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Geometries, relative stabilities, electronic excited states,
atomic charges, and electronic dipole polarizabilities
of dimethylnaphthalene (DMN) isomers have been calculated
in gas and aqueous phases by ab initio and DFT methods.
At the highest levels of calculation, R,R-DMN (2,6-
DMN, 2,7-DMN, and 2,3-DMN) are the lowest energy
isomers, while 1,8-DMN is the less stable by 7-8 kcal
mol-1. The averaged electronic polarizability, <R>,
is dependent on the position of the methyl substituents,
increasing in the order R,R-DMN < R,â-DMN < â,â-DMN,
with the largest values being obtained for 2,6-DMN and 2,7-
DMN, while the lowest value is calculated for 1,8-DMN
isomer. Polarizability differences among the isomers have
been related to their spectroscopic properties. The
computed <R> value of DMN isomers, with the notable
exception of 2,7-DMN, is in excellent linear relationship with
the observed first-order biomass-normalized rate coefficient,
a parameter related to the rate of biodegradation of
polycyclic aromatic hydrocarbons (PAHs). This result
suggests that electronic polarizability may be a useful tool
for prediction of biodegradation trends of series of
compounds, and inductive and dispersive interactions
play a fundamental role in the biodegradation process of
DMNs. The present approach is potentially suitable for
applications on PAHs with higher molecular weight.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) constitute a group
of widespread pollutants of great environmental interest (1,
2). It is widely recognized that PAHs and their metabolites
are among the most toxic, carcinogenic, and mutagenic
atmospheric contaminants (3-6). PAHs can be produced
from both natural and human activities as a result of
incomplete combustion or pyrolysis and there is clear
evidence of presence of PAHs in many astronomical objects
(7-9). Due to their ubiquity, it is important to establish
effective methodologies for the removal of PAHs from soil
and aqueous environments (10), mainly based on knowledge
and determination of biodegradation constants (11).

Great attention has also been directed toward the study
of alkylated PAH compounds which are prevalent in PAHs
environmental mixtures (12-14). It is known that degradation
rates are noticeably influenced by the position of the alkyl

substituents (15-18). In a recent study, Wammer and Peters
(19), using a group of aerobic PAH-degraders obtained from
a bacterial culture, have determined biodegradation rates
represented by first-order biomass-normalized rate coef-
ficients, kb, of a series of 22 PAHs including some dimeth-
ylnaphthalenes (DMN) (1,2-DMN, 1,3-DMN, 1,4-DMN, 1,5-
DMN, 1,6-DMN, 1,8-DMN, 2,6-DMN, 2,7-DMN). Biochemical
degradation of DMNs proceeds preferentially through ad-
dition of one oxygen atom to methyl substituent, producing
the corresponding benzylic alcohols (20). These reactions
are predicted to be thermodynamically favored (21). In this
series of DMNs, it has been found that the biodegradation
rates vary up to 1 order of magnitude, depending on the
substituent position. Using a theoretical approach, it has
been recently hypothesized that the presence of substituent
in R position increases the width of the terminal ring by ca.
1 Å, reducing the binding affinity with the reactive site of the
PAH-degrading enzyme (naphthalene dioxygenase) and as
a consequence the biodegradative activity (21). Thus, the
natural logarithm of kb has been correlated to the calculated
average terminal compound width, with the last parameter
being proposed as possible descriptor of the biodegradation
rate of alternant PAHs (21). It should be noted that the binding
cavity of the investigated enzyme is almost constituted by
hydrophobic residues (21), and the rate-determining step of
biodegradation is expected to be governed by inductive and
dispersive interactions, which depend on the polarizability
of the system. Dipole polarizability, R, is a fundamental
physical property which measures the charge distribution
deformability of an electronic system under the application
of weak external electric fields (22-24). It is involved in many
important physical and chemical phenomena (25) and can
be obtained experimentally (26) and also evaluated by
computational methods (27). Recently, electronic polariz-
abilities of polychlorinated dibenzo-p-dioxins (28, 29) and
polychlorinated dibenzofurans (30) have been calculated in
order to explore ligand-receptor binding behavior as a
function of chlorine atom positions; furthermore, computed
R values have been correlated to vapor pressures and
octanol-air partition coefficients of chlorinated organic
nonpolar compounds (31).

In this work we report ab initio and density functional
theory computations of the structure, electronic polariz-
ability, atomic charges, and singlet excited states of DMN
isomers 1,2-DMN, 1,3-DMN, 1,4-DMN, 1,5-DMN, 1,6-DMN,
1,7-DMN, 1,8-DMN, 2,3-DMN, 2,6-DMN, and 2,7-DMN. The
aim is to investigate the effects of methyl substituents on
these properties and explore possible correlations with the
biodegradation rates recently published (19).

Computational Methods
Geometries of dimethylnaphtalene (DMN) isomers were fully
optimized by ab initio Hartree-Fock (HF) (32) and Møller-
Plesset second-order perturbation theory (MP2) (32), as well
as density functional theory (DFT) (33, 34), employing hybrid
B3LYP functional (35, 36) with split-valence polarized Pople’s
6-31G* basis set (32). For every R,R-, R,â-, â,â-DMN isomer,
possible rotamers in the potential energy surface (PES)
around the C-CH3 bonds were investigated. The rotamer
with the lowest energy value was selected for subsequent
calculations. The structures are shown in Figure S1 of the
Supporting Information. Vibrational analysis obtained under
the harmonic approximation at the B3LYP/6-31G* level has
shown that the selected structures are minima in the PES
(positive frequencies). Calculated geometries and relative
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energies of all the rotamers are available on request from the
authors.

Dipole moment, µ, and static electronic dipole polariz-
ability tensor components, Rij (i ) x, y, z), were computed
analytically within the coupled-perturbed Hartree-Fock
(CP-HF) theory, respectively, as first and second derivatives
of the energy E with respect to the Cartesian components of
the electric field F (37, 38):

Polarizability calculations were performed at the correlated
B3LYP level using the 6-31G* as well as 6-31+G* basis sets
(32), the last one including diffuse s and p functions on the
carbon atoms. For the present compounds, 6-31G* and
6-31+G* basis sets give a total of 204 and 252 basis functions,
respectively. It is well recognized that polarized and diffuse
basis sets adequately describe the diffuse region of the charge
distribution, becoming indispensable for accurate polariz-
ability computations (39). In addition, polarizabilities are
significantly influenced by introduction of electron correla-
tion effects (40, 41). It is well recognized that DFT methods
are in trouble when dealing with polarizabilities of extended
systems (42). However, there is much evidence showing that
in molecular systems with limited π-conjugation, hybrid DFT
methods give results of accuracy similar to those obtained
by highest level correlated ab initio methods (43-46). Solute-
solvent effects upon dipole moments and polarizabilities were
taken into account within the framework of the polarizable
continuum model (PCM) (47-50) in aqueous solution (ε )
78.39). Cavity radii were generated from the united atom
model for Hartree-Fock, which has been employed with
success in prediction of hydration free energies (51). PCM
polarizability calculations were carried out on the gas-phase
optimized geometry, since solvent geometric effects are
expected to be negligible on polarizabilities, especially for
nonpolar compounds, in comparison to those due to the
solvent reaction field (52).

Polarizability is usually expressed in terms of arithmetic
average of the three diagonal Rii components:

Vertical electronic excitations to singlet valence states were
computed through the time-dependent (TD) DFT method
(53-55) at the B3LYP/6-31G* level on the B3LYP/6-31G*
optimized geometry of the ground state.

Conversion factors to SI units are as follows: energy (E),
1 kcal mol-1 ) 4.184 kJ mol-1; dipole moment (µ), 1 Debye
) 3.33564 × 10-30 Cm; dipole polarizability (R), 1 au )
1.648778 × 10-41 C2m2J-1.

All calculations were performed with the Gaussian 03
package (56).

Results and Discussion
Relative Energies and Geometries. Table 1 shows the relative
energies of DMN isomers which are true minima in the PES
(no imaginary frequency). At the HF/6-31G* level of calcula-
tion the order of stability is 2,7-DMN ≈ 2,6-DMN > 2,3-
DMN > 1,3-DMN ≈ 1,6-DMN ≈ 1,7-DMN > 1,4-DMN ≈
1,5-DMN > 1,2-DMN > 1,8-DMN. Introduction of electron
correlation effects at the MP2/6-31G* level reduces the relative
energies by 1-3 kcal mol-1; as a consequence, 2,3-DMN,
2,6-DMN, and 2,7-DMN become isoenergetic, while 1,3-
DMN, 1,4-DMN, 1,5-DMN, 1,6-DMN, and 1,7-DMN lie less
than 1 kcal mol-1 above the lowest isomer. The order of
stability obtained by the B3LYP/6-31G* calculations is almost
the same as at the HF/6-31G* and MP2/6-31G* levels, even
if electron correlation contributions are of minor relevance
in comparison with the MP2/6-31G* data. Introduction of
zero-point vibrational corrections evaluated under the
harmonic approximation at 298 K and 1 atm of pressure at
the B3LYP/6-31G* level, decreases the stability of all the
isomers by 0.03-0.65 kcal mol-1, however maintaining the
above order of stability. According to all the methods
employed in this work, owing to the presence of strong steric
hindrance between the methyl groups, 1,8-DMN is predicted
to be the less stable isomersthe energy difference with respect
to 2,7-DMN being 9.93, 7.05, and 8.23 kcal mol-1 at the HF/
6-31G*, MP2/6-31G*, and B3LYP/6-31G* levels, respectively.
It is of interest to note that with reference to experimental
gas-phase standard enthalpy of formation for 1,8-DMN (57)
and 2,7-DMN (58), which are 26.00 ( 0.72 and 19.00 ( 0.14
kcal mol-1, respectively, a relative enthalpy value of 7.00 kcal
mol-1 is obtained, to be compared with the corresponding
B3LYP/6-31G* value of 8.61 kcal mol-1, as well as with
estimated HF/6-31G* and MP2/6-31G* values obtained using
the B3LYP/6-31G* thermodynamic corrections which are
10.31 and 7.40 kcal mol-1, respectively.

Optimized geometric parameters of DMN isomers (see
Figure S1 of the Supporting Information for atomic number-

TABLE 1. Relative Energy, ∆E (kcal mol-1), First Ionization Potential, IP (eV), and Hardness, η (eV), of Dimethylnaphthalene
Isomers

∆Ea state IP η

compound sym. HF/6-31G* MP2/6-31G* B3LYP/6-31G* calc.b exp. calc.c

1,2-DMN Cs 4.37 2.19 3.37 (3.74) 2A′′ 7.54 2.29
1,3-DMN Cs 1.12 0.21 0.88 (1.08) 2A′′ 7.57 7.86 d 2.34
1,4-DMN Cs 2.61 0.72 1.97 (2.46) 2A2 7.54 7.82 d 2.28
1,5-DMN C2h 2.72 0.80 2.05 (2.54) 2Au 7.56 7.85 d 2.29
1,6-DMN Cs 1.20 0.31 0.93 (1.14) 2A′′ 7.58 2.34
1,7-DMN Cs 1.30 0.26 0.93 (1.17) 2A′′ 7.57 2.34
1,8-DMN C2v 9.93 7.02 8.23 (8.88) 2A2 7.49 7.71 e 2.31
2,3-DMN C2v 0.98 -0.03 0.58 (0.81) 2A2 7.60 7.89 d 2.37
2,6-DMN C2h 0.06 -0.03 0.03 (0.06) 2Au 7.57 2.38
2,7-DMN C2v 0.00 0.00 0.00 (0.00) 2A2 7.60 7.89 d 2.40
NPH 2Au 7.90 8.00 f 2.38
a Calculations are carried out on the geometry optimized at the specific level. Values in parentheses are corrected for zero-point vibrational

energy. b Vertical ∆SCF values obtained at the B3LYP/6-31+G* level on the B3LYP/6-31G* geometry of the neutral ground state. c η ) (εLUMO -
εHOMO)/2 obtained at the B3LYP/6-31+G* level on the B3LYP/6-31G* geometry of the neutral ground state. d Photoelectron spectroscopy (66).
e Photoelectron spectroscopy (67). f Photoelectron spectroscopy (68).
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ing), together with those of naphthalene (NPH), obtained at
the B3LYP/6-31G* level of calculation are given in Table S1
of the Supporting Information and compared to available
experimental data. The HF/6-31G* and MP2/6-31G* geom-
etries are not reported in the table but are available on request
from the authors. For NPH, all the computed geometries are
in acceptable agreement with the experimental data obtained
from electron diffraction measurements (59), with a root
mean squared (rms) deviation for bond lengths of 0.012, 0.010,
and 0.011 Å, respectively, for HF/6-31G*, MP2/6-31G*, and
B3LYP/6-31G* levels. Note that the characteristic C1-C9-C8

bond angle is nicely reproduced by all the theoretical methods
within ca. 1°. In particular, note that correlated MP2/6-31G*
and B3LYP/6-31G* geometries are close to each other. For
1,8-DMN isomer, neutron diffraction structures in the 50-
200 K range of temperatures have been recently published
(60). Present geometries, especially those at the correlated
level, are in satisfactory agreement with experiment, with
rms errors for bond distances of 0.017, 0.006, and 0.007 Å,
at the HF/6-31G*, MP2/6-31G*, and B3LYP/6-31G* levels,
respectively. Note also that C1-C9-C8 and C4-C10-C5 bond
angles are well reproduced in particular by the correlated
computations (within 0.6°).

It is of interest to investigate geometric effects on the
NPH moiety of DMN isomers obtained by introduction of
methyl substituents. As expected, the most remarkable
structural effects are found for 1,8-DMN isomer with an rms
deviation from the NPH bond lengths of 0.012 Å at the B3LYP/
6-31G* level. In addition, in passing from NPH to 1,8-DMN,
C1-C9-C8 bond angle increases by 3.5°, while C4-C10-C5

bond angle decreases by 3.9°. On the other hand, 2,7-DMN
isomer exhibits a structure very close to that of NPH, with
an rms deviation of 0.003 Å for bond distances and a variation
of only 0.1° for the C1-C9-C8 and C4-C10-C5 bond angles.
It is worth noting that for 1,8-DMN and 1,2-DMN isomers,
where steric hindrance effects are maximized, C-CH3 bond
distances elongate by 0.007 and 0.003-0.006 Å, respectively,
with respect to the related bonds in 2,7-DMN isomer.

Polarizabilities. Static averaged electronic dipole polar-
izabilities, <R> of DMN isomers in gas phase and aqueous
solution are collected in Table 2. Computed <R> values of
NPH, for which experimental estimates are available (61, 62)
are also included in the table. The results show that for NPH,
B3LYP/6-31G* <R> value underestimates the observed figure
(117.4 au) by 18.45 au (15.7%), while the inclusion of diffuse
functions (6-31G* f 6-31+G*) noticeably improves the
agreement with the experiment, with a difference of only
1.06 au (0.9%). As expected, introduction of electron cor-
relation contributions at the MP2/6-31+G* and B3LYP/6-

31+G* levels gives non-negligible positive corrections to the
HF/6-31+G* polarizabilities (see footnote to Table 2),
increasing <R> values by 2.1 and 4.4%, respectively, provid-
ing a better agreement with the experiment.

For DMN isomers, substitution of two hydrogen atoms
with two methyl groups increases the polarizability of NPH
by 25-38 au (22-23%), depending on the isomer and on the
phase. As can be seen from Table 2, the gas-phase B3LYP/
6-31+G* <R> value of DMN isomers increases in the order
1,8-DMN < 1,4-DMN ≈ 1,5-DMN < 1,2-DMN < 1,7-DMN
≈ 1,3-DMN ≈ 1,6-DMN < 2,3-DMN < 2,7-DMN ≈ 2,6-DMN,
the largest difference being calculated to be ca. 5 au (3.5%).
A similar trend occurs also for the B3LYP/6-31G* <R> values.
The above polarizability comparison is suitable since the
considered molecules have the same number and type of
atoms, that is, they are isomers. Introduction of solvation
effects which in absence of strong specific solute-solvent
interactions can be properly accounted by the PCM method,
increases steadily the gas phase <R> values by ca. 40%, the
order of <R> in the series remaining almost unchanged.
Note that the electronic polarizability of the investigated series
is remarkably influenced by the position of the methyl
substituents. In fact, the smallest <R> values are found for
isomers with both the CH3 functional groups in position R
(1,8-DMN, 1,4-DMN, and 1,5-DMN), intermediate values are
obtained for R,â-isomers (1,2-DMN, 1,7-DMN, 1,3-DMN, and
1,6-DMN), and the largest <R> values are calculated for
isomers methylated in â positions (2,3-DMN, 2,7-DMN, and
2,6-DMN). At all the theoretical levels, 1,8-DMN which is the
less stable isomer, is also the less polarizable, while 2,6-DMN
and 2,7-DMN which are the most stable isomers exhibit the
largest <R> values in the series. Note that this result is in
disagreement with the minimum polarizability principle (63),
which states that any system should tend toward a state of
minimum polarizability.

With reference to recent studies (28-30), in which
calculated electronic polarizabilities of polychlorinated iso-
mers have been related to ligand-receptor binding proper-
ties, present <R> values have been correlated with experi-
mental biodegradation rates, expressed by first-order biomass-
normalized rate coefficients, kb, which are available for 1,2-
DMN, 1,3-DMN, 1,4-DMN, 1,5-DMN, 1,6-DMN, 1,8-DMN,
2,6-DMN, and 2,7-DMN isomers in aqueous systems (19).
The experimental kb values are included in Table 2. The results
show that when excluding the 2,7-DMN isomer the calculated
averaged electronic dipole polarizabilities of DMN isomers
are found to be in excellent linear correlation with the
observed kb values, as depicted in Figure 1. Note that use of
gas-phase polarizabilities leads to qualitative conclusions

TABLE 2. Averaged Electronic Dipole Polarizabilities, <r> (au), Dipole Moment, µ (Debyes), and Atomic Polar Tensor Atomic
Charges over Methyl Group, q(CH3) (e) of Dimethylnaphthalene Isomersa

<r> µ q(CH3)r q(CH3)â

basis set 6-31G* 6-31+G* 6-31+G* 6-31G* 6-31G* kb
b

compound
1,2-DMN 124.19 142.39 (198.40) 0.71 (0.93) 0.01567 0.00837 0.10 ( 0.03
1,3-DMN 125.00 143.30 (199.19) 0.55 (0.74) 0.01822 -0.00056 0.12 ( 0.04
1,4-DMN 123.38 141.49 (197.56) 0.08 (0.08) 0.01860 0.055 ( 0.02
1,5-DMN 123.18 141.59 (197.82) 0.00 (0.00) 0.02301 0.065 ( 0.01
1,6-DMN 125.17 143.36 (199.04) 0.49 (0.68) 0.02083 0.00272 0.12 ( 0.04
1,7-DMN 124.96 143.21 (199.18) 0.62 (0.85) 0.02186 -0.00024
1,8-DMN 122.59 140.61 (197.27) 0.66 (0.92) 0.00936 0.033 ( 0.02
2,3-DMN 126.31 144.30 (200.32) 0.91 (1.27) -0.00089
2,6-DMN 127.67 145.62 (200.69) 0.00 (0.00) -0.00086 0.20 ( 0.05
2,7-DMN 127.44 145.55 (200.74) 0.21 (0.27) -0.00064 0.36 ( 0.07
NPH c 98.95 116.34 (162.96) 0.00 (0.00)

a All calculations are carried out at the B3LYP level on the B3LYP/6-31G* geometry. Values in parentheses refer to aqueous solution estimates.
b Experimental first-order biomass-normalized rate coefficient (mg of protein/L)-1(h)-1 in aqueous systems (19). c <R>(HF/6-31+G*) ) 111.39 a.u.;
<R>(MP2/6-31+G*) ) 113.68 a.u.; <R>(exp.) ) 117.4 au from Laser Stark spectroscopy measurements in gas phase (61, 62).
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similar to those obtained using solvated values. As follows
we report kb vs <R> relationships, which may be useful for
predictive purposes (r 2 ) squared correlation coefficient,
SD ) standard deviation, P ) probability):

On the other hand, when we exclude 2,6-DMN and include
2,7-DMN in the kb vs <R> relationships, the squared
correlation coefficients worsen (r 2 ) 0.94 at the B3LYP/6-
31+G* in the gas phase). It must be mentioned that 2,7-
DMN shows the most uncertain kb value in the series (0.36
( 0.07) (19). Current calculations for 2,6-DMN and 2,7-DMN
isomers give very close polarizability values (145.62 and 145.55
au, respectively, at the B3LYP/6-31+G* level in the gas phase)
as well as similar stability (Table 1), although they exhibit
somewhat different kb values (0.20 ( 0.05 and 0.36 ( 0.07,
for 2,6-DMN and 2,7-DMN, respectively) (19). Note that,
however, these â,â-DMN isomers have rather different
aqueous solubility (1.7 and 14.9 mg/L, for 2,6-DMN and 2,7-
DMN, respectively) (19), difference in dipole moment value
(see Table 2), and 2,6-DMN is slightly bulkier than 2,7-DMN
(64). These factors together with a noticeable uncertainty in
the experimental measurements may be responsible of their
different kb values. The above results suggest that both
inductive and dispersive interactions of DMNs with active
site residues of PAH-degrading enzyme play a crucial role in
the biodegradation process. In the hypothesis that eqs 4-6
are valid, they may be used to predict kb value of 1,7-DMN
and 2,3-DMN isomers for which observed values are un-
available, and also tentatively to furnish an estimate for 2,7-
DMN isomer. With the use of <R> values reported in Table
2, the kb values evaluated through eq 6 for 1,7-DMN, 2,3-
DMN, and 2,7-DMN isomers are 0.13, 0.20, and 0.20 (mg of
protein/L)-1(h)-1, respectively.

Ionization Potential, Hardness, and Lowest Energy
Electronic Transitions. Electronic polarizabilities have often
been associated with molecular hardness, η, a widely used
parameter which represents a measure of the stability of a
molecular system (65). Hardness is usually approximated by
(IP - EA)/2 ≈ (εLUMO - εHOMO)/2 expressions, where IP, EA,
εHOMO, and εLUMO are the first ionization potential, electron
affinity, highest occupied molecular orbital (HOMO), and
lowest unoccupied molecular orbital (LUMO) eigenvalues,
respectively. Table 1 reports η and IP values of DMN, as well
as those of NPH for comparison. B3LYP/6-31+G* IP values
underestimate the observed figures obtained from X-ray
photoelectron spectroscopy measurements (66-68) by 0.1-
0.3 eV (1-4%). Note that introduction of methyl substituents
to the NPH moiety decreases IP value of DMN isomers by
0.3-0.4 eV, owing to the antibonding character of the σ-
(CH3)-π(NPH) hyperconjugative interaction which destabi-
lizes εHOMO (under the Koopman’s approximation, IP ≈
-εHOMO). As can be seen in Table 1, IP slightly varies along
the series of DMN conformations (0.11 eV), with the lowest
and the highest values being found for 1,8-DMN and 2,7-
DMN (2,3-DMN) isomers, respectively, at 7.49 and 7.60 eV
at the B3LYP/6-31+G* level, in reasonable agreement with
experiment. Thus, despite that the biodegradation reactions
involve an electrophilic attack on DMNs (19, 21), this result
suggests that the first ionization process does not play a
fundamental role in the biodegradation pathway of this series
of compounds. As for IP, also η varies little in the series (0.12
eV). However, it is interesting to notice that η is maximized
in â,â-DMN isomers (2.37-2.40 eV for 2,3-DMN, 2,6-DMN,
and 2,7-DMN), whereas it shows lower values in R,R-DMN
isomers (2.29-2.31 eV for 1,2-DMN, 1,4-DMN, 1,5-DMN, 1,8-
DMN) in reasonable consistency with the computed stabili-
ties (Table 1), the maximum hardness principle (69), which
states that molecules arrange themselves so as to be hard as
possible in the present case being satisfied.

Under the sum-over-states (SOS) formalism, in the static
limit, electronic dipole polarizability components Rii are
related to excitation energy, Eng, and electronic transition
moment along i direction from the ground to the n excited
state, Mi

ng as (70, 71):

It is worth noting that the most intense electronic transition
for DMN isomers which occurs at ca. 5.9 eV (oscillator
strengths in the 0.8-1.4 au range, see Table S2 of the
Supporting Information), gives through eq 7 the largest
contribution to <R> (50-60%), while the lowest energy
excitation, which is located at about 4.3-4.4 eV in reasonable
agreement with experiment (72), does not substantially
contribute to <R> values, owing to the low intensity which
is about 1 order of magnitude smaller than that of the most
intense absorption.

Following the SOS results, it could be interesting to
investigate the origins of the difference of <R> values
between 1,8-DMN and 2,6-DMN isomers. Figure 2 depicts
the simulated absorption spectra of 1,8-DMN and 2,6-DMN
isomers in the 4-7 eV energy range which include the lowest
ten singlet electronic excitations. As shown in the figure, for
both the isomers the strongest absorption occurs at about
the same energy value of 5.87 eV corresponding to a
wavelength λ of 211 nm; nevertheless, these bands differ
substantially in intensity being ca. 40% greater in the 2,6-
DMN isomer. For 1,8-DMN and 2,6-DMN isomers, these
transitions mainly originate from the valence HOMO-1(4b1)
f LUMO(4a2) and HOMO(4au) f LUMO+1(5bg) excitations,
respectively. For 2,6-DMN isomer both HOMO and LUMO+1

FIGURE 1. Relationship between the experimental biomass-
normalized first-order rate coefficient, kb (19) and the B3LYP/6-
31+G* averaged electronic polarizability of 1,2-DMN, 1,3-DMN,
1,4-DMN, 1,5-DMN, 1,6-DMN, 1,8-DMN, 2,6-DMN, and 2,7-DMN
isomers. Triangles and circles refer to gas and aqueous-phase
values, respectively.

kb ) (0.03231 ( 0.00181) <R> - (3.92254 (
0.22528), r 2 ) 0.985, SD ) 0.00757, P < 10-4

(B3LYP/6-31G* in gas phase) (4)

kb ) (0.03345 ( 0.00127) <R> - (4.67214 (
0.18160), r 2 ) 0.993, SD ) 0.00516, P < 10-4

(B3LYP/6-31+G* in gas phase) (5)

kb ) (0.04673 ( 0.00211) <R> - (9.17991 (
0.41896), r 2 ) 0.990, SD ) 0.00612, P < 10-4

(B3LYP/6-31+G* in aqueous solution) (6)

Rii ) 2 ∑
n

(Mi
ng)2

Eng
(7)
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(see Figure 2) are principally localized on the π NPH moiety,
with the additional non-negligible σ contribution from the
methyl groups; on the other hand, for the HOMO-1 of 1,8-
DMN isomer the σ-π interaction is lacking. It is also
important to notice that at variance of 1,8-DMN isomer, for
2,6-DMN another relevant excited-state contribution to
the polarizability is provided from the intense absorption
at 6.0 eV (oscillator strength of 0.4 au at λ ) 207 nm), which
mainly originates from the HOMO-1(3au) f LUMO+1(5bg)
excitation.

Atom Charges and Dipole Moments. Atomic charges of
the investigated DMN isomers were evaluated according to
the atomic polar tensor (APT) method (73, 74). The sum of
the APT charges over the methyl group, q(CH3), computed
at the B3LYP/6-31G* are listed in Table 2. For all the isomers
q(CH3) is close to zero. As can be seen in the Table, for 1,8-
DMN q(CH3) is positive, while for both 2,6- and 2,7-DMN
isomers it is slightly negative. This result shows that despite
IP(1,8-DMN) < IP(2,6-DMN) ≈ IP(2,7-DMN) (Table 1), CH3

groups of 2,6-DMN and 2,7-DMN isomers are more sus-
ceptible toward electrophilic attacks than those of 1,8-DMN
isomer, favoring the oxidation step of the biodegradation
process. Note that with reference to the q(CH3) charges of
1,2-DMN, 1,3-DMN, 1,6-DMN, 1,7-DMN isomers, the mono-
oxygenative attack on methyl groups should be preferred in
the â position.

Table 2 gives dipole moments of the investigated DMN
congeners obtained in gas phase and aqueous solution at
the B3LYP/6-31+G* level. As can be seen from the table,
dipole moments are somewhat small, consistently with the
low q(CH3) charges, with the largest value being found for
2,3-DMN (0.91 Debyes in gas phase). Other relatively
moderate values are also found for 1,2-DMN and 1,8-DMN
isomers, which, as for 2,3-DMN isomer, have the methyl
groups vicinal to each other. The order of the computed µ
values is 1,5-DMN ) 2,6-DMN < 1,4-DMN < 2,7-DMN <
1,6-DMN < 1,3-DMN < 1,7-DMN < 1,8-DMN < 1,2-DMN
< 2,3-DMN. Solvation effects increase gas-phase values by
0.06-0.36 Debyes. However, it is worth noting that despite
non-negligible solvation effects on both µ and R, solute-
solvent interactions do not furnish substantial changes in
the stability order of the DMN isomers.
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