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Summary. Fluoranthene (FA) forms a 1:1 van der Waals complex with benzene in cyclohexane. The
1H NMR spectrum of this complex shows that the FA moiety in the complex state has five kinds of

hydrogen atoms and that the 1H NMR peaks assigned to the protons attached to the naphthalene

skeleton are largely shifted to higher magnetic field on complex formation with benzene. These

observations indicate that the complex takes the structure of CS symmetry, in which the benzene

molecule mainly interacts with the � electronic system localized on the naphthalene moiety of FA.

The present ab initio calculations reproduce well the 1H NMR spectral shifts mentioned above and the

experimentally predicted CS structure of the complex. According to the PPP calculations for the

electronic absorption spectral changes on the complex formation, the FA-benzene complex is consid-

ered to take a sandwich type structure.

Keywords. Weak intermolecular interaction; Fluoranthene-benzene molecular complex; MO

calculations.

Introduction

A weak intermolecular interaction plays an important role in the primary processes
of chemical reactions or in the stabilization of the three dimensional structure of
proteins, DNAs, enzymes, etc. Up to date, van der Waals interactions between
aromatic hydrocarbons have been studied mainly by means of a supersonic cool
jet method [1–7]. For instance, Even and Jortner have measured laser-induced
fluorescence excitation spectra for the systems of tetracene-benzene, fluorine-ben-
zene, etc. under supersonic jet cooled conditions, and performed vibrational
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analyses to recognize the formation of van der Waals complexes and to elucidate
the nature of intermolecular interactions [2]. Many ab initio MO calculations have
been performed for van der Waals complexes [8–13]. However, these calculations
are mainly limited to structures in which identical molecules interact, such as
benzene dimer, naphthalene dimmer, etc. [10, 12]. According to the ab inito cal-
culations by Gonzalez and Lim, naphthalene dimer takes a crossed parallel or a
parallel displaced structure (Scheme 1) [8].

It is known that naphthalene molecules interact with each other taking a par-
allel displaced arrangement in the crystalline state [14, 15]. In a previous paper, it
is elucidated that FA forms a 1:1 van der Waals molecular complex with benzene in
cyclohexane, and the thermodynamic quantities have been determined for the com-
plex formation from the measurements of electronic absorption spectra. It is further
elucidated that an undistorted symmetric T-type structure is ruled out from the
observation that both the longer and shorter molecular axis polarized bands of
FA are shifted to the red by the complex formation with benzene [16].

In the present paper, the structure of the FA-benzene complex has been eluci-
dated from 1H NMR signal shifts observed on the complex formation along with
semiempirical and ab inito MO calculations.

Results and Discussion

1H NMR Spectra

To obtain information on the geometry of the FA-benzene complex, 1H NMR
spectra have been measured. As for FA itself the assignment of 1H NMR signals
in chloroform-d has already been performed [17]. In the present study, the 1H NMR
spectrum of FA was measured in cyclohexane-d12 to be able to observe the shifts in
chemical shifts by complex formation with benzene, the cyclohexane being an

Scheme 1
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appropriate solvent for both the 1H NMR and optical studies on the complex
formation concerned. Figure 1 shows 1H NMR spectra of FA measured in cyclo-
hexane-d12 (a) and in benzene-d6 (b). FA shows two doublet (D1

FA (7.665 and
7.681 ppm) and D2

FA (7.758 and 7.771 ppm)) and three quartet (Q1
FA (7.221,

7.227, 7.232, and 7.238 ppm), Q2
FA (7.458, 7.472, 7.473, and 7.488 ppm), and

Q3
FA (7.749, 7.755, 7.760, and 7.766 ppm)) 1H NMR signals in cyclohexane, indi-

cating that FA has five kinds of hydrogen atoms in accordance with the result of the
single crystal X-ray analysis [18]. In order to assign the above 1H NMR signals, an
ab initio calculation (B3LYP=6-311þþG(3df, 2pd)) was performed for FA
(Fig. 2(a)); the calculated chemical shifts for protons are increased in the order:
H9 (8.6446 ppm), H2 (8.9178 ppm), H3 (9.1285 ppm), H10 (9.1791 ppm), and H1

(9.2082 ppm). The observed Q1
FA, Q2

FA, D1
FA, Q3

FA, and D2
FA are assigned to the

calculated H9, H2, H3, H10, and H1, respectively, from the comparison of the
calculated and observed chemical shifts. The 1H NMR spectrum of FA measured
in benzene-d6 also shows two doublet (D1

C (7.569 and 7.585 ppm) and D2
C (7.607

and 7.621 ppm)) and three quartet signals (Q1
C (7.192, 7.198, 7.203, and

7.209 ppm), Q2
C (7.326, 7.340, 7.342, and 7.356 ppm), and Q3

C (7.689, 7.696,

Fig. 1. The 1H NMR spectra of FA in cyclohexane-d12 (a) and benzene-d6 (b)
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7.700, and 7.707 ppm)) (Fig. 1(b)). These signals are assigned to the FA-benzene
complex, whose formation was recognized in cyclohexane from the viewpoint of
electronic absorption spectrum in our previous paper [16]. This 1H NMR spectrum
shows that the FA moiety in the complex has also five kinds of hydrogen atoms.
This indicates that the FA-benzene complex has at least a symmetry of CS. It is
considered from comparison of J values between FA and FA-benzene complex that
the observed 1H NMR signals Q1

C, Q2
C, D1

C, D2
C, and Q3

C in benzene correspond
to the signals Q1

FA, Q2
FA, D1

FA, D2
FA, and Q3

FA, respectively, i.e., the signals Q1
C,

Q2
C, D1

C, D2
C, and Q3

C are assigned to the protons H9
C, H2

C, H3
C, H1

C, and H10
C

of FA in the complex. An ab initio calculation for the FA-benzene complex with CS

symmetry predicts that the 1H NMR signals for protons of FA in the complex
appear in the order of H9

C (8.6532 ppm), H2
C (8.7973 ppm), H1

C (8.8831 ppm),
H3

C (8.9129 ppm), and H10
C (9.0781 ppm) (Fig. 2(b)), in which the optimized

geometry given later was used. This calculated order is approximately in accor-
dance with the above-mentioned experimental order except that the order of H1

C

and H3
C is reversed. The observed D1

C and D2
C should be assigned to H3

C and H1
C

judging from the observed J values. On the complex formation with benzene, Q1
FA

and Q3
FA signals of FA are shifted towards higher magnetic field by 0.03 and

0.06 ppm, respectively, and Q2
FA, D1

FA, and D2
FA by 0.13, 0.10, and 0.15 ppm,

respectively. That is, the observed Q2
FA, D1

FA, and D2
FA peaks, which are assigned

Fig. 2. The predicted 1H NMR signals due to ab initio calculations for FA (a) and the FA-benzene

complex (b)
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to the hydrogen atoms attached to the naphthalene moiety of FA, are largely (by
0.1–0.15 ppm) shifted towards higher magnetic field upon complex formation. On
the other hand, the observed Q1

FA and Q3
FA assigned to the hydrogen atoms of the

benzene ring of FA show significantly smaller shifts (by 0.03–0.06 ppm). This
means that the benzene molecule mainly interacts with the � electronic system
localized on the naphthalene moiety of FA. The present ab initio calculations
reproduce well the above-mentioned spectral behaviour as can be seen in Fig. 2.

Structure of the FA-Benzene Complex Predicted by ab Initio
and Extended PPP Calculations

According to the 1H NMR spectra described in the previous section, the FA-ben-
zene complex has at least a symmetry CS. Therefore, in the present ab initio
calculations, two sandwich (S1 and S2) and four T-shaped (T1, T2, T3, and T4)
structures with CS symmetries were assumed to obtain the optimized geometry
(Fig. 3). The procedure of the geometry optimization used in this approximation
is as follows. (1) Optimization against x axis with a fixed interplanar distance of
3.8 Å between benzene and FA molecular planes for the sandwich geometry (with

Fig. 3. The assumed structures used in the ab initio calculations for the FA-benzene system; for the

meaning of the arrows, see text
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the fixed distance of 2.54 Å between the plane of FA and the hydrogen atom of
benzene for T-shaped geometries) [8]. (2) Using the optimized x value, optimiza-
tion against z axis. (3) Optimization against x axis using the optimized z value
obtained in (2). These geometry optimization procedures (1), (2), and (3) were
continued until a self-consistent geometry was obtained.

The optimized geometries for the assumed six configurations with CS symmetry
are shown in Fig. 4, and their total and stabilization energies are listed in Table 1.
As can be seen in this table, the most stable geometry is considered to be structure
S2

0 or S1
0, the energy difference between structure S2

0 and S1
0 being negligibly

small (0.03 kJ �mol�1), and the S2
0 complex formation energy is calculated to be

34.6 kJ �mol�1.

Fig. 4. The optimized FA-benzene complex structures obtained from the ab initio calculations
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In order to obtain more detailed structural information on the FA-benzene
complex, extended PPP calculations were performed for the assumed complex
structures in Fig. 4 and the results are shown in Table 2 along with those for FA.
According to the observation, the ���2 and ���3 transitions of FA are both red
shifted by about 2 nm on complex formation [16]. The calculated results for the
four T-shaped structures cannot explain the observation; for instance, the calculated
���2 transitions for the structures T1

0 and T3
0, and the ���3 transition for the

structures T2
0 and T4

0 are predicted to be unshifted in comparison with those of
FA contradicting with the observation. These quantitative considerations support
the previous prediction [16] that the undistorted symmetric T-shaped complexes
are ruled out from the qualitative exciton model interpretation; in the T-shaped
model only one of the longer and shorter molecular axis polarized transition
moments can interact with the transition moment of benzene. The calculated
���2 and ���3 transitions for structure S1

0 are red-shifted by 0.7 and 0.2 nm,
and those for the structure S2

0 by 1.1 and 0.6 nm in comparison with those of
FA. While both calculated results for the structures S1

0 and S2
0 can qualitatively

explain the observation, the latter is superior to the former in reproducing the
observation more precisely.

It was also interesting to obtain the most stable geometry of the FA-benzene
complex from the viewpoint of ab initio calculation using MP2=6-31G(d). The
potential energy (E) curves were calculated for a geometry deformation from the
CS symmetry (S2

0), e.g. for moving benzene in the three directions X1, X2, and X3

(cf. Fig. 5) with the benzene plane parallel to FA’s one, i.e., with the interplanar
distance of 3.25 Å which is the optimized one for the CS configuration, and it is
reconfirmed from the viewpoint of ab initio calculation that the most stable geo-
metry is of CS. As a representative example, the potential curve for moving ben-
zene in the X2 direction is shown in Fig. 5. According to this figure, a small
minimum is seen for the structure distorted from the CS symmetry. This suggests
the possibility that the FA-benzene complex takes an asymmetric structure. How-
ever, the existence of a FA-benzene complex with asymmetric structure is not
admitted, i.e., no 1H NMR signals have been observed for the asymmetric species.
This means that the energy separation between the two symmetric and asymmetric
isomers is rather larger in the actual system than that obtained from the ab initio
calculations. Next, a full optimization was performed in the vicinity of S2

0 struc-

Table 1. The complex formation energies (DE) for the FA-benzene complex with various assumed

structures calculated by MP2=6-31G(d) calculations

Structure DE=kJ �mol�1a

S1
0 �34.6

S2
0 �34.6

T1
0 �17.4

T2
0 �19.4

T3
0 �23.1

T4
0 �22.9

a The calculated total energy before the complex formation is �2.219118540�106 kJ �mol�1
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ture, and the result is shown in Fig. 6. As can be seen in this figure, the CS

symmetry is virtually maintained, and the two planes of FA and benzene slightly
deviate from the complete parallel configuration, the dihedral angle being about 4�,
the nearest neighbour interplanar distance is 3.22 Å, and the FA molecular plane is

Fig. 6. The full optimized structure for the FA-benzene complex with the S2 geometry

Fig. 5. The potential energy curve against X2; E: The total energy for the interacting FA-benzene

system with respect to that of the noninteractive system
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slightly bent inwardly in the complex. This slight structural deformation from S2
0

can be neglected in the PPP calculations.

Experimental and MO Calculation

A commercially available FA (Aldrich) was recrystallized twice from cyclohexane (Wako). Cyclo-

hexane-d12 and benzene-d6 were used as received (Wako). 1H NMR spectra were recorded on a JNM-

ECP500 (JEOL).

For ab initio calculations a commercially available software (the Gaussian 98W) was used [19].

B3LYP=6-311þþG(3df, 2pd) and MP2=6-31G(d) were employed for the assignment of NMR spectra

and geometry optimization of the FA-benzene complex, respectively.

For the interpretations of the electronic absorption spectral shifts of FA on complex formation with

benzene, an extended PPP method was employed using the geometries optimized by ab initio calcula-

tions [20–26]. The intermolecular interaction of FA with benzene is taken into account through the

configuration interactions.
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