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The electronic absorption spectra of fluoranthene (abbreviated as FA) were measured in various solvents together

with the polarization spectrum with the aid of the stretched polymer film technique. The electronic structure of FA is dis-
cussed in comparison with MO calculated results. The polarization directions of the electronic transitions of FA were de-
termined. For instance, the 404 (very weak) and 360.3 nm bands are polarized along the shorter and the longer (C,-)
molecular axes, respectively. A weak van der Waals type FA—benzene complex formation was recognized in cyclohexane.
The equilibrium constants for this complex formation were determined at various temperatures, e.g. K = 0.147 = 0.03
dm?-mol ™" at 298 K. The enthalpy, entropy, and free-energy changes are estimated to be AH® = —5.9 = 1.2 kJ*mol !
(—1.4 = 0.3 kcal-mol™ "), AS%gs = —36 = 1.0 J’K ' mol™! (—8.7 + 0.24 cal-K ™' mol™"), and AG% = 4.7 + 0.4
kJ'mol ™' (1.1 * 0.1 kcal-mol™"). This AH® value is considerably small compared with the familiar hydrogen bonding

energy, ca. —12 kJ-mol~'(—3 kcal-mol ).

It is well known that fluoranthene (abbreviated as FA) is one
of the polycyclic aromatic hydrocarbons produced by the com-
bustion of a fossil fuel.'> A few papers have been published
on the electronic and molecular structures of FA.5® For in-
stance, Michl et al. measured the electronic absorption and flu-
orescence spectra of FA in the rigid matrix of 3-methylpentane
and discussed the nature of the electronic transitions.®
Bhargavi et al. considered FA as a fragment of fullerene and
calculated the bond orders for FA by the methods of VMC
(Variational Monte Carlo) and PPP; they reported that the «
bond orders (0.39) between the atoms linking benzene and
naphthalene skeletons are considerably lower than those
(0.51-0.71) in the aromatic rings.” This calculation is support-
ed by an X-ray structural analysis.®

According to supersonic jet experiments, some polycyclic
aromatic hydrocarbons form van der Waals molecular com-
plexes with argon, methane, carbon dioxide, benzene, etc.” For
instance, it is found that perylene forms 1:1 and 1:2 parallel-
ring configuration molecular complexes with benzene, and the
binding energy for the 1:1 benzene-perylene complex is exper-
imentally determined to be 19502890 cm ' (23.3-34.6 kJ:
mol ™). As described above, several papers have been pub-
lished on the weak intermolecular interaction between nonpo-
lar aromatic hydrocarbons from the viewpoint of the superson-
ic jet cool technique.”'® Furthermore, from measurements of

the ionization potentials of benzene clusters, the binding ener-
gy in the benzene dimer is estimated to be 1.61 kcal-mol ~1.!!
However, it seems that investigations concerning van der
Waals complex formations between neutral aromatic hydrocar-
bons in solutions at ambient temperature are very rare. Several
ab initio calculations have been performed on van der Waals
interacting systems between aromatic hydrocarbons, assuming
several configurations, such as T-shaped and parallel-dis-
placed.!>"”

In the present investigation, we measured the electronic ab-
sorption spectra of FA in various solvents together with the po-
larization spectrum with the aid of the stretched polymer film
technique. From the experimental data, the electronic struc-
ture of FA is discussed in comparison with results based on
MO calculations. Furthermore, a weak van der Waals or dis-
persion force intermolecular interaction between FA and ben-
zene in cyclohexane was considered.

Experimental

Commercially available FA (Aldrich Chem. Co. Inc.) was re-
crystallized twice from cyclohexane. Cyclohexane (Wako, S
grade) used for the spectral measurements was distilled after re-
moving impurities through a silica-gel column. Ethanol (Wako, S
grade), benzene (Wako, Sp grade), and acetonitrile (Wako, Sp
grade) were used as received. A polyethylene (PE) film contain-
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ing FA was prepared by an already described method.!®

Electronic absorption spectra in solutions were measured with a
Shimadzu UV3100PC spectrophotometer. The polarized absorp-
tion spectrum was recorded on the above-mentioned spectropho-
tometer equipped with a Rochon-type polarizer.

MO Calculation

Hitherto, various kinds of semiempirical and ab initio MO
methods have been developed.'*> However, for interpreting
the electronic absorption spectra, there are few approximations
that exceed the PPP method used here.?! In the present PPP
approximation including a variable 8 method,* two-center
electron repulsion integrals were evaluated by the Nishimoto—
Mataga® equations. The valence-state ionization potential and
the electron affinity for the carbon atom were taken as 11.22
and 0.62 eV, respectively.** All singly electronic excited con-
figurations were taken into account in the CI calculations. The
geometry (C»,), optimized by an ab initio calculation (6-
31G*), was used for the present PPP MO calculation.

Results and Discussion

Electronic Absorption Spectra. The assignment of the
electronic transitions may be a key to understanding the elec-
tronic properties; also, the electronic absorption spectra of FA
in various media were measured (Fig. 1). FA shows electronic
absorption bands at 404, 383, 359.5, 342.1, 323.9, and 309.3
nm in cyclohexane. While the 359.5 and 342.1 nm bands are
unshifted in acetonitrile and ethanol, they are significantly red-
shifted (ca. 2 nm) in benzene. This suggests the existence of a
weak intermolecular interaction between FA and benzene mol-
ecules.

In order to know the polarization directions of the electronic
transitions, the polarized absorption spectrum of FA was mea-
sured in a stretched PE film (Fig. 2). Here, D) and D, are the
optical densities measured with light beams polarized parallel
and perpendicular to the stretching direction of the PE film, re-
spectively. Rd is the ratio of the optical densities, D and D
(Rd = D)/ D). FA shows the apparent absorption bands at
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Fig. 1. Electronic absorption spectra of fluoranthene in cy-
clohexane (— ——-), ethanol ( ), acetonitrile (— - — - — ),
and benzene (- - - - - - ).
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Fig. 2. Polarized absorption spectrum of fluoranthene in the
stretched PE film at room temperature.

360.3, 343.6, 324.0, 310, 288.7, 283.3, 277.9, 273, 263.4, 259,
253,246, 237.6, and 230 nm in the film. The band correspond-
ing to the 404 nm shoulder observed in cyclohexane is appar-
ently not observed in the PE film, but its existence is clearly
recognized in the corresponding wavelength region based on
the behavior of the Rd curve. The 324.0, 263.4, and 237.6 nm
bands with lower Rd values are polarized along the shorter mo-
lecular axis (y), and the 360.3, 288.7, 283.3, 246, and 230 nm
bands with higher values along the longer molecular axis (z).
The 404 nm band observed in cyclohexane is considered to be
polarized along the y-axis, since the Rd values in the wave-
length region 370-410 nm decrease toward the longer wave-
length side. The above experimental electronic transition data
were compared with the MO calculated results given in Table
1. The longer molecular axis-polarized 360.3, 288.7, 246, and
230 nm bands are assigned as transitions from Sy to S,, Sy, S7,
and Sy, respectively. The shorter molecular-axis polarized 404
(in cyclohexane), 324.0, 263.4, and 237.6 nm bands are as-
signed as transitions from Sy to Sy, S3, Se, and Sg, respectively.
The 343.6 nm band is of vibronic nature, starting at 360.3 nm,
the 310 nm band starting at 324.0 nm, the 283.3, 277.9, and
273 nm bands starting at 288.7 nm, and the 259 and 253 nm
bands starting at 263.4 nm.

The excited-state wavefunctions of FA and the diagrammat-
ic representations of MO’s are shown in Fig. 3. The main con-
tributors to ¥ and ¥ ; corresponding to the observed 404 and
324.0 nm bands are )7, 9, ¥6.9, and Xz 10, i.€., the 404 and 324.0
nm electronic transitions are characterized by the intramolecu-
lar CT transition from the benzene skeleton to the naphthalene
and its back CT. The main contributor to ¥, is the LUMO «—
HOMO transition delocalized on the whole molecule. The two
intramolecular CT configurations interact so much that the re-
sultant lower energy state is more stabilized than the LUMO
«— HOMO transition state.

Dispersion Force Intermolecular Interactions.  Gener-
ally, the lowest energy electronic bands of polycyclic aromatic
hydrocarbons are red-shifted with an increase in the solvent
polarity.®> However, as described in the previous sections, the
electronic absorption spectra of FA are almost independent on
solvent polarities. Although benzene is a typical nonpolar sol-
vent, the lowest energy absorption bands of FA are significant-
ly red-shifted in benzene compared with those in other polar
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Table 1. Comparison of the Calculated and Observed Results for the S, < S¢ Transitions of
Fluoranthene
Transition Polarization
energy/nm Intensity direction®
Calcd Obsd? Calcd” Obsd® Caled Obsd
M (By) 363.5 4049 0.0094 0.019 y y
S, (Ay) 352.5 360.3 0.3978 0.17 z z
S; (By) 334.5 324.0 0.0416 0.17 ¥ y
S (Ay) 292.6 288.7 0.2290 0.96 z z
Ss (A)) 257.7 283.3 0.0082 0.38 z z
Se (By) 250.8 263.4 0.0643 0.28 y y
S; (A) 243.2 246 0.4512 0.30 z z
Sg (By) 242.7 237.6 1.0788 1.00 y y
So (Ay) 228.7 230 0.7845 0.74 z z
a) In the PE film. z(C2)
b) Oscillator strength. O
¢) Observed relative band height with respect to the 237.6 nm band.
d) Observed in cyclohexane. ‘ y
e) See right figure. OO
Cav
= 0.8773 -0.4318 4o 10.0 T T T T T
i T Los @ i T i concgntration of
= 2 ) enzene
¥ 0945y, F X 8.0} neat benzene .
by 10.35 M
Y= 0.6903 % 5o +0.5299 % o - 0.3842 %,y = 1013 M
Z 6ok 7.200 M 1
= : T 3.600 M
@ 1.800 M
c | 0.9001 M
Occupied Orbitals Unoccupied Orbitals w 4.0F 0.4500 M 1
= 0.2225 M
g ) neat cyclohexane
E 2.0 .
§
2‘ 0- 0 1 L L L
300 320 340 360 380 400 420
Wavelength/nm

¢8% 4)11

Fig. 3. Excited wavefunctions and diagrammatic representa-
tion of MO’s of fluoranthene. Here, y;; is a singly excited
configuration wavefunction from the i’th occupied to the
Jj’th unoccupied orbital.

and nonpolar solvents (ethanol, acetonitrile, and cyclohexane).
This phenomenon contradicts with the above-mentioned gen-
eral solvent effects, and may be induced by a specific solute
(FA) —solvent (benzene) interaction. To confirm this specula-
tion, the absorption spectra of FA have been measured in
mixed solvents of benzene and cyclohexane with various mix-

Fig. 4. Electronic absorption spectra of fluoranthene in cy-
clohexane—-benzene mixed solvents at various concentra-
tion rarios.

ing ratios. As can be seen from Fig. 4, the absorption spectrum
of FA changes with the mixing ratio accompanying isosbestic
points, indicating that the spectral changes are due to the fol-
lowing chemical equilibrium:

K (1)
FA + benzene == FA - benzene,

CFA—benzene

K CFA X Cbenzene ’ (2)
Here, FA-benzene stands for a molecular complex between FA
and benzene. Cga, Chenzene, aNd Cga_penzene Mean the concentra-
tions of FA, benzene, and FA-benzene, respectively, in the
equilibrium state. From the absorption spectral changes shown
in Fig. 4, the equilibrium constant can be estimated using an

equation proposed by Rose and Drago, ***
1 CF/?CbenzeneO A Cbenzeng
— = — 0 EFAbenzene T —o (3)
K A—A° FA-b AV A
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Fig. 5. €pa_benzene VS 1/K plots at 298 K.

Here, A® and A are the optical densities of FA in neat cyclohex-
ane and in a mixed solvent of cyclohexane and benzene, re-
spectively. Cpiand Cpenzent are the initial concentrations of FA
and benzene, respectively. €ga_penzene 1S the molar absorptivity
of FA-benzene. Plots of 1/K VS €pa_penzene Tesult in straight
lines for various concentrations of benzene, whose crossing
point gives €pa_penzene and 1/K. The representative plots shown
in Fig. 5 give straight lines and cross at approximately one
point, which also indicates the formation of a 1:1 complex be-
tween FA and benzene. The equilibrium constant was estimat-
ed to be K = 0.147 * 0.03 dm>-mol~! (at 298 K).

In order to obtain the enthalpy and entropy changes for FA—
benzene complex formation, the temperature dependence of
the equilibrium constant was determined, i.e., the absorption
spectra of FA were measured in cyclohexane containing vari-
ous amounts of benzene at various temperatures (288-323 K,
see Table 2). Plots of In K against 1/T gave a straight line,
whose slope yielded —5.9 = 1.2 kI*mol ' (—1.4 *+ 0.3 kcal:
mol™!) for the concerned enthalpy change (AH°ga_venzene). 1t
has been demonstrated from recent ab initio calculations that
the main attractive force in non-polar aromatic, benzene, naph-
thalene etc. dimers is of a dispersion type.">™'” This formation
energy is thus considered to be a so-called London dispersion
energy, and is considerably lower than the well-known hydro-
gen-bond formation energy (AHy pond), €.8. AHy pona = —16
kJ-mol ! (—3.8 kcal-mol ™) for the chloroform—N-methylace-
tamide hydrogen bond.** Tt is very rare to have experimentally
obtained this kind of dispersion force interaction energy be-
tween two different nonpolar aromatic molecules. The binding
energy, 23.3-34.6 kJ-mol ! (5.6-8.3 kcal-mol ), obtained by
the supersonic cool-jet method for the benzene-perylene com-
plex is considerably lager than that obtained in the present ex-
periment for the FA-benzene complex. This discrepancy is
due to that the former binding or complex formation energy
means AH, (= AU,) in the nonequilibrium state, while the lat-
ter one, AH®;(, in the equilibrium state. Here, AH;pp means
the complex formation energy at 300 K, and AH, at 0 K. The
dimer formation energy for benzene was obtained from the
ionization potentials of the benzene cluster to be 6.73 kJ-mol ™!
(1.61 kcal-mol~!), which also corresponds to AH, (= AU,) in

Complex Formation between Fluoranthene and Benzene

Table 2. The Equilibrium Constants for FA-Benzene Molec-
ular Complex Formation at Various Temperatures

Temperature Equilibrium constant
/K /dm3+mol ™!
288 0.165
293 0.166
298 0.147
303 0.142
308 0.132
313 0.147
318 0.127
323 0.119

the nonequilibrium state.

Two interaction models are considered for the intermolecu-
lar interaction between FA and benzene: (1) a T-type interac-
tion, and (2) a parallel-displaced type interaction through 7 or-
bitals. Both the longer molecular axis polarized second (360.3
nm) and shorter axis polarized third (324.0 nm) electronic
transitions of FA are shifted to the red by a complex formation
with benzene, indicating that an undistorted T-type configura-
tion is at least ruled out based on the transition—dipole interac-
tion model. Thus, the present FA-benzene complex is consid-
ered to take a kind of parallel-type or a distorted T-type config-
uration.

It may be very interesting to estimate the entropy change for
the complex formation concerned. The free energy and entro-
py changes at 298 K, AG°Ea_enzene ad AS®Ea_penzen, Were calcu-
lated as 4.7 = 0.4 kJ-mol ™! (1.1 = 0.1 kcal-mol ') and —36 =
1.0 J- K" mol ™! (—8.7 = 0.24 cal-‘K~' mol ") using the K and
AH°gp _penzene Values described above. The positive value of
AG°EA_penzene Shows that the intermolecular interaction between
FA and benzene is considerably weak, and the large negative
value of AS°ga_penzene implies that the entropy term plays an im-
portant role in the present complex formation.
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