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contrasting molecular geometry and electronic structures

originating from the different patterns of electronic coupling
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Abstract—Nanosecond time-resolved UV/vis absorption spectroscopy on laser flash photolysis and calculations based on (time-
dependent) density functional theory for radical cations of 7-benzhydrylidenebenzonorbornene (3) and 7-benzhydrylidene-2,3-
dimethylenenorbornane (4) indicated their contrasting molecular geometry and electronic structures, suggesting the nonclassical
and classical nature of 3•+ and 4•+, respectively, which originated from the different patterns of electronic coupling between the
C-7–C-8 and C-2–C-3 subunits.
� 2005 Elsevier Ltd. All rights reserved.
Recently, we studied1 nanosecond time-resolved UV/vis
absorption spectroscopy on laser flash photolysis (LFP)
under photoinduced electron-transfer (PET) conditions
and density functional theory (DFT) calculations for
radical cations of 7-benzhydrylidenenorbornane (1,
Chart 1) and 7-benzhydrylidenenorbornene (2), and
0040-4039/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Chart 1. A list of 7-benzhydrylidenenorbornane derivatives (1–4), the corres
provided evidence for the nonclassical nature of 2•+.2,4

Owing to electronic coupling, recognized as a homocon-
jugation,6 between the C-7–C-8 and C-2–C-3 sub-
units, 2•+ possesses a bent structure, in which spin and
charge are considerably delocalized, not only to the ben-
zhydrylidene subunit but also to the residual subunit
bsorption spectra; Electronic coupling; Molecular geometry.
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(vide infra). In other words, the p-orbitals at C-2 and C-
3 hold the key to producing radical cations with the non-
classical nature in the 7-benzhydrylidenenorbornene sys-
tem. From this perspective, it is of interest to examine
the nature of radical cations of the structurally related
7-benzhydrylidenebenzonorbornene (3)7 and 7-benzhy-
drylidene-2,3-dimethylenenorbornane (4),7 which have
p-orbitals at the C-2 and C-3 sites. While the previous
exploratory study7 implied some difference in electronic
coupling of 3•+ and 4•+, detailed investigation of them
using spectroscopy and the latest theoretical calculation
was not available yet. Therefore, we conducted, in this
work, nanosecond time-resolved UV/vis absorption
spectroscopy on LFP under PET conditions, together
with DFT and time-dependent (TD) DFT calculations
for them. Here, we report the striking contrast in the
molecular geometry and electronic structures of 3•+

and 4•+.

Nanosecond time-resolved UV/vis absorption spectro-
scopy on LFP9 was performed with N-methylquinolin-
ium tetrafluoroborate (NMQþBF4

�) and toluene as
the sensitizer and cosensitizer,10 respectively, in aerated
acetonitrile at 298 K. As Figure 1 shows, laser excitation
(355 nm) of NMQþBF4

� with 3 and 4 in aerated aceto-
nitrile gave the characteristic absorption bands of 3•+

and 4•+, respectively. Radical cation 3•+ exhibited
an intense, sharp absorption band with kab at 401 nm
(band A 0), a broad, weak absorption band at 480–
580 nm (band B 0), and a broad, intense absorption band
at >600 nm (band C 0) [Fig. 1 (red)].11 Similarly, 4•+ had
an intense, sharp absorption band with kab at 394 nm
(band A00), a broad, weak absorption band at 500–
650 nm (band B00), and a broad, intense absorption band
at >700 nm (band C00) [Fig. 1 (green)].11

The absorption bands of 3•+ and 4•+ were compared
with those of 1•+: an intense, sharp absorption band
with kab at 386 nm (band A), a broad, weak absorption
band at 500–650 nm (band B), and a broad, intense
absorption band at >700 nm (band C).1 Band A 0

(401 nm) of 3•+ was redshifted as compared with band
A (386 nm) of 1•+, while blueshifts were observed for
band B 0 (480–580 nm) and band C 0 (>600 nm) of 3•+

as compared with bands B and C (500–650 and
>700 nm, respectively) of 1•+. Interestingly, band A00
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Figure 1. Nanosecond time-resolved UV/vis absorption spectra
observed 100 ns after the laser pulse on LFP of 1 (black, 1 mM), 3
(red, 1 mM), and 4 (green, 1 mM), under NMQ+BF4

� (10 mM)–
toluene (1 M)-sensitized conditions in aerated acetonitrile.
(394 nm) of 4•+ was redshifted slightly as compared with
band A (386 nm) of 1•+, while no shifts were observed
for bands B00 and C00 (500–650 and >700 nm, respec-
tively) of 4•+ as compared with bands B and C of 1•+,
respectively.

To evaluate the spectroscopic properties as well as to
gain insight into the molecular geometry and electronic
structures of 3•+ and 4•+, we performed DFT and TD
DFT calculations12 for 3, 4, and the corresponding rad-
ical cations, and compared the results with those of 1, 2,
and the corresponding radical cations. The electronic
transition wavelengths (ket) and oscillator strengths (f)
of 3•+ and 4•+ in the optimized structures (vide infra)
were calculated using TD UB3LYP/cc-pVDZ and are
shown in Figure 2 together with those of 1•+.1 The cal-
culations gave ket at 353, 554, and 780 nm with
f = 0.153, 0.027, and 0.094 for 1•+,1 ket at 371, 517,
and 745 nm with f = 0.140, 0.014, and 0.074 for 3•+

and ket at 360, 557, and 779 nm with f = 0.196, 0.042,
and 0.089 for 4•+, respectively. These calculated elec-
tronic transitions successfully reproduced the observed
red- and blueshifts of kab of 3•+ and 4•+ as compared
with those of 1•+ (Fig. 1).

Figure 3 shows the concept of the electronic coupling in
neutral substrates 3 and 4 graphically. Note that the
molecular orbitals (MOs) of 3 are derived from those
of the ethylene and benzo subunits of 1 and benzonor-
bornene (5, Chart 1), respectively, while the MOs of
the ethylene and 1,3-butadiene subunits of 1 and 2,3-
dimethylenenorbornane (6), respectively, represent those
of 4. A combination of the highest occupied MOs
(HOMOs) of 1 and 5 allows them to interact with each
other efficiently to give the HOMO of 3 with an anti-
bonding character, because the three orbitals at C-7 of
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Figure 2. Electronic transitions of 1•+ (black), 3•+ (red), and 4•+

(green) calculated using TD UB3LYP/cc-pVDZ.
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Figure 3. Conceptual representation showing the electronic coupling
of 1 with 5 and 6 to give 3 and 4, respectively. Red and blue thick
arrows indicate the lowering of the LUMO level of 4 and the rise in the
HOMO level of 3, respectively, as compared with 1.

Figure 4. Schematic representation of the MOs of 3•+ (a), 1•+ (b), and
4•+ (c) associated with bands A, A 0, and A00 and C, C 0, and C00. Thick
red arrows indicate the redshifts of band A 0 for 3•+ and band A00 for
4•+ as compared with 1•+, while the blueshift of band C 0 for 3•+ is
shown with a thick blue arrow.
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1 and at C-2 and C-3 of 5 are in phase with each other.
A similar electronic coupling between the lowest unoc-
cupied MOs (LUMOs) of 1 and 5 is possible in terms
of the topological agreement of the orbitals at C-7 of
1 and at C-2 and C-3 of 5, but is prevented by the large
energy gap (0.66 eV with B3LYP/cc-pVDZ calculation)
between them. Interestingly, similar electronic coupling
in the HOMOs of 1 and 6 is cancelled by the topological
disagreement of the orbitals at C-7 of 1 and at C-2 and
C-3 of 6. Therefore, the HOMO of 4 corresponds to that
of 1. Note that the LUMOs of 1 and 6 interact with each
other to give the LUMO of 4 because the orbitals at C-7
of 1 and at C-2 and C-3 of 6 are in phase with each
other. Consequently, the loss of an electron from the
HOMO of 3 reduces the antibonding character to give
3•+ with a bent structure like that of nonclassical 2+,1

while no such changes in the molecular geometry and
electronic structure are expected for 4•+. In this sense,
4•+ may be termed a �classical� radical cation, as a coun-
terpart of the nonclassical radical cations, 2•+ and 3•+.
The electronic coupling causes a rise in the HOMO level
of 3 and a lowering of the LUMO level of 4 as compared
with those of 1, while the LUMO level of 3 and the
HOMO level of 4 are not changed much. As described
below, these changes are responsible for the observed
red- and blueshifts of 3•+ and 4•+.

Analyses based on TD UB3LYP/cc-pVDZ calculations
suggest that bands A, A 0, and A00 and bands C, C 0,
and C00 of 1•+, 3•+ and 4•+ originate from the singly
occupied MO (SOMO) ! LUMO and the HOMO–
X ! LUMO (X = 2, 4, and 3 for 1•+, 3•+, and 4•+) tran-
sitions, respectively. Figure 4 is a schematic representa-
tion of the MOs associated with the calculated
transitions for bands A, A 0, and A00 and bands C, C 0,
and C00 of 1•+, 3•+, and 4•+, respectively. For conve-
nience, pictures of the HOMO–X, SOMO, and LUMO
of 1•+, 3•+, and 4•+ are replaced with the HOMO–
(X + 1), HOMO, and LUMO of neutral 1, 3, and 4,
respectively, calculated using B3LYP/cc-pVDZ. Note
that each HOMO–X is a similar type of MO with orbital
coefficients only at the atoms of the benzhydrylidene
subunits and that the distribution patterns of the orbital
coefficients of the SOMOs and LUMOs are in line with
those in Figure 3.

A key to explaining the observed red- and blueshifts for
3•+ and 4•+ as compared with 1•+ is the change in the
energy levels of the MOs: those of the HOMO–4 of
3•+ and the HOMO–3 of 4•+ are very close to that
of the HOMO–2 of 1•+. Furthermore, the energy levels
of the SOMO of 3•+ and the LUMO of 4•+ rise and fall,
respectively, while those of the LUMO of 3•+ and the
SOMO of 4•+ are similar to those of 1•+. Namely, the
red- and blueshifts of bands A 0 and C 0 for 3•+ are
explained by the rise in the SOMO level and the
unchanged LUMO and HOMO–4 levels, respectively,
while the redshift and absence of a shift of bands A00

and C00 for 4•+ result from the unchanged SOMO and
HOMO–3 levels and the lowering of the LUMO level,
respectively. Note that the similar redshifts of bands
A 0 and A00 of 3•+ and 4•+ have different causes.



Figure 5. Side views of 1•+ (a), 2•+ (b), 3•+ (c), and 4•+ (d) optimized
using UB3LYP/cc-pVDZ calculations.
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Figure 6. The sum of the partial spin (q) and charge (q) density of the
benzhydrylidene subunit and residual subunit in 1•+ (a), 2•+ (b), 3•+

(c), and 4•+ (d) calculated using UB3LYP/cc-pVDZ.
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The molecular geometry of 3•+ and 4•+ is summarized
in Figure 5 together with that of 1•+ and 2•+.1 The
C-1–C-7–C-4 skeleton and the benzhydrylidene sub-
units of 3•+ bend to the side of the C-2–C-3 subunit
by 5.7� [=(360.0� � 115.0�)/2 � 116.8�] and 4.7�
(=180.0� � 175.3�), respectively, at the UB3LYP/cc-
pVDZ level. Note that these angles are close to those
(5.2� and 5.0�, respectively1) of 2•+. These findings sup-
port the nonclassical nature of 3•+ and are consistent
with a suggestion from LFP spectroscopic studies.
However, 4•+ has angles of 1.7� [=(360.0� � 112.2�)/
2 � 122.2�] and 2.5� (=180.0� � 177.5�), respectively,
corresponding to those (0.0� and 0.0�, respectively1) of
1•+ rather than those of 2•+. The differences in the
angles between 3•+ and 4•+ are not large, but they are
meaningful, taking into account the difference between
the prototype 1•+ and nonclassical 2•+. These results
lead us to regard 4•+ as a �classical� radical cation with-
out any significant electronic couplings between the C-
7–C-8 and C-2–C-3 subunits in the SOMO, in contrast
to 3•+. At the UB3LYP/cc-pVDZ level, a hypothetical
dication 32+ bends more significantly, as does 22+,1

while 42+keeps the nonbent structure,15 supporting the
efficient and negligible electronic coupling in the
HOMOs of 3 and 4, respectively (vide supra).

Next, we examined the electronic structure using the
sum of the partial spin (q) and charge (q) density,14 Rq
and Rq, respectively, computed with DFT calculations,
as shown in Figure 6. The values, Rq = + 0.807 and
Rq = + 0.586, of the benzhydrylidene subunit in 3•+ de-
crease compared with those of 1•+, +0.968 and +0.678,
respectively.1 Accordingly, the values of the residual
subunit (+0.193 and +0.414) increase compared with
those of 1•+ (+0.032 and +0.322). The spin and charge
distributions of 3•+ resemble those of 2•+ (+0.867 and
+0.619 in the benzhydrylidene subunit, respectively,1)
indicating the nonclassical nature of 3•+ whose spin
and charge are delocalized not only to the benzhydrylid-
ene subunit but also to the residual subunit. Conversely,
the Rq and Rq values of the benzhydrylidene subunit in
4•+ (+0.948 and +0.693) resemble those of 1•+ (+0.968
and +0.678) but not those of 2•+, suggesting the �classi-
cal� nature of 4•+ whose spin and charge are mainly
localized on the benzhydrylidene subunit. These inter-
pretations are consistent with the structure optimized
with DFT calculation (Fig. 5).

In conclusion, we found the striking contrast in the
molecular geometry and electronic structures of 3•+

and 4•+. TD DFT calculations successfully reproduced
the UV/vis absorption spectra of 3•+ and 4•+ on LFP.
DFT calculations also suggest bent and nonbent struc-
tures for 3•+ and 4•+, respectively. The contrast is attrib-
uted to the difference in the pattern of electronic
coupling16 (i.e., homoconjugation) between 3 and 4. In
particular, the topological agreement and disagreement
of the orbitals at C-2, C-3, and C-7 of the HOMOs of
3 and 4 control the extent of the delocalization of spin
and charge in 3•+ and 4•+. In this sense, the structure
of p-electronic system at C-2 and C-3 is of importance
for the appearance of the nonclassical and �classical�
nature of 3•+ and 4•+, respectively.
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