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Abstract One-electron oxidation of the non-alternant poly-
cyclic aromatic hydrocarbon pleiadiene and related cyclo-
hepta[c,d]pyrene and cyclohepta[c,d]fluoranthene in THF
produces corresponding radical cations detectable in the
temperature range of 293–263 K only on the subsecond
time scale of cyclic voltammetry. Although the EPR-active
red-coloured pleiadiene radical cation is stable according to
the literature in concentrated sulfuric acid, spectroelectro-
chemical measurements reported in this study provide
convincing evidence for its facile conversion into the
green-coloured, formally closed shell and, hence, EPR-
silent π-bound dimer dication stable in THF at 253 K. The

unexpected formation of the thermally unstable dimeric
product featuring a characteristic intense low-energy ab-
sorption band at 673 nm (1.84 eV; logεmax=4.0) is
substantiated by ab initio calculations on the parent
pleiadiene molecule and the PF6

− salts of the corresponding
radical cation and dimer dication. The latter is stabilized with
respect to the radical cation by 14.40 kcal mol−1 (DFT B3LYP)
[37.64 kcal mol−1 (CASPT2/DFT B3LYP)]. An excellent
match has been obtained between the experimental and TD-
DFT-calculated UV–vis spectra of the PF6

− salt of the
pleiadiene dimer dication, considering solvent (THF) effects.
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Introduction

Although many non-alternant polycyclic aromatic hydro-
carbons (PAHs) [1] consisting of an alternant PAH core
modified by peri-annulation of an unsaturated five-
membered ring are known (CP-PAHs, Chart 1: compare
1–3 with 7–9), [2, 3] the number of available analogues
containing a peri-annulated unsaturated seven-membered
ring instead (CH-PAH, Chart 1: compare 7–9 with 4–6) is
still scarce [4]. This is unfortunate since Michl in 1976
published an imaginative paper [5] providing evidence
based on the qualitative PPP theory that the related non-
alternant PAHs acenaphthylene (7) and pleiadiene (4)
exhibit a pseudo-alternant relationship. This is due to the
existence of approximate mirror–image pairing of the π-
MOs and electronic states of 4 and 7, similar to that found
in the case of alternant PAHs [1]. The analysis put forward
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by Michl has explained why the UV–vis spectra of 4 and 7
show a striking resemblance (slightly shifted electronic
transition energies, intensities, polarizations, and overall
band shapes in the 200−900-nm region) [5]. It also
accounts for the observation that 7 features a positively
shifted (less negative) reduction potential (stabilized
LUMO), [6] opposite to 4 with a negatively shifted (less
positive) oxidation potential (destabilized HOMO) when
compared to the redox potentials of naphthalene (1).
Concomitant with the occurrence of approximate mirror–
image pairing in the case of 4 and 7, the acenaphthylene
radical anion (7•−) and pleiadiene radical cation (4•+) should
also possess similar UV–vis spectra as well as similar spin
distributions in the naphthalene cores [5] of 4•+ and 7•−.
However, whereas the UV–vis spectrum of 7•− is known [7,
8], that of 4•+ has not been reported to date.

Recently, a new synthetic procedure has been developed,
providing easier access to pleiadiene (4) as well as to the
hitherto unknown CH-PAHs cyclohepta[c,d]pyrene (5) and
cyclohepta[c,d]fluoranthene (6, Chart 1) (van het Goor et
al., manuscript in preparation). The so far unpublished
study has also briefly dealt with the redox properties of the
CH-PAHs and pointed to a limited stability of the
corresponding radical cations in acetonitrile (MeCN) at
room temperature [4]. Notwithstanding, oxidation of CH-
PAHs 4–6 is considerably more facile, i.e. negatively
shifted, compared to oxidation of the related (non)-alternant
PAH core (Table 1). Indeed, the anodic behaviour of 4–6
shows an approximate mirror–image relationship with the
reduction behaviour [4] of the related CP-PAHs 7–9.

With the general aim to obtain and characterise CH-PAH
radical cations 4•+–6•+ for the comparative studies with

Chart 1 Structures of the alternant PAHs naphthalene (1) and pyrene
(2), the non-alternant PAH fluoranthene (3), the non-alternant CH-
PAHs pleiadiene (4), cyclohepta[c,d]pyrene (5), and cyclohepta[c,d]
fluoranthene (6), and the non-alternant CP-PAHs acenaphthylene (7),
cyclopenta[c,d]pyrene (8), and cyclopenta[c,d]fluoranthene (9)

Table 1 Oxidation potentials and solvent-corrected ionisation potentialsa of the PAHs 1–3 and the (non-alternant) CH-PAHs 4–6 (see Chart 1)

Compd. E1/2(0/+1) (V vs. Fc/Fc+)b ΔE (in V) E1/2(0/+1) (V vs. Fc/Fc+)c ΔE (in V) IP(0/+1)MeCN (eV) IP(0/+1)THF (eV)

1 1.13 5.87 6.06

2 0.75 5.48 5.65

3 1.04 5.89 6.04

4 0.35 0.10 0.45e 0.12 4.93 5.11

5 0.21 0.12 0.34f 0.12 4.77 4.95

6 0.44d Irrev. 0.52g 0.06 5.04 5.21

Compd. compound, Irrev. irreversible
a Not corrected for ZPVE (see “Experimental” section)
b In MeCN. Converted from the SCE potential scale using E1/2 (Fc/Fc

+ )=+0.41 V vs. SCE in MeCN. For 1–3: voltammetry at 293 K on a rotating
Pt disc microelectrode [11]. For 4–6: cyclic voltammetry at 293K and v=50 mV s−1

c In THF. Cyclic voltammetry at v=100 mV s−1

dEp,a value
e T=293 K
f T=273 K; scan rate of 2 Vs−1

g T=263 K
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radical anions of the corresponding CP-PAHs, we wish to
present new results of cyclic voltammetric and spectroelec-
trochemical (UV–vis, EPR) investigations of the parent
compounds. This article is focused on the radical cation of
pleiadiene (4•+) reported in a preceding EPR spectroscopic
study by Murata and co-workers [9]. It is shown that the
stability of 4•+ is affected by the applied experimental
conditions. A compelling evidence based on DFT and TD-
DFT calculations is provided for π-dimerization of open
shell 4•+ into the formally closed-shell [4-4]2+ dication.

Results and discussion

Cyclic voltammetry

Oxidation of the CH-PAHs pleiadiene (4) and cyclohepta[c,d]
pyrene (5) in MeCN to the corresponding radical cations was
shown by Koper to be quasi-reversible at room temperature
on the time scale of cyclic voltammetry defined by v=
50 mV s−1, with the peak–current ratio ic/ia<1 and slightly
different shapes of the anodic and cathodic waves of the
(0/+1) redox couple [4]. In contrast, oxidation of cyclo-
hepta[c,d]fluoranthene (6) was completely irreversible

under these conditions, with the cathodic counter-wave
absent on the reverse potential scan. The corresponding
anodic potentials are given in Table 1.

The anodic behaviour of the CH-PAHs 4–6 was studied at
variable temperature in THF suited also for EPR character-
isation of the oxidized products. Table 1 documents that the
oxidation potentials are more positive in THF compared to
MeCN, in agreement with the calculated higher values of the
solvent-corrected adiabatic ionisation potentials of the CH-
PAHs in the former less polar solvent (εTHF=7.5 and εMeCN=
36.6) [10]: IP(0/+1)THF>IP(0/+1)MeCN.

The oxidation of pleiadiene (4) at ambient temperature is
diffusion-controlled and almost chemically reversible (Ic/Ia~
1). On the reverse cathodic scan initiated 250 mV
beyond the (0/+1) couple of 4 at E1/2=0.45 V vs. Fc/Fc+,
two additional peaks are observed at Ep,c=−0.09 and
−0.59 V (Fig. 1a). Their intensities further increased when
the potential sweep was held beyond the anodic wave of 4
for 10 s. At T=273 K the radical cation 4•+ becomes stable
on the subsecond time scale. However, the ΔEp value is
significantly increasing compared to the internal standard,
cobaltocene/cobaltocenium, and this trend continues down
to 210 K (Fig. 1b–d). The electrochemically quasi-
reversible anodic behaviour of 4 may reflect the onset of
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Fig. 1 Cyclic voltammograms of 4 in THF/10−1 TBAH at a 293 K, b 273 K, c 243 K, and d 210 K. Scan rate v=100 mV s−1, Pt microdisc
working electrode
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π-dimerization of the radical cations promoted at low
temperatures, as revealed by UV–vis spectroelectrochem-
istry combined with DFT (vide infra).

The cyclic voltammetric responses of cyclohepta[c,d]
pyrene (5) and cyclohepta[c,d]fluoranthene (6) in THF are
different in comparison with the oxidation in MeCN
(Table 1).

At T=293 K, the oxidation of 5 occurs at Ep,a=0.41 V
vs. Fc/Fc+ as a totally irreversible step (Fig. SI1, see
“Supporting Information”). The scan reversal (v=
100 mV s−1) beyond the anodic wave was marked by the
absence of the cathodic counter peak due to 5•+ reduction;
instead, it showed reduction of a secondary oxidized
product as a broad wave at Ep,c=−0.04 V vs. Fc/Fc+, which
became more apparent after 10-s electrolysis at 0.6 V. At T=
273 K, the cathodic wave at −0.04 V persists in the cyclic
voltammogram, but the oxidation of 5 becomes partly
chemically reversible. Finally, increasing the scan rate to v=
2 Vs−1 results in the fully reversible (0/+1) redox couple of
5 (Table 1; Fig. SI1, see “Supporting Information”).

On the contrary, the oxidation of 6 at E1/2=0.52 V vs. Fc/
Fc+ is nearly chemically reversible already at T=293 K
and v=100 mV s−1 (Fig. SI2, see “Supporting Information”).
On scan reversal, the cathodic response of a secondary
oxidized product appears at Ep,c=−0.46 V, similar to that
observed for 4 under these conditions. However, the more
positive secondary cathodic wave at ca. −0.05 V, arising at
room temperature for oxidized 4 and 5, was absent in this
case. At T=263 K, the oxidation of 6 is fully reversible on
the subsecond time scale of cyclic voltammetry (Fig. SI2).

UV–Vis spectroelectrochemistry

Figure 2 presents the UV–vis spectra recorded in the course
of the spectroelectrochemical oxidation of pleiadiene (4) in
THF at T=293 and 253 K within an OTTLE cell.

The in situ low-temperature UV–vis spectra show
several isobestic points (228, 256, 318, and 380 nm) and
a characteristic intense low-energy absorption band of the
product at 673 nm (1.84 eV; logεmax=4.0; Fig. 2b). In
agreement with the conventional cyclic voltammograms in
Fig. 1c, d, the corresponding thin-layer cyclic voltammo-
gram (TL-CV) showed a fully developed cathodic counter
peak on the reverse scan. Upon back reduction, indeed, the
spectrum of neutral 4 was fully reproduced.

However, when the oxidation of 4 was conducted at
room temperature, the cathodic counter peak in the TL-CV
was completely absent. The corresponding UV–vis spectral
changes also showed isobestic points (223, 253, 331, and
366 nm), but the low-energy absorption bands in the visible
region did not emerge (Fig. 2a). These differences are
attributed to the different experimental time scales of the
conventional cyclic voltammetry (scan rate of 100 mV s−1)
and UV–vis spectroelectrochemistry (scan rate of
2 mV s−1), confirming the reactivity of the green-coloured
oxidized species at ambient temperature.

The reversible nature of the UV–vis spectral changes and
the TL-CV response at 273 K point to generation of stable
radical cation 4•+. However, the green colour of the product
observed at the working electrode, which complies with the
visible absorption in Fig. 2a, does not correspond with the
literature information according to which the colour of 4•+

is deep red when generated in concentrated sulfuric acid
[9]. Therefore, we decided to study the green product with
EPR spectroscopy (vide infra).

In sharp contrast to 4, oxidations of 5 and 6 both at 253
and 298 K yielded products lacking intense visible
absorption above 400 nm in the low-temperature spectra
(Figs. SI3 and SI4, see “Supporting Information”). The
nature of the UV–vis spectral changes and the absence of
cathodic counter peaks along the reverse TL-CV scans
clearly indicate that upon oxidation of 5 and 6 on the time
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Fig. 2 UV–vis spectra recorded in the course of the in situ oxidation of 4 in THF within an OTTLE cell at T=293 K (a) and 253 K (b)
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scale of minutes other secondary species are formed rather
than the desired CH-PAH radical cations. No intense visible
absorption band near or above 673 nm is discernible in both
cases. Moreover, significant passivation of the working
electrode was encountered at low temperatures, presumably
due to low solubility of the oxidized products. The
spectroelectrochemical study of 5 and 6 was therefore not
continued.

EPR spectroscopy

The CV, TL-CV, and UV–vis data have indicated that for most
CH-PAHs stable radical cations cannot be obtained in THF at
various temperatures, except for pleiadiene (4). According to
the published results, deep red 4•+ was obtained directly after
addition of a few drops of H2SO4 at room temperature and
remained stable for a couple of weeks [9]. The red solution
gave a strong EPR signal which could be simulated with five
hyperfine splitting constants, in agreement with the symmet-
ric pleiadiene structure (Chart 1).

Nevertheless, attempts to reproduce the experiment of
Murata and co-workers [9] were not successful. Addition of
a few drops of H2SO4 to 4 at room temperature produced
the deep red solution of 4•+, which, however, turned green
within a few seconds. The product was not further
analysed. Similarly, when the chemical oxidation of 4 was
performed with [Ce(OTf)4] (Eox>0.9 V vs. Fc/Fc+) [12] in
THF at 243 K, a green solution was obtained which did not
show any EPR signal. A silent EPR response was also
recorded after in situ oxidation of 4 within an EPR
spectroelectrochemical cell (see “Experimental”) under the
same conditions as employed for the low-temperature UV–vis
spectroelectrochemistry (Fig. 2a).

From these results it could be deduced that the green
solutions did not contain 4•+ or any other related paramag-
netic species. On the other hand, the quasi-reversible nature
of the anodic process, as evidenced by CV and TL-CV at
low temperature, excluded any extensive decomposition of

the radical cations. An acceptable option has been a
conversion of 4•+ into more stable π-bound dimer dications,
[4-4]2+, based on analogy with radical cations of tetrathia-
fulvalene dimerizing at low temperatures [13]. This idea
was successfully investigated with quantum chemical
methods, including the analysis of the electronic absorption
spectrum of the green oxidized species presented in the
following section (see Figs. 3b and 5).

Quantum mechanical calculations

Figure 3 shows the experimental UV–vis spectra and the ab
initio PCM/B3LYP/TZP vertical excitations of 4 and 4•+.
Tables 2 and 3 present the PCM/B3LYP/TZP vertical
excitations and their assignments, respectively.

The UV–vis spectrum of neutral pleiadiene (4) (Fig. 3a)
shows a small bathochromic shift of the predicted vertical
excitations compared to the experimental absorption max-
ima. The two absorption bands in the spectrum of
pleiadiene (4) are mainly characterised by one-electron
transitions from the HOMO, e.g., HOMO→LUMO+1.
The HOMO→LUMO one-electron transition is predicted
at 2.43 eV and is hardly intense, which agrees with the
experimental spectrum.

The calculated spectrum for the radical cation 4•+ shows
little agreement with the experimental spectrum, both in peak
positions and intensities (Fig. 3b). Electron excitation from
the singly occupied α-HOMO (or SOMO) to the LUMO
(Table 3 and Chart SI1, see “Supporting Information”) is
indeed predicted to occur at a lower energy; however, the
calculated oscillator strength is too low. Other weak
absorptions involving electron transitions to the SOMO are
predicted to occur at low energy. The first intense absorption
band is calculated at 2.99 eV, which can be assigned to a
mixed α-HOMO→LUMO+1 and β-HOMO-2→SOMO
transition (Table 3).

The mismatch between the calculated UV–vis spectrum
of 4•+ and the experimental spectrum led to a further

Fig. 3 PCM/B3LYP/TZP verti-
cal excitations of 4 (a) and 4•+

(b) in the range of 1.4–4.5 eV
(i.e. 900–275 nm) combined
with the corresponding experi-
mental UV–vis spectra
(see also Fig. 2)
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exploration of the possibility of the formation of the closed-
shell dimer [4-4]2+. A possible conformation for this dimer
dication was found by optimising the geometry of two
monomers together with two PF6

− counterions at the
B3LYP/cc-pVDZ level of theory (Fig. 4). A stable
conformer was found with a shortest C–C distance of
3.220Å between the two monomers. At this level of
theory, the energy of [4-4](PF6)2 is 14.40 kcal mol−1

lower than that of two non-interacting 4(PF6) molecules
(Table 4).

The nature of the dimer dication might suggest that
closed-shell DFT is not the appropriate method to treat
this system. To probe the validity of the DFT approach,
the interaction energy between the two monomers was
also calculated using the CASPT2 [16, 17] approach (at
the B3LYP optimised geometries). Also, at this level an
attractive interaction is found between the two mono-
mers, being even stronger than that evaluated at the

B3LYP level (Table 4). Natural orbital occupation numb-
ers of 2.0, 0.0, 1.68, and 0.32 have been found, suggesting
that indeed the molecule of [4-4](PF6)2 has some biradical
character.

The calculated UV–vis spectrum of the [4-4](PF6)2
(Fig. 5; Table 5) shows a remarkably good match with the
experimental data. The intense, broad absorption band at
1.84 eV is correctly predicted. This band is assigned to the
HOMO→LUMO transition. The HOMO and LUMO in
this case consist of the bonding and antibonding combina-
tions of the singly occupied HOMO of the monomer (Chart
SI2, see “Supporting Information”). The less intense
absorption bands at 2.62 eV and 3.16 eV can be assigned
to the calculated peaks at 2.80 and 3.06/3.37 eV, respec-
tively. The lowest excitation energy has also been evaluated
at the CASPT2 level for both 4(PF6) and [4-4](PF6)2.
CASPT2 predicts a low intensity band at 2.05 eV (fcalc=
0.005) for 4(PF6), while for [4-4](PF6)2 a band at 1.94 eV
(fcalc=0.472) is predicted, which is in line with the TD-DFT
data.

Solvent effects on the UV–vis spectrum of [4-4](PF6)2
were further studied at the TD-DFT [18] level using the
Discrete Reaction Field (DRF) [19, 20] approach, which
takes explicit polarizable solvent molecules into consider-
ation. Figure 6 shows the effect of the solvent as obtained
from a single solute/solvent configuration. In the range
1.50–2.75 eV the effect is negligible, but a set of additional
excitations is present in THF.

Figure 6b presents 500 (‘solvated’) QM/MM excitations
of 20 randomly chosen solute/solvent configurations from a
20-ps MD production run (red curve in Fig. 6b) as

Table 2 PCM/TD-DFT vertical excitations, excitation energies (l calc),
oscillator strengths (fcalc), and the character of the transitions of 4
(C2v) (|c|>0.45)

State lcalc (eV) Assignment fcalc lexp (eV)
a

1 (B2) 2.43 HOMO→LUMO 0.014 2.22

2 (A1) 3.36 HOMO→LUMO+1 0.21 3.20

3 (B2) 3.91 HOMO→LUMO+2 0.089 3.63

4 (A1) 4.36 HOMO-1→LUMO 0.057 4.18

l exp represents experimental absorption maxima
a Kolc and Michl [14] (see also Fig. 3a)

Table 3 PCM/TD-DFT vertical
excitations, excitation energies
(l calc), oscillator strengths
(fcalc), and the character of
the transitions of
4•+ (C2v) (|c|>0.45)

λl ref represents other ab initio
vertical excitations from
the literature
aFor recent BLYP/6-31 G** data
[15]

State lcalc (eV) Assignment fcalc l ref (eV)
a

1 (B2) 1.84 α HOMO→LUMO (0.97) 0.0069 1.79

2 (B2) 2.15 β HOMO−1→SOMO (0.94) 0.011 2.30

3 (A1) 2.47 α HOMO→LUMO+1 (0.78) 0.0003
β HOMO−2→SOMO (0.70)

4 (B2) 2.77 β HOMO−3→SOMO (0.97) 0.045 2.50

5 (A1) 2.99 α HOMO→LUMO+1 (0.59) 0.23 2.91
β HOMO−2→SOMO (0.68)

6 (A1) 3.58 α HOMO−1→LUMO (0.75) 0.0001 3.51
β HOMO−1→LUMO (0.58)

7 (B2) 3.77 α HOMO−2→LUMO (0.45) 0.015 3.59
α HOMO→LUMO+2 (0.64)

β HOMO−2→LUMO (0.61)

8 (B2) 3.83 α HOMO−2→LUMO (0.47) 0.044 –
α HOMO→LUMO+2 (0.67)

9 (A1) 4.04 α HOMO−3→LUMO (0.67) 0.019
β HOMO−3→LUMO (0.62)

10 (A1) 4.15 α HOMO−1→LUMO (0.62) 0.035
β HOMO−2→LUMO (0.71)
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generated by applying the DRF90 suite [21]. It shows the
naturally growing bands due to the different geometries of
the various solute/solvent configurations. The black curve
in Fig. 6b is the result of applying a ‘virtual spectrometer’,
i.e. collecting the excitations in 200 boxes having a width
of ca. 0.016 eV, and adding up the collected oscillator
strengths in each box (the number of boxes and the
difference between the largest and smallest excitations
defining the resolution). Finally, the blue curve in Fig. 6b
is the result of convoluting the 200 peaks of the boxes by
Gaussians of ca. 0.1-eV width, simulating the effect of
vibrations in the solute molecule. (Convoluting first the
‘raw levels’ (red curve in Fig. 6b) and then applying the
virtual spectrometer give the same result.)

Figure 6c contains a comparison of the result of the
preceding panel and the experimental spectrum. First we note
that the excitations agree fairly: differences of ca. 0.1 eV in the
low-energy regime, and of ca. 0.5 eV in the high-energy range
are supposed to be ‘normal’ for TD-DFT applications [22]. As
with the intensities, the differences may be due to the
relatively small number of solute/solvent configurations
accounted for. Nonetheless, the pattern definitely shows that
the experimental spectrum can be attributed to [4-4](PF6)2.

Conclusions

Cyclic voltammetry and, in particular, UV–vis spectroelec-
trochemistry, have revealed thermal instability of radical
cations formed by one-electron oxidation of cyclohepta[c,d]

pyrene (5) and cyclohepta[c,d]fluoranthene (6) at moderate
temperatures, both in THF and MeCN [4]. On the other
hand, the radical cation of pleiadiene (4) has been
characterised by EPR spectroscopy; although the literature
preparative method (dissolving crystals of 4 in concen-
trated sulfuric acid) [9] differs strongly from experimental
conditions in this work, viz. electrolysis in organic
solvents, the red colour of 4•+ is not in contrast with the
TD-DFT calculations predicting, after a lcalc-to-l exp

correction of 0.25 eV to the HOMO→LUMO transition
energy in Table 3 taken from Table 5, a visible absorption
around 550 nm. Cyclic voltammetry points to stability of
4•+ in THF/Bu4NPF6 at low temperatures below 273 K.
However, the analysis of experimental UV–vis spectroe-
lectrochemical data in conjunction with DFT and TD-
DFT calculations has provided a compelling evidence for
π-dimerization of 4•+ at low temperatures and formation
of EPR-silent green dimer [4-4](PF6)2. The formally
closed-shell dimer dication is strongly stabilized with
respect to monomer 4(PF6) by 14.40 or even
37.64 kcal mol−1 based on DFT B3LYP and CASPT2/
DFT B3LYP calculations, respectively. The electronic
absorption spectrum of [4-4](PF6)2 has been perfectly

Fig. 4 The B3LYP/cc-pVDZ
optimised geometry of 4(PF6)
and [4-4](PF6)2

Table 4 Energies (Hartree) of the monomer 4(PF6) and dimer [4-4]
(PF6)2 and the interaction energy ΔEint (kcal mol−1) evaluated at DFT
B3LYP/cc-pVDZ and CASPT2 levels of theory

Method 4(PF6) [4-4](PF6)2 ΔEint

B3LYP −1480.031671 −2960.086288 −14.40
CASPT2 −1476.565890 −2953.191770 −37.64 Fig. 5 The PCM/TD-DFT spectrum of [4-4](PF6)2 together with the

experimental UV–vis spectrum (see also Fig. 3b)
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matched by the PCM/TD-DFT-calculated vertical excita-
tions, considering solvent/solute interactions. The green
colour of [4-4](PF6)2 arises from the characteristic intense
HOMO→LUMO absorption at 673 nm (1.84 eV), which
is red-shifted with respect to the visible absorption of 4•+.
It is noteworthy that a similar behaviour has been reported
for the π-dimer of tetrathiafulvalene radical cations [13],
forming below 265 K. The results of the present study
bring a new view on the anodic behaviour of non-alternant
polycyclic hydrocarbons.

Experimental

Syntheses

The CH-PAHs were synthesized following the procedures
reported by Koper [4]. Full synthetic details will be reported
elsewhere [van het Goor et al., manuscript in preparation].

Caution: (non)-alternant PAHs are potential geno-
toxic compounds and should be handled with care
[23, 24].

Table 5 PCM/TD-DFT vertical
excitations, excitation energies
(l calc), oscillator strengths (fcalc),
and the character of the
transitions of the π-dimer
[4-4]2+ (C1) (|c|>0.45)

λl exp represents experimental
absorption maxima
aThe MOs involved in the
optical transitions 1–9
are depicted in Chart SI2
(see “Supporting Information”)
bSee Figs. 5 and 6

State l calc (eV) Assignmenta fcalc lexp (eV)
b

1 1.58 HOMO→LUMO 0.293 1.84

2 2.30 HOMO−1→LUMO 0.004

3 2.35 HOMO→LUMO+1 0.000

4 2.52 HOMO→LUMO+2 0.016

5 2.80 HOMO-2→LUMO 0.041 2.62

6 2.86 HOMO−3→LUMO (0.77) 0.012
HOMO−4→LUMO (0.47)

7 3.06 HOMO−4→LUMO (0.81) 0.072 3.16
HOMO−3→LUMO (0.50)

8 3.29 HOMO→LUMO+4 0.001

9 3.37 HOMO→LUMO+3 0.245

Fig. 6 Solvent effects on the
UV–vis spectrum of [4-4](PF6)2.
a Calculated spectrum of the
dimer dication in vacuum (red)
and in a single solute/solvent
configuration (black) in 300
THF molecules. b Red spec-
trum: all 500 excitations; black
spectrum: 200 excitations col-
lected in boxes 0.016 eV wide;
blue spectrum: each of the 200
boxes convoluted with Gaus-
sians. c Comparison of the cal-
culated spectrum (red) with the
experimental spectrum (black)
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Analytical methods

Electrolytes were purchased from Aldrich and purified
according to standard procedures prior to use. Solvents
were dried and purified using standard procedures. Com-
mercially available reagents were used without further
purification.

Cyclic voltammetry

Conventional cyclic voltammetry (CV) was performed in a
Faraday cage, using an air-tight single-compartment three-
electrode cell containing a carefully polished Pt microdisc
(0.14 mm2), Pt coil, and Ag coil working, counter, and
pseudo-reference electrodes, respectively. The working
electrode potential was controlled with an EG&G PAR
283 potentiostat. All electrochemical samples were approx-
imately 10−3 M in the studied analyte and 10−1 M in the
supporting electrolyte (Bu4NPF6; dried at 80 °C under
vacuum overnight) dissolved in dry THF (distilled from Na
wire prior to use). Cobaltocenium hexafluorophosphate was
used as an internal reference [12]: E1/2=−1.33 V vs. Fc/Fc+.

UV–Vis spectroelectrochemistry

UV–vis spectroelectrochemical experiments at T=253 K
were performed with a cryostatted optically transparent
thin-layer electrochemical (OTTLE) cell (0.2-mm optical
path length) equipped with CaF2 windows, a Pt minigrid
working electrode (32 wires per centimeter), and Pt
auxiliary minigrid electrodes [25, 26]. All electrochemi-
cal samples were approximately 10−3 M in the studied
analyte and 10−1 M in the supporting electrolyte
(Bu4NPF6). The spectroelectrochemical analyses were
performed under a nitrogen atmosphere in THF freshly
distilled from Na wire. The working electrode potential of
the spectroelectrochemical cell was controlled with a PA4
potentiostat (EKOM, Polná, Czech Republic). In situ UV–vis
spectra were recorded on a Perkin Elmer Lambda 900
spectrophotometer.

All UV–vis spectroelectrochemical experiments at room
temperature were performed with an optically transparent
thin-layer electrochemical (OTTLE) [27] cell (0.2-mm
optical path length, CaF2 windows) equipped with Au
minigrid working, Pt minigrid auxiliary, and Ag wire
pseudo-reference electrodes. The controlled-potential elec-
trolyses were carried out with a PA4 potentiostat (EKOM,
Polná, Czech Republic). The potential scan rate was
typically 2 mV s−1. All electrochemical samples in dry
THF were approximately 10−3 M in the studied analyte and
contained 10−1 M Bu4NPF6. The in situ UV–vis spectra
were recorded on a Hewlett-Packard 8453 diode-array
spectrophotometer.

EPR spectroscopy

Pleiadiene was oxidized in THF under an atmosphere of dry
nitrogen within a tubular air-tight electrochemical EPR cell
containing outer Au helix working electrode, inner Pt helix
counter electrode, and a single-point Ag wire pseudo-
reference electrode [28]. The working electrode potential
was controlled with a PA4 potentiostat (EKOM, Polná,
Czech Republic). The sample was approximately 10−4 M in
4 and 10−3 M in Bu4NPF6.

X-band EPR spectroscopic measurements were carried
out with a Varian E104A Century Series EPR spectrometer
at 230–250 K. The magnetic field was calibrated against
1,1-diphenyl-2-picrylhydrazyl (g=2.0037, H=3386 G).

Computational methods

Geometry optimisation of the neutral CH-PAHs was per-
formed at the DFT B3LYP [29, 30] level of theory employing
the TZP basis set (Todorov et al., manuscript in preparation)
using GAMESS-UK [31]. For the open-shell radical cation
systems Gaussian03 was utilised [32]. The TZP basis set is
based on Dunning's non-augmented TZ basis set [33]
modified with p-polarisation functions for the hydrogen
atoms (αp=0.75) and d-polarisation functions for the carbon
atoms (αd=0.60). Solvent-corrected vertical excitations were
calculated from the (U)B3LYP/TZP optimised geometries in
single-point PCM [34] calculations [32] in Gaussian03.

Hessian calculations showed that the optimised gas phase
geometries are proper minima and that no symmetry breaking
occurs upon removal of electrons. Furthermore, the structural
changes upon oxidation to the radical cations are small. As
expected, only a strong antibonding character along the
ethene-like bond is observed as a result of lengthening of the
olefinic carbon–carbon bond. Optimised geometries and
(solvent-corrected) total energies are electronically available.

Solvent-corrected adiabatic ionisation potentials (IP(0/+1),
in electronvolt) were computed as energy differences (ΔEtot)
between the total energies of the radical cations and the
corresponding neutral species in their respective (DFT) PCM/
(U)BLYP/TZP optimised geometries (ΔE method; Eq. 1)
without ZPVE corrections. Tetrahydrofuran (THF, ε=7.5) [10]
and acetonitrile (MeCN, ε=36.6) [10] were used as solvents.

IP 0=þ1ð Þ¼ Etotð Þradical cation� Etotð Þneutral ¼ ΔEtotð Þradical cation�neutral

ð1Þ
Solvent-corrected vertical excitations were calculated

from the PCM [35, 36]/(U)B3LYP/TZP (Todorov et al.,
manuscript in preparation) [29, 30], optimised geometries
using Gaussian03 with THF as solvent [32].

The geometries of the dimer formed of two radical
cations of pleiadiene, [4-4](PF6)2 and the monomer 4(PF6),

J Solid State Electrochem (2011) 15:2107–2117 2115



were optimised at the B3LYP/cc-pVDZ [33] level of theory,
using GAMESS-UK [31]. TD-DFT calculations including
solvent effects (PCM, solvent THF) were performed with
GAMESS-US [35–37] using the B3LYP functional and the
TZP basis set for C and H, and the DZP basis set of
Dunning [38, 39] for P and F. CASPT2 [16, 17]
calculations were also performed on the B3LYP/cc-pVDZ
[33] optimised geometries with MOLCAS 7 using the cc-
pVDZ basis set [40]. For the π-dimer, the CASSCF space
consisted of 14 electrons in 14 π-like orbitals; for the
monomer, the CASSCF space consisted of 7 electrons in 7
π-like orbitals. State-averaged CASSCF calculations over
ten and five roots for the dimer and monomer, respectively,
were performed.

To assess the effect of the solvent, ADF [18]/TD-DFT
with a DZP basis of Slater orbitals was applied. A vacuum
calculation gave a point charge representation of the charge
distribution preserving up to the quadrupole moment [41].
The charges were used as inputs for Molecular Dynamics
(MD) simulations, using the DRF90 suite [42]. The latter is
based on a fully polarizable force field, which allows mixed
quantum-classical (QM/MM) calculations with the same
force field parameters [19, 20]. The polarizabilities were
taken as the defaults [42] in DRF90.

The simulation was done at 298 K controlled by a Nosé-
Hoover thermostat [43], with a time step of 1 fs in an NTV
ensemble of the pleiadiene dimer dication immersed in 300
THF molecules (all molecules treated as rigid). After
equilibration, 25 randomly chosen solute/solvent configura-
tions from a 20-ps production run were taken to perform QM/
MM (ADF–TD-DFT–DRF) calculations on the 20 lowest
allowed excitations. This number of solute/solvent config-
urations is probably sufficient for our present purposes [44].
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