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The HammettF+ andF- values have been determined by varying substituent Y′ for a given Y in the benzhydryl
cation and anion formation (YH4C6-C*H-C6H4Y′ where C* is a cationic or an anionic center) at the RHF/
3-21G*, RHF/6-31G*, RHF/6-31+G*, and B3LYP/6-31+G* levels. The failure of RHF theory in accounting
for the stabilization by delocalization leads to the smaller magnitudes ofF+ andF- with electron-donating
and -withdrawing substituents, Y, respectively, than the corresponding DFT values. The effects of solvent
(benzene, dichloroethane, and acetonitrile) on theF values were calculated by applying the conductor polarizable
continuum model method to the DFT results. Finally, the cross-interaction constants (FYY ′) and their variation
with solvent were determined. As the polarity (dielectric constant,ε) of the solvent is increased, the magnitude
of F+ andF- decreased, whereas that ofFYY ′ increased. Satisfactory correlations were obtained betweenF
values (F+, F- andFYY ′) and the Kirkwood functionfk () ε - 1/2ε + 1). TheFYY ′ values are negative with
a magnitude greater for the anionic (FYY ′

-) than the cationic (FYY ′
+) system.

Introduction

The Brønsted and Hammett relations have long served as
useful tools for predictions of reactivity and mechanism of
organic reactions. These linear free energy relationships have
since been extended into more sophisticated forms, such as the
one including cross-interaction constants (CICs),1 and continue
to contribute powerfully to reactivity theory and elucidation of
reaction mechanism. The CICs,Fij, are defined in eqs 1a and
1b wherei and j denote substituent in the nucleophile (X),
substrate (nonleaving group, Y), or leaving group (Z) in a
nucleophilic substitution or an addition reaction, Scheme 1 (for
SN2 reactions). For equilibrium processes,kij and kHH are
replaced by equilibrium constants,Kij and KHH, respectively.

Abundant experimental data on applications of CICs to
elucidation of mechanisms have been accumulated for various
reaction types of nucleophilic substitution and addition reactions
mostly in solution.1,2 Some MO theoretical investigations have
also been reported on the applications to the gas-phase reaction
mechanisms.3 However, no systematic theoretical works for the
solvent effect on the CIC are available in the literature, although
some experimental studies have been reported.4 A number of
DFT and ab initio works on the physical properties such as pKa

values involving Hammett correlations of the substituent effects

have been reported.5 However, theoretical investigations on the
CICs are scarce. The main reason for the paucity of theoretical
data on the CICs is the large reaction systems involved, since
two rings with substituents are necessary for the CIC calculation.
To derive reasonably reliable MO theoretical results, inclusion
of polarization and diffuse functions with account of electron
correlation effect is essential, and hence unduly large basis sets
and computational expenses are required for reactions involving
at least 15 heavy (non-hydrogen) atoms. However, the compu-
tational time and expenses can be drastically reduced with the
use of the density functional theory (DFT) calculations6 and
theoretical studies on CICs are feasible.

In this work, restricted HF and DFT calculations are
performed on the benzhydryl cation and anion (Scheme 2,where
C* is the cationic or the anionic center) formation processes.
We determined the Hammett coefficients for cation (FY

+) and
anion (FY

-) formation from the neutral benzhydryl molecule
by varying substituents in both rings, Y and Y′. The CICs,FYY ′,

* To whom correspondence should be addressed. Tel:+82-32-8607671.
Fax: +82-32-8654855. E-mail: ilee@inha.ac.kr.

† Inha University.
‡ Chonnam National University.
§ Dong-A University.
| Chonbuk National University.

log(kij/kHH) ) Fiσi + Fjσj + Fijσiσj (1a)

Fij ) ∂Fi/∂σj ) ∂Fj/∂σi (1b)

SCHEME 1: SN2 Type Transition Statea

a Ri is a reaction center andσi is a substituent. Fragments are denoted
as X, Y, and Z for the nucleophile, substrate and leaving group,
respectively.
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are then estimated using eq 1. Solvent effects onFY andFYY ′
are calculated by using the CPCM method7 for three solvents,
benzene, dichloroethane, and acetonitrile.

Calculations

The equilibrium constants for benzhydryl cation (K+) and
anion (K-) formation are estimated for eqs 2a and 2b,
respectively

The Hammett equation can be given as eq 3, where logKi is
defined as eq 4

For cations and anions, the exaltedσ values,σ+ andσ -, are
used.8 We need not be concerned with the absolute values of
G(H+) and G(H-) since they cancel out in the Hammett
equation. For a given Y, we varied the other substituent, Y′,
and FY′

+ and FY′
- values are obtained. The CICs,FYY ′

+ and
FYY ′

- are estimated from variation ofF values againstσ
according to eq 1b.

The thermodynamic functions (∆H, ∆S, and∆G) were calcu-
lated within the ideal gas, rigid-rotor, and harmonic oscillator
approximations, as implemented in Gaussian 98.9 The calcula-
tion of ∆Ggas uses a reference state of 1 atm (298.15 K) and
the calculation of∆G in solution uses a reference state of 1 M
so that conversion of∆Ggas(1 atm) into∆Ggas(1 M) is necessary
by adding a factor ofRTln(24.46).10 However in the calculations
of HammettF values, we are using relative∆G values and
therefore the correction term cancels out. The geometries and
energies were fully optimized at the RHF/3-21G*, RHF/6-31G*,
RHF/6-31+G* and B3LYP/6-31+G*6c,d levels. All stationary
points were characterized by normal-mode analysis. Charges
were calculated by using the natural population analysis (NPA)
of Weinhold.11 Solvent effects are estimated at the B3LYP level
on the gas-phase geometries for benzene (ε ) 2.27), dichloro-
ethane (ε ) 10.0) and acetonitrile (ε ) 35.94) by using the
C-PCM (conductor PCM)7c method which is a modification
of the PCM (polarizable continuum model) method of Miertus,
Scrocco and Tomasi7a,band allows efficient geometry optimiza-
tion in solution. The Z matrices and energies are given in the
Supporting Information.

Results and Discussion

1. Structures. The charges on C* and relevant geometries
are collected in Table 1. The angles of rotation (φ) of the two
rings around the bonds,d1 and d2 in Scheme 3, are mainly
related to the relative delocalizabilities of substituents. When
Y ) Y′, the two aryl groups are twisted equally out of the plane

of the central C*. The symmetry is destroyed by introducing
an electron donor (e.g., Y) p-NH2) in cation, or an electron
acceptor (e.g.,p-NO2) in anion of one ring which causes an
enhancedπ-delocalization leading to a more coplanar Y-ring
with sp2 C*. This in turn will force the other (Y′) ring further
out of the plane. Reference to Table 1 shows that in the ionic
form the angleφ is reduced from the molecule (φ ) 56.6° with
Y ) Y′ ) H) with a larger decrease in the anionic form (φ )
7.7°) than in the cationic form (φ ) 17.7°). This is related to a
wider angleθ (133.0° vs 131.5°), a longer C*-ring bond length
(d1 ) d2 ) 1.424Å vs 1.418Å), and of course a larger electronic
charge on C* (-1.424 vs+0.056 electron unit) for the anionic
than cationic form.

On the other hand, the solvent causes a greater twist,φ, by
6.2° compared to that in the gas phase for theneutralmolecule,
butφ is slightly reduced in the cation and anion upon solvation.
The optimized geometries, bond lengths and bond angles, vary
little upon solvation as can be seen in Table 1, and hence in
the estimation of solvent effects on theF values application of
the PCM model on the gas-phase geometries seems to be
justified.

2. Effects of Substituent Y onGY′. a. Cationic Systems.The
results of RHF and B3LYP calculations ofFY′

+ values with
variation of substituent Y are summarized in Table 2. In general,
log KY′

+ is linearly correlated withσY′
+ satisfactorily. The sign

of FY′
+ is negative as expected for a process in which cationic

charge develops on the functional center, C*. Electron donating
substituent Y reduces the sensitivity of the cationic charge at
C* to the substitution of Y′-ring: δσY′

+ < 0 f δ|FY′
+| < 0.

This decrease in|FY′
+| is a result of the decrease in the cationic

charge on C* due to electron donation from the Y-ring. Thus
whenever the charge on C* is reduced by one ring, its sensitivity
to the substituents on the other ring becomes weaker.12 For
example, a decrease in the cationic charge (Table 1) from
+0.056 (Y) H) to +0.004 (Y) p-NH2) with Y′ ) H leads to
a decrease in the magnitude ofFY′

+ from -10.37 to-7.95.
The magnitude ofFY′

+ is found to decrease as the level of
calculation is raised, i.e., as the basis sets are increased from
3-21G* to 6-31+G* and also by accounting for electron
correlation effect, RHF/6-31+G* f B3LYP/6-31+G*. There
are two exceptions to the latter effect: For the strong delocalized
systems with donors,p-NH2 (σ+ ) -1.30) andp-OMe (σ+ )
-0.78), the magnitude ofFY′

+ is actually greater (not smaller)
for B3LYP than for RHF results. This can be attributed to the
fact that electron correlation stabilizes delocalized electronic
structure over localized ones, but RHF theory tends to be
inaccurate in accounting for such effects.13 Thus, for a more
delocalized system with a stronger donor Y′, log KY′ value will
be greater for B3LYP than for RHF leading to a steeper straight
line Hammett plots for the former (Figure 1).

The smaller magnitude ofFY′
+ (δ|FY′

+| < 0 f δFY′
+ > 0)

for a stronger electron donor Y (δσY
+ < 0) gives a negative

CIC, FYY ′
+ () ∂FY′

+/∂σY
+< 0). This systematic decrease in

|FY′
+| with the increased electron donation from the Y-ring

should result from a diminished polarization of the C*-C6H4Y
system. The gas-phase CICs are much more negative with the
RHF than with the DFT so that inclusion of electron correlation
effect is essential for estimation of reasonably reliable CIC
values.

b. Anionic Systems.The RHF and B3LYPFY′
- and FY′

+

values are summarized in Table 3. Linearities of the Hammett
and CIC plots are satisfactory in all cases. The sign ofFY′

- is
positive as the negative charge develops at C* in the deproto-
nation process. Since an electron withdrawing substituent in the

SCHEME 2

YC6H4CH2C6H4Y′ y\z
K+

YC6H4C
+HC6H4Y′ + H- (2a)

YC6H4CH2C6H4Y′ y\z
K-

YC6H4C
-HC6H4Y′ + H+ (2b)

log(KY/KH) ) -
∆G°Y - ∆G°H

2.303RT
) -δ∆G°

1.364
) F‚σY (3)

log Ki ) ∆G°
1.364

, where∆G° ) G(cation, or anion)+

G(H-, or H+) - G(neutral molecule) (4)
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Y-ring (δσY′
- > 0) reduces anionic charge on C*, the sensitivity

of the charge on C* to the substitution of Y′-ring decreases,
δσY

- > 0 f δqC* < 0 f δFY′
- < 0. This is quite similar to

the decrease in|FY′
+| found with the decrease in the cationic

charge by an electron donor Y in the cationic system noted
above. Here again, the size ofFY′

- decreases as the basis sets
are increased, whereas it increases as the electron correlation
effect is included so that the size becomes greater for B3LYP
than the corresponding RHF value. This is also attributed to
the inaccurate estimation of energy stabilization by the RHF
method for delocalized anionic systems with electron acceptor
substituents. Since electron correlation (DFT) stabilizes the
delocalized anions with electron acceptor Y′ substituents more
than the localized ones,13 log KY′

- should be greater for electron
acceptors and results in an increased slope of the Hammett plots
relative to that with RHF theory (Figure 1).

The magnitude ofFY′
- decreases with an increase in the

electron accepting power of the substituent Y,δσY′
- > 0 f

δFY′
- < 0. This is of course due to the decrease in the anionic

charge on C* by electron withdrawing of substituent Y. For
example, a decrease in the anionic charge (Table 1) from-0.341
(Y ) H) to -0.302 (Y ) p-NO2) with Y′ ) p-NO2 resulted in
the decrease inFY′

- from 12.74 to 8.95. The sign ofFYY ′
-

becomes negative,FYY ′
- ) ∂FY′

-/∂σY
- < 0.

3. Solvent Effects.The FY
+ values of -4.22 in MeOH

(ε ) 32.66),-4.15 in EtOH (ε ) 24.55) and-4.13 in 2-PrOH
(ε ) 19.92) are reported for the solvolysis of monosubsti-
tuted benzhydryl chlorides at 25°C.14 Similarly, for the
solvolysis of monosubstituted benzhydryl chlorides in 15(H2O):
85(acetone)% (v/v) solution at 0°C,15 the estimatedFY′

+ value
is -4.10. The same value (-4.1) was also obtained for

protonation equilibria (KR
+) of the monosubstituted benzhydrols

in aqueous sulfuric acid medium, eq 5.16

The DFT value ofFY′
+ ) -8.45 in MeCN (ε ) 35.94) in

Table 2 is ca. twice that of these values. The discrepancies may
result from nonbulk (specific solvent) effects in the solvolysis,
since we are assuming bulk effect only in our solvent effect
studies. In the hydroxylic solvent the cationic charge on C* is
dispersed or transferred to solvent by an nf p+ type charge-
transfer interaction17 from the lone pair electrons (2pπ type
nonbonding orbital) on the oxygen atom to the cationic center
C+ and as a result cationic charge is reduced leading to a reduced
magnitude ofFY′

+ values. There will also be a weak hydrogen
bonding, in Scheme 4, in addition to the charge transfer by n
f p+ interaction, which will also reduce the cationic charge
on C*.

The magnitude of bothFY′
+ and FY′

- decreases with an
increase in the dielectric constantε of the solvent. This is due
to the decrease in the energy of interaction (E) between two
point charges (or dipoles)e1 ande2 at a distance r relative to
the energy at infinite separation with an increase inε, as given
by the Coulomb’s law,18 eq 6

TheFY′ values are linearly correlated with Kirkwood function,19

fK in eq 7. For Y) H the correlations are as given by eqs 8a
and 8b

TABLE 1: Charges on C*a and Relevant Geometriesb at B3LYP/6-31+G* Level

neutral form cationic form

Y Y ′ charge d1 d2 θ φ charge d1 d2 θ φ

p-NH2 p-NH2 -0.474 1.521 1.521 115.1 -56.70 -0.032 1.412 1.412 132.6 -14.76
H -0.478 1.519 1.520 115.0 -56.18 0.004 1.396 1.435 131.6 -22.73
p-NO2 -0.484 1.518 1.522 115.1 -46.16 0.007 1.390 1.444 130.9 -26.73
H -0.481 1.521 1.522 114.8 -56.61 0.056 1.418 1.418 131.5 -17.73

(1.519)c (1.522) (114.5) (-62.76) (1.417) (1.417) (131.4) (-17.61)
H [1.520]d [1.521] [114.3] [-69.48] [1.417] [1.417] [131.2] [-18.21]

{1.520}e {1.521} {114.5} {-68.42} {1.417} {1.417} {131.1} {-18.15}
p-NO2 -0.487 1.520 1.521 114.6 -50.40 0.063 1.411 1.423 131.3 -20.63

p-NO2 p-NO2 -0.492 1.520 1.521 114.4 -56.51 0.074 1.420 1.420 131.2 -18.35
neutral from anionic form

p-CH3 p-CH3 -0.480 1.521 1.521 114.8 -58.70 -0.403 1.424 1.424 132.7 -7.70
H -0.481 1.521 1.521 114.8 -57.98 -0.401 1.425 1.423 132.9 -7.04
p-NO2 -0.486 1.521 1.520 114.4 -55.65 -0.325 1.442 1.399 132.2 -7.50
H -0.481 1.521 1.522 114.8 -56.61 -0.416 1.424 1.424 133.0 -7.72

(1.519)c (1.522) (114.5) (-62.76) (1.424) (1.424) (133.0) (-5.82)
H [1.520]d [1.521] [114.3] [-69.48] [1.425] [1.425] [133.3] [-2.98]

{1.520}e {1.521} {114.5} {-68.42} {1.426} {1.426} {133.1} {-4.43}
p-NO2 -0.487 1.520 1.521 114.6 -50.40 -0.341 1.441 1.400 132.4 -7.93

p-NO2 p-NO2 -0.498 1.520 1.521 114.4 -56.51 -0.302 1.417 1.417 132.7 -10.94

a NPA charges at the NBO-B3LYP/6-31+G* level. b Bond lengths and angles are in Å and degree, respectively.c Values in ( ) are in benzene
at the CPCM-B3LYP/6-31+G* level. d Values in [ ] are in dichloroethan at the CPCM-B3LYP/6-31+G* level. e Values in{ } are in acetonitrile
at the CPCM-B3LYP/6-31+G* level.

SCHEME 3

E )
e1e2

εr
(6)

fK ) ε - 1
2ε + 1

(7)

FY′
+ ) 4.02((0.17)fK - 10.33((0.06);r ) 0.998,n ) 4

(8a)

FY′
- ) -5.45((0.31)fK + 12.68((0.11);r ) 0.997,n ) 4

(8b)
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In contrast to the decrease in the magnitude ofFY′ (|FY′|) with
fK, the magnitude of CICs increases with fK, as given by eqs 9a
and 9b

The dependence ofFY′ values onfK is larger by more than
two times than the corresponding dependence ofFYY ′. This is
as expected since the CICs are the second derivative andFY

values are the first derivative parameters. We found no
significant correlation betweenFY′ (or FYY ′) and the dielectric
constantε. Since thefK values converge to 0.5 rapidly asε is
increased beyond ca.ε ) 20, both theFY′ andFYY ′ values stay
practically constant within experimental error for solvents with
ε greater than ca. 20 (fK ) 0.463). This means that the magnitude
of F values will vary little with solvent provided only the bulk
solvent effect is important for the reaction series. For example,
the nearly constantFY′

+ values (-4.2) found for the solvolysis
of benzhydryl chlorides in aqueous acetone15 and the three
alcohol solvents cited above14 suggests that the bulk solvent
effects are indeed small in the variation ofε (fK) with nearly
constant specific solvent effects for the solvolysis in the three
alcohols. Similarly, the reaction constantF* for polar effects
of alkyl groups on bromination rates of alkenes calculated by
Taft’s equation, log(k/ko) ) F*Σσ*, is -3.1 in MeOH (ε )
32.66) which varies little with solvent changes to-3.1, -2.9,
and-3.3 in acetic acid (ε ) 6.17), 70% MeOH-H2O and in
H2O (ε ) 78.30), respectively.20 This almost insignificant
solvent sensitivity ofF* in bromination reflects the importance
of bulk solvent effect in bromination, in contrast to the solvent
dependence ofF* in solvolysis due to specific solvent effect.21

Experimentally, theFYY ′
+ value of -1.64 was obtained by

estimation from the solvolysis rate data of benzhydryl chloride
in 85(v/v)% acetone-water solution at 0°C15 and also from
the protonation equilibria of disubstituted benzhydrols,16 eq 5.
Our DFT-CPCM value of-2.29 in MeCN (ε ) 35.94) for the
benzhydryl cation formation process is again larger since only
the bulk solvent effect is considered. The discrepancy is again
smaller than the corresponding discrepancy inFY′ values since
the CICs are the second derivative parameters. As stated above,
we expect a very small difference in the CIC value with solvent
changes which will be within experimental error, since there is
only a small change infK, and hence in theFY′ as well asFYY ′
value, aboveε = 20. For the bromination of 1,1-diphenyleth-
ylene,FYY ′

+ was-1.55 in MeOH at 25°C,20 which is slightly
smaller than that for the benzhydryl system (-1.64)15,16due to
weak delocalization of cationic charge into Câ moiety (CH2Br)
in the transition state, Scheme 5.

For the benzhydryl system with a strong cationic charge
development in the TS, the magnitude of the experimentalFYY ′

+

value is estimated to be by far greater; for the solvolysis of
R-CF3-benzhydryl tosylates (YC6H4‚CCF3‚C6H4Y′-OTs) in 80%
EtOH-H2O at 25°C gaveFYY ′

+ ) -5.5 (r ) 0.924,n ) 3).15

Although this value is a rough estimate, the large negative value
obtained can be interpreted to indicate a strong cationic charge
development in the TS. Thus, the CIC between substituents in
the two rings of benzhydryl system also depend on the strength
of charge developed on the functional center, C*, in the TS or
in the equilibrium, suggesting that the magnitude of CIC is a
function of change in the polarization of the molecule as a whole
in the reaction in contrast toFY′

+ values which are dependent
on the change in the polarization involving a single ring.

When there is another carbon (Câ) between the two rings, as
in stilbene, the magnitude of CIC will be attenuated ap-
proximately by a falloff factor of 3.8 (3.5 from bromination)20

which was experimentally obtained by the ratio ofFR
+/Fâ

+ from
the dehydration of 1,2-diphenylethane.20 For example, for the
bromination of stilbenes in methanol, an estimated value of
FYY ′

+ was-0.51.20 This is a quite reasonable value compared
with -0.61 estimated from the value of-2.3 (-2.3/3.8 )
-0.61) for MeCN in Table 2 considering the attenuation due
to an extra carbon inserted by a factor of 3.8.

The dependence ofFY′
- and FYY ′

- on fK is slightly greater
than the corresponding values ofFY′

+ andFYY ′
+, respectively.

This seems to result from the stronger negative charge (q-) in
the anionic than the positive charge (q+) in the cationic system
on C*.

Experimental data on the anionic forms of benzhydryl system
are very scarce, and comparison of our DFT results with
experiments is limited. Since there will be strong hydrogen
bonding of the anionic carbon center by hydroxylic (or protic)
solvent molecules, the anionic charge will be reduced in the

TABLE 2: Hammett GY′
+ Values and Cross-Interaction Constants,GYY

+
′, for Cation Formation a

HF DFT CPCM

Y σ+ 3-21G* 6-31G* 6-31+G* 6-31+G* benzene C2H4Cl2 MeCN

p-NH2 -1.30 -7.67 -7.52 -7.38 -7.95 -6.47 -5.22 -4.99
p-OCH3 -0.78 -8.95 -8.61 -8.41 -8.53 -7.45 -6.52 -6.42
p-CH3 -0.31 -10.56 -10.23 -9.94 -9.25 -8.29 7.53 -7.38
H 0.00 -11.45 -11.00 -10.87 -10.37 -9.34 -8.58 -8.45
p-Cl 0.11 -11.42 -10.92 -10.72 -9.84 -9.01 -8.41 -8.03
m-Cl 0.37 -12.01 -11.56 -11.42 -10.36 -9.55 -8.89 -8.80
p-CN 0.66 -12.43 -12.08 -11.92 -10.53 -10.02 -9.65 -9.59
p-NO2 0.79 -13.24 -12.64 -12.50 -10.93 -10.40 -9.99 -9.93
FYY ′

+ -2.56 -2.41 -2.43 -1.43 -1.85 -2.24 -2.29

a Correlation coefficients,r > 0.98

Figure 1. Schematic plots for the effect of stabilization (increase in
KY′ values) by electron correlation (DFT). TheKY′

+ for σY
+ < 0 and

KY′
- for σY

- > 0 are lower for HF than for DFT due to inaccurate
estimation of the stabilization by delocalization.

FYY ′
+) -1.82((0.05)fK - 1.43((0.02);r ) 0.999,n ) 4

(9a)

FYY ′
- ) -2.22((0.17)fK - 2.55((0.06);r ) 0.994,n ) 4

(9b)
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hydroxylic solvents by the specific solvation and hence theF
values should be substantially smaller than our estimated values
based on purely bulk solvent effects. We think therefore that
our results of theF- and the CICs will be substantially larger
than the corresponding experimental values if available; this is
exactly the same situation as we found with the cationic forms.
In the nucleophilic additions of benzylamines toâ-cyanostil-
benes in acetonitrile at 30°C,22 eq 10, theFYY ′

- value of-0.72
was obtained. The value compares satisfactorily with our
theoretical value for the benzhydryl anion formation in aceto-
nitrile, FYY ′

- ) -3.62, considering that there is attenuation by
a factor of ca. 3.820 by an extra carbon and that the value is for
the activation process in which the charge development is ca.
one-half of the full charge on the functional centers CR and Câ
since the reaction has progressed to approximately halfway
through to completion.

Conclusions

1. The Hammett coefficients,F+ and F-, are dependent on
the charge developed on the functional center, C*. Thus,
whenever the charge on C* is reduced by one ring (Y), its
sensitivity to the substitution on the other ring,FY′

+ andFY′
-,

becomes weaker.
2. The RHF theory cannot account for the stability induced

by electron delocalization due to the electron-donor and
-acceptor substituents in the cationic and anionic systems,
respectively. As a result, the magnitude of the RHFFY′

+ and
FY′

+ values for such systems becomes smaller than the corre-
sponding DFT values.

3. TheF (F+, F- andFYY ′) values are linearly correlated with
the Kirkwood function,fK ) ε - 1/2ε + 1, but not with
dielectric constant,ε, of the solvent.

4. The magnitude ofF+ andF- values decreases, but that of
the cross-interaction constant,FYY ′, increases, with the polarity
(fK) of the solvent.

5. Since the Kirkwood function,fK, converges rapidly to 0.5
for ε greater than ca. 20, theF values stay practically constant
beyondε = 20 as the solvent is changed (F = constant forε >
20) within experimental errors.
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