under high vacuum. Compounds1a,18 1b-c,15 2,18 3, and419 were
synthesized according to literature procedures.

Simultaneous Electrochemistry and EPR (SEEPR).Due to the
lossy nature of the samples and to minimize perturbation of the
microwave field by the working electrode, SEEPR experiments were
carried out in a quartz flat cell. A second glass part containing three
ACE #7 threaded joints sealed via Teflon ferrules to hold the electrodes
and a septum capped ground glass joint for degassing and sample
injection was connected to the top of the cell. The working electrode,
a platinum gauze electrode, was inserted into the flat part of the cell.
The Ag-wire pseudoreference electrode was positioned directly above
the working electrode to minimize theiR-drop and the auxiliary
electrode, a platinum wire spiral of large surface area, occupied the
solvent reservoir above the flat section. The electrode leads were
insulated via Teflon heat shrink tubing. After each experiment the
working electrode was cleaned in concentrated HNO3.

EPR spectra were recorded on an IBM ESP 300 X-band spectrometer
equipped with a TE104 dual cavity. Solutions of the polycyclic
hydrocarbons (10-3 M in THF, 0.1 M TBAP) were degassed by
bubbling argon through them for 5 min and then injected into the cell,
which was previously flushed with argon. The cell was mounted within
the spectrometer using custom manufactured cell holders, which allow
for precise alignment of the cell within the cavity to maximize the
Q-factor. Bulk electrolysis was carried out simultaneous to signal
acquisition (25 kHz field modulation, modulation amplitude 0.0475
G). Hyperfine coupling constants (hfc’s) were determined through
spectrum simulation and iterative curve-fitting using the software
package WinSim from NIEHS.20 Excellent correlation (correlation
coefficient greater than 0.99) was achieved in most cases.

Calculations

UHF and DFT-B3LYP calculations were performed using
the Gaussian 94 suite of programs.21 UHF geometry optimization
of the anion radicals at the 3-21G* level was followed by
B3LYP/6-311G* single-point calculations, with DFT theoretical
results showing little spin contamination for the systems under
study.22 Isotropic hfc’s were calculated according to:

The hfc of nucleus N,a(N), is proportional to the corresponding
fermi contact integral (spin density at the nucleus)F(N); ge (gN)
stands for the electronic (nuclear)g-factor andâe (âN) for the
Bohr (nuclear) magneton.23

Results and Discussion

Simultaneous electrochemistry and EPR (SEEPR) of acenaph-
thofluoranthenes1a-c and2 and fluoranthenes3 and4 provided
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Figure 1. Conformationally restrained diphenyl-substituted acenaph-
thofluoranthenes1a-c, parent compound acenaphthofluoranthene2,
diphenylfluoranthene3,and tied-back fluoranthene4. The positions of
equivalent protons are labeled a-g.

a(N) ) (8π/3)geâegNâN F(N)
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high-resolution spectra for the electrochemically generated
radical anions. Proton hyperfine coupling constants (hfc’s) were
obtained via spectrum simulation and nonlinear least squares
curve fitting (Table 1).20 Very good correlation between
experimental and simulated spectra was achieved (Figure 2).
Curve-fitting of the EPR spectra for the buttressed diphenyl
acenaphthofluoranthenes1a-c indicated little spin density
residing on the phenyl substituents as evidenced by the small
hfc’s for phenyl protons. Additionally, the hfc’s of the core
protons are essentially identical with those for the parent2,
indicating little perturbation of the core electronic structure due
to the phenyl substituents. From the experimental hfc’s it is
apparent that for diphenyl fluoranthene3 as well, most of the
unpaired spin resides within the core. The radical anion of the
essentially planar4, on the other hand, exhibits appreciable
hyperfine splitting caused by protons of the tied-back phenyl
substituents, indicating more extensive electron delocalization.

The experimentally accessible hfc’s can serve as a critical
benchmark for the accuracy of computational results, which
predict properties not directly accessible via simple EPR
experiments, e.g. the spin density distribution within the
π-framework. To correlate the experimental results with changes
in spin densities, we carried out a series of DFT-B3LYP
calculations. It is now widely recognized that calculations based
on UHF wave functions overestimate spin densities and isotropic
hfc’s in π-radicals.24-26 While post-Hartree-Fock methods have
been applied successfully to study small radicals, computational
effort makes application to larger systems prohibitive.24 In recent
research, we27 and other groups28-30 have shown the utility of

the B3LYP self-consistent hybrid functional in the prediction
of spin density distribution and isotropic hfc’s in organic
π-radicals. To determine the proper choice of basis set for our
system, we performed calculations at varying levels of theory.
In previous studies, B3LYP/6-31G*//UHF/3-21G*-calculated
hfc values have been shown to be in excellent agreement with
experimental results.27,29 For the radical anion of acenaphtho-
fluoranthene2, we found that the B3LYP/6-31G* basis set gave
somewhat overstated hfc’s. Higher level B3LYP/6-311G*-
calculated hfc’s were in good agreement with the experimental
values, with little improvement seen with the more computa-
tionally demanding B3LYP/6-311G** (Figure 3). Since experi-
mental and calculated hfc’s are in good agreement, the
computational results can be used to predict properties for our
systems not directly accessible via simple EPR experiments,
e.g. the changes in spin density distribution within theπ-frame-
work.

Geometry optimization (UHF/3-21G*) of the buttressed
diphenyl acenaphthofluoranthenes1a,b showed the minimum
energy conformation to have the phenyl rings perpendicular to
the plane of the core. As with acenaphthofluoranthene2, there
was excellent agreement observed between the DFT-predicted
and experimental hfc’s (Table 1). Very little spin density was
found to reside on the phenyl rings of1a,b: 99% of the total
spin density is localized in the core (Table 2). This value is
quite constant for the analogous systems1a,b, demonstrating
independence between the electronic nature of the substituents
and efficiency of communication.

For the less constrained diphenyl fluoranthene3, the calcu-
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Table 1. Experimental and Calculated hfc’s [G] for Radical Anions1-4

proton 1aa,b 1ba,b 1ca,b,c 2a,b 3a,b 4a,b

Ha 2.77 (3.10) 2.79 (3.02) 2.79 2.73 (3.03) 4.15(4.53) 4.16 (4.23)
Hb 0.51 (0.94) 0.54 (0.86) 0.53 0.52 (0.98) 0.29 (0.98) 0.98 (0.87)
Hc 2.96 (3.54) 2.96 (3.47) 2.97 2.96 (3.61) 5.23 (5.78) 5.24 (5.42)
Hd 0.03(0.03) 0.04 (0.02) 0.00 0.53 (1.02) 0 (0.00) 0.22d

He 0.04 (0.04) 0.00 (0.05) 0.00 0 (0.03) 0.21d

X/Hf 0.01(0.02) 0.01 (0.05) 0.23d

Hg 1.15 (1.41) 1.03d

a Experimental values obtained through curve fitting of the SEEPR spectra.b Calculated hfc’s (in parentheses) obtained using B3LYP/6-311G*//
UHF/3-21G*. c Calculations were not run on1c. d hfc’s derived from spectral simulation, but not assigned to specific molecular positions (vide
infra).

Figure 2. Low-field half of the EPR spectrum of the acenaphtho-
fluoranthene2 radical anion: (a) experimental, bulk electrolysis of2
[10-3M], 0.1 M TBAP carrier electrolyte, THF; and (b) simulated.

Figure 3. Calculated and experimental hfc’s for acenaphthofluoran-
thene2. Calculations were based on UHF/3-21G* geometry.
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angles of∼67°, considerably lower than those for the radical
anions of1a,b. Even in this less conformationally restricted
system, 98% of the spin density resides in the core fragment.
Comparison of the spin density per carbon atom for the phenyl
substituents indicates an approximately 50% increase for3
compared to1a,b. This still amounts, however, to only 3% of
the spin density per carbon seen for the core carbons.

The acenaphthofluoranthenes1a,b and2 as well as fluoran-
thene3 all represent symmetrical molecules of reasonably well-
defined geometry. Computational hfc’s derived from single-
point calculations of the optimized geometries thus are found
to be in overall good agreement with experimental results. No
simple correlation, however, is possible between experimental
and computational hfc’s for the tied-back diphenylfluoranthene
4. Geometry optimization of4 resulted in two minimized
conformations (Scheme 1), one with both phenyls up (butterfly),
the other with one phenyl up, one down (twisted). Their
comparable energy (∆∆H ) 0.614 kcal/mol) allows for popula-
tion of both conformers at room temperature, which is supported
by molecular dynamics simulations showing interconversion
between the two structures on the picosecond time scale.

Both conformers exhibit distinctly different spin density
distributions, resulting in vibrational averaging of hfc’s. In
addition, the distortion lowers the symmetry of the molecule,
further complicating correlation between computational and
experimental hfc’s. The agreement between experimental and
computational hfc’s for the core protons of4, however, justifies
the use of computational results as approximation for the actual
electronic structure. Single-point calculations for both conform-
ers of4 predict significant computational hfc’s caused by the
phenyl-protons, in agreement with experimental results. Analysis
of the spin density distribution within theπ-framework reveals
that on average 7% of the total spin density resides in the phenyl

substituents for the tied-back diphenyl fluoranthene4, compared
to only 1% for the orthogonal diphenyl acenaphthofluoranthene
1a and 2% for the less constrained diphenyl fluoranthene3
(Figure 4).

Conclusions

The radical anions of the 7,14-diphenyl-substituted acenaph-
thofluoranthenes1a,c effectively confine the unpaired electron
to the polycyclic core, due to a combination of the rigid
orthogonal alignment of theσ-bondedπ-systems and the low
spin density at the sites of substitution. The confinement was
found to be independent of further substitution on the phenyl
rings. A gradual decrease in spin localization is observed as a
function of decreasing dihedral angle in the radical anions of
the 7,10-disubstituted fluoranthenes3 and4.

7,14-Diphenyl-substituted acenaphthofluoranthenes are 2D-
anisotropic systems with regards to their conductivity, capable
of electron delocalization along the axis of the polycyclic core
and electron confinement along the axis of the phenyl substit-
uents. Extensive electron delocalization in the first dimension
can be achieved through electropolymerization of these systems,
which yields a ladder-type polymer due to carbon-carbon bond
formation involving the naphthyl moieties.16 The bromo-system
1c can be readily incorporated into phenylene-acetylene and
other molecular wires, where it could act as a quantum well, in
which an unpaired electron can be confined. 7,14-Diphenyl-
substituted acenaphthofluoranthenes therefore provide intriguing
prospects as building blocks in the context of molecular
electronics.

Table 2. Spin Delocalization in the Radical Anions1-4

PAH |total sd| |core sd|a |phenyl sd|b
|core sd|/
C × 102 c

|phenyl sd|/
C × 102 c

1a 2.309 2.286 0.023 8.79 0.19
1b 2.278 2.256 0.022 8.68 0.18
2 2.393 2.393 9.20
3 1.678 1.642 0.036 10.25 0.30
4 1.695 1.573 0.122 9.50 0.79

a Total spin density resident in core.b Total spin resident on
peripheral phenyls.c Total spin density/number of carbons. Spin density
on protons and halogens<3%.

Scheme 1.Top View of the Tied Back Diphenyl
Fluoranthene4 Looking Down on the Methylene Protons
along the Center Axis of the Molecule for the Twisted
Conformer (a) in Thermal Equilibrium with Butterfly
Conformer (b)

Figure 4. DFT-B3LYP 6-311G* spin density distribution for (a) the
radical anion of1a and (b) the radical anion of4 in the butterfly
conformation.
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