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Charge distributions determining the electrostatic potential in monosubstituted benzenes are investigated. As
a result, a new quantum chemical parameter for substituent effect, which would be useful in information
coding (in terms of molecular electrostatic potential), is introduced. The curvature of charge distribution over
the benzene clearly shows a good linear relationship with known experimental substituent constants, while
the amount of charge transferred does not fully reflect the substituent effect. Because the curvature is a new
and good quantum chemical parameter to describe the substituent effect, our results would be used as a
strategy for design of new functional molecules such as molecular scale electronics using the electrostatic
potential distributions.

Molecular scale electronics has emerged as a very interestinginvestigate charge distributions determining the electrostatic
field because of the rapid miniaturization of conventional potential in monosubstituted benzenes. As a result, a new
microscale electronic devicéResonant tunneling diode (RTD)  quantum chemical parameter for substituent effect, which would
is based om-conjugated molecular wire with a quantum wéll. be useful in information coding (in terms of molecular elec-
One basic explanation of the diode property is believed that trostatic potential), is introduced.
the electron transfer through the lowest unoccupied molecular  As a prototype ofz-conjugated systems, there have been
orbital (LUMO) of the molecule with the given substituent many studies on changes of structures and donor/acceptor
favors one direction over the other. Recently, the variation of strengths due to substituents of benzeriEhe substituent
electrostatic potential was suggested for information cofling. constant, first introduced by Hammett, is widely used as one
This indicates that the electrostatic potential or charge redis- of the most useful parameters for the substituent effect in
tribution, which would be responsible for the electron transfer, aromatic systems because the empirical Hammett equation has
plays a critical role in molecular devices. Thus, here, we been successful in treating thousands of reacfidnggeneral,
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TABLE 1: Structural Parameters of the Monosubstituted
Benzene Derivatives

X la Iy I'e Gx Ga 9b 90
S 1.4240 1.3949 1.4032 1153 122.3 1211 1179
(on 1.4486 1.3919 1.4071 1139 122.6 121.7 117.5

NMe, 1.4163 1.3945 1.3974 1174 1209 1212 1184
NH;  1.4083 1.3945 1.3986 1185 120.5 120.9 118.7
OMe* 1.4025 1.3966 1.3980 119.9 119.7 120.8 119.1
OH* 13994 1.3964 1.3984 120.2 119.6 120.6 119.3
Cl 1.3956 1.3977 1.3977 121.4 119.0 120.5 119.7
NC 14017 1.3948 1.3984 120.8 119.3 1204 119.9
CN 1.4063 1.3942 1.3986 120.1 119.7 120.2 120.1
COH* 1.4039 1.3943 1.3999 119.8 120.1 119.8 120.3
BH> 1.4150 1.3945 1.3999 1175 121.5 119.7 120.3
BF> 14092 1.3951 1.3990 1185 120.8 119.8 120.2

BCl, 1.4132 1.3940 1.3987 117.7 121.2 119.9 120.0 X Cl C2 C3 C4

NO,  1.3954 1.3950 1.3991 1223 1185 120.2 1203 Figyre 2. The charge distributionsQ) along the one-dimensional
N* 1.4115 13877 14038 1241 1170 1202 1214 projected sites of monosubstituted benzenes: solid linesfo(d\ack),
H 1.3985 1.3985 1.3985 120.0 1200 1200 120.0 NQ, (red), CN (blue), NC (pink), BGI(green), and H (violet) and
ary, Ie, 0 ando, are the averaged values of the two different values dotted lines for S (black), OH (red), NH (blue), NMe; (pink), and
for Cs symmetry. Refer to Figure 1 for the notation. O~ (green). We obtained the same charge distribution pattern when
we used ther-electron charges of each carbon atom in benzene because
)‘< the z-charges of hydrogen atoms are negligible. Only 10 monosubsti-

charge

tuted benzenes and pure benzene are shown for clarity to avoid
somewhat overlapped images. In the case of highly polarizable and

o }@{ /HZ' soft sulfur atom, the charge distribution is almost same with that of
2 & 2 the benzene.
Ty T
Cs. 8 _Cj
H3/ 3}(9{. 3\H3, the benzene (Figure 2)(C1) represents the sum of charges
|4 on C1 and H1; similarlyQ(C4) represents that on C4 and H4.
Fg Q(C2) andQ(C3) represent the sum of charges on C2, €2,
Figure 1. Structural parameters and atomic indexing. and H2 and C3, C3 H3, and H3, respectively. The figure

clearly discriminates the electron-donating and -accepting
standing for the substituent effect at the molecular level still substituents. For donors, the charge distribution shows a concave
lacks. Therefore, it is desirable to find a new quantum chemical shape from the C1 through the C3, while for acceptors, it shows
parameter that shows good linear relationships with the known a convex shape. On the basis of this pattern, G-, NMey,
experimental substituent constants. NH,, OMe, OH, and CI are donors anad NO,, BCl,, BF,,

In this regard, we have carried out ab initio calculations of BH,, CHO, CN, and NC are acceptors, which are in excellent
various monosubstituted benzene systems. All of the calculationsagreement with the traditional classification of common donors
have been carried out with the density functional theory and acceptors. In all of the substituents, the maximum perturba-
employing Becke’s three parameters with Eéang—Parr tion takes place at the meta position, and shows charge
correlation functional (B3LYP) with 6-3£G* basis sets using  alternation behaviol?2 In explaination of the electrophilic
a suite of Gaussian prografisThe substituent causes the aromatic substitution reaction from the resonance structure, the
intramolecular charge transfer (ICT) in the benzene ring, ortho—para or meta preference was successfully understood by
geometrical distortion, and charge redistribut?d@dn the basis the resonance stability of the intermediate. This should not be
of the valence bond structures in monosubstituted benzene, theeonfused with the maximum charge perturbation at the meta
aromatic ring changes toward the quinoid structure, and thus position of monosubstituted benzene derivatives themselves in
the C-C bond lengths, andr. lengthen, whereas, shortens this study. Several basis sets ranging from STG33®
as noted in Table 1 (see Figure 1 for notation). The bond angle, 6-31G** have been employed to describe the electrostatic
in particular at the para positioi\@c), shows a good correlation  potential, and these Mulliken population analyses show practi-
with the donor-acceptor strength, as already noted in previous cally the same results for quantum chemical parameters. Thus,

works10 the parameters would not significantly depend on basis sets or
To study the change of ICT for different substituents, we the methods to determine the atomic charges.
investigated the total and-electron charges at atomic sites. It should be addressed that the characteristics of electron

The total atomic charges were obtained from the dipole momentdonors and acceptors do not depend on the amount of charge
derivatives, which are known to give very reliable values for transferred from or to benzene but depend on the curvature of

planar molecules; that is, the charge of atomoA)(is du,/9za charge flux representing the charge alternation and distribution
when the molecule is on the-y plane!! Let the amount of on the benzene along the one-dimensional direction. Considering
charge separation between benzene and substitueftbim the charge distribution of aniline (3 NH>), which has a strong

the case of benzene (> H), Aqis —0.142. If a substituent  electron-donating amino group, tha of aniline is larger than

(X) is a more electron-donating group than Mg has been that of benzene. The sum of charges of NKlaniline is more
considered to be smaller that0.142. However, some functional  than that of H in benzene. In terms of the amount of charge
groups considered as electron-donating groups (such as,NMe transferred, the amino group is predicted to be a weaker donor
NH,, OMe, and OH) havé\q larger than—0.142. Therefore, than the hydrogen, which is wrong. Similar cases are also found
the amount of charge transferred is not a good parameter toin the electron-donating groups of NMeOMe, and OH.
assign a substituent as an electron donor or acceptor. We thudHowever, the pattern of charge distribution over the benzene
have investigated the charge distributions at carbon atoms overclears such contradictions.
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Figure 3. Correlation between calculated curvature and experimental
substituent constants: (solid line wi@#) o, (field effect); (dotted line
with A) or (resonance effect). The data sets correspond te, KX,

NC, Cl, OMe, OH, NH, and NMe from the left. Experimental data
were obtained from Table 1 in ref 5d, as well as ref 5f.

Among functional groups investigated, we find that BCI
BF,, and BH are very interesting acceptor groups. The;BF
and BH, give 0.100 and 0.057 electrons to benzene, and, BCI

withdraws a very small amount of charge (0.007) from benzene.

This is because the electronegativity of boron is very small,
even smaller than that of the H atom. The X atoms of;BX
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relationship with known experimental substituent constants,
while the amount of charge transferred does not fully reflect
the substituent effect. The curvature is a new and good quantum
chemical parameter to describe the substituent effect. Our results
could be used as a strategy for design of new functional
molecules such as molecular scale electronics using the elec-
trostatic potential distributions.
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