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Abstract: Continuum solvent effect on the electrophilicity index recently proposed by Parr and co-workers
(Parr, R. G.; von Szentpaly, L.; Liu, S. Am. Chem. Sod 999 121, 1922) is discussed in detail. Solvent
effect is introduced using the self-consistent isodensity polarized continuum model (SCI-PCM). A linear
relationship is found between the change in electrophilicity index and the solvation energy as represented in
the frame of the reaction field theory. The effect of a polarizable environment on the global electrophilicity is
examined for a series of 18 well-known electrophiles presenting a wide diversity in structure and bonding
properties. It is found that solvation enhances the electrophilicity power of neutral electrophilic ligands but
attenuates this power in charged and ionic electrophiles.

It has been recently proposed that the electrophilicity power instance the case of hard electrophiles such &slhi", and
of an atom or molecule may be conveniently represented by Na', where the desolvation process has to take place in the
the electrophilicity indexw defined by Parr and co-workérs ~ presence of a quite strong reaction field poterfifalThese

by: considerations leave the effect of the solvent on the electrophi-
licity power of ligands as an open and relevant problem. In this

2 work, we intend to examine the variations in the electrophilicity
w=% (1) pattern, as measured by the electrophilicity index defined in eq

2 1, for a wide variety of well-known ligands that may be induced

by solvation effects.
which may be regarded as a quantitative formulation of Maynard  consider a first-order variation in the electrophilicity index

etal.’s modef In eq 1u andy represent the electronic chemical  , induced for instance by a change from the gas to the solution
potential and the chemical hardness of the electrophilic ligand, phase:

respectively. In this definition of the index, the electronic

chemical potential is approached as= —(I + A)/2, and the 1/u\2
i i — )i do = () —2%)"d )

chemical hardness is representedipy: (I — A), in terms of & > J)

the ionization potential and electron affinityA. Other defini-

tions of electrophilicity are available in the literatufre, but A first-order finite variation inw describing the change of phase

we shall Concentrate. here on th_e one deﬂ_ned by eq 1. EVenfrom vacuum to a polarizable environment characterized by its
though the electrophile/nucleophile interactions that take place dielectric constant is then given by:

in solution phase are assumed to be preceded by a desolvation
step, so that intrinsic in vacuo studies would suffice to describe 12
them accurately, it is expected, however, that this desolvation Aw(l—¢) = (ﬁ)Ay - —(/i) Ap =A™+ A0®  (3)
process may not be complete and similar in charged and neutral n 2\

ligands. Some partial solvation may affect the electrophile/

nucleophile interactions to a different extén€onsider for ~ WhereAu andAy describe the changes in electronic chemical
potential and chemical hardness from the gas to solution phase.
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Table 1. Global Quantities for the Series of Electrophilic Species in Gas and Solution Phases

€e=1.0 €=1785

u (eVv) 7 (eV) w (eV) ANmax u (eVv) 7 (eV) w (eV) ANmax
Li* —40.83 70.43 11.84 0.57974 —23.34 48.97 5.56 0.47669
—39.98 69.28 11.53 0.57706 —22.42 47.78 5.26 0.46934
Na* —26.37 41.90 8.30 0.62933 —15.03 29.14 3.88 0.51595
—25.43 40.98 7.89 0.62064 —13.97 28.20 3.46 0.49553
CHs* -17.70 15.69 9.98 1.12804 —10.20 7.78 6.69 1.31118
—16.85 15.79 8.99 1.06727 —9.26 7.77 5.51 1.19125
NO,* —16.11 17.20 7.54 0.93660 —9.35 10.41 4.20 0.89804
—20.75 27.70 7.77 0.74903 —13.40 19.91 451 0.67321
LiCH3 —3.87 7.35 1.02 0.52716 —1.88 3.82 0.46 0.49212
—3.07 6.04 0.78 0.50811 —1.00 2.63 0.19 0.38158
HF —6.38 19.29 1.06 0.33088 —5.26 12.01 1.15 0.43808
—5.20 18.29 0.74 0.28434 —4.15 11.23 0.77 0.36958
HCI —5.35 14.95 0.96 0.35814 —4.70 9.26 1.19 0.50754
—4.30 14.65 0.63 0.29360 —3.64 8.95 0.74 0.40706
H2SOy —5.44 13.60 1.09 0.40033 —4.81 9.31 1.24 0.51684
—5.07 15.80 0.81 0.32078 —3.94 10.81 0.72 0.36418
BH3 —6.38 13.55 1.50 0.47055 —5.80 7.76 2.17 0.74840
—5.62 13.64 1.16 0.41231 —5.04 7.82 1.63 0.64485
BFs —5.86 18.47 0.93 0.31726 —5.40 12.89 1.13 0.41937
—5.94 20.98 0.84 0.28301 —5.42 15.38 0.96 0.35264
AICl3 —5.63 11.61 1.37 0.48504 —5.02 7.61 1.65 0.65905
—5.55 13.08 1.18 0.42468 —4.84 9.12 1.28 0.53058
PCk —5.34 10.80 1.32 0.49469 —4.83 6.57 1.78 0.73533
—4.51 11.37 0.90 0.39686 —3.92 6.95 111 0.56389
PR —5.25 14.17 0.97 0.37037 —4.54 8.72 1.18 0.52081
—4.41 14.51 0.67 0.30357 —3.51 8.73 0.71 0.40192
CHsCl —4.49 13.77 0.73 0.32619 —4.03 8.96 0.91 0.44981
—3.39 13.98 0.41 0.24256 —2.89 9.18 0.45 0.31459
CH3CH.CI —4.33 13.46 0.70 0.32159 —3.93 8.99 0.86 0.43681
—3.22 13.84 0.37 0.23240 —2.77 9.29 0.41 0.29849
HCOH —4.51 12.56 0.81 0.35937 —4.16 6.69 1.29 0.62128
—3.42 12.06 0.49 0.28394 —3.09 6.18 0.77 0.49968
CH3;COCH; —-3.81 11.52 0.63 0.33090 —3.62 6.89 0.95 0.52530
—2.68 11.37 0.32 0.23579 —2.55 6.61 0.49 0.38612
SG; —6.31 12.75 1.57 0.49558 —5.84 7.54 2.26 0.77406
—5.80 14.38 1.17 0.40312 —5.24 9.18 1.49 0.57049

aFirst entry: B3P/6-311G** calculations. Second entry: HF/6-311G** calculations.

into the solvent. This quantity is related to the solvation energy environment—ANmnax Use of this result in eq 7, together with
AEsoy within the reaction field theory of solvent effects relationship 5, leads to:

by:lwlz
1Yu\2 AN, ax
Ao (1—e) = —(ﬁ) Ajp=— —"PAE 8
AEins — ZAESOIV (5) ( ) 2 N n AN solv ( )
Substitution of eqs 6 and 8 into eq 3 gives the desired result,
and eq 4 becomes: namely:
1) ANmax
Aw (l_T) = 2AESO|V (6) Aw(l_’G) =12+ AN AEsolv = VAESOIV (9)
We consider now the second contribution in eq 3, which upon showing that up to second order in energy variations, the
a little rearrangement may be rewritten as: changes in global electrophilicity will show a linear dependence
with the solvation energy, with a regression slope:
1/u\2 1 A 1
Ao(10) = Yo oy = e ) It i) = AN
0792l 27 = 2ylly an) = 2lpan)y ™ y= o+ 2hn (10)
1

E( ZN)AEins (7) ) ) ) _
Yl To test the predicted linear relationship between the changes

_ in electrophilicity and solvation energy, we considered 18 well-

However, the ratiqi/n has been proposed by Parr et & known electrophilic species that are shown in Table 1. This
represent the maximum amount of charge transfer from the database includes charged and neutral electrophiles displaying
(10) Contreras, R: Mendibal, F.; Aizman, A Phys. Re. A 1994 49, quite diverse _structure.and bonding properties. We first eyaluated
4349 the electronic chemical potential and hardness using the

(11) Contreras, R.; Pez, P.; Aizman, A. IrBobent Effects and Chemical approximate expressioks4
Reactiity; Tapia, O., Bertra, J., Eds.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1996; Vol. 17, p 81. (13) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

(12) Peez, P.; Contreras, RChem. Phys. Lett1996 260, 236 Molecules Oxford Science Publications: Oxford, New York, 1989.
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(1+A) simplest representation of solvation energy, namely, the reaction
=" "> (12a) field generalized Born equatidfir?!
1 1
and AEsoIv == 5(1 - _)Z ZQAQBFAB (13)
€
n=I1—-—A (12b)

where Qx represent the net atomic charge of aténin the
by approaching the ionization potentiand the electron affinity =~ molecule, and ag is a solute-solvent interaction integraf—22
A by the difference in total energies between the neutral and Within the present approach, the first derivativeAdEqy, with
the corresponding ionic species. The calculation for ions is respect to the charge is proportional to changes in electronic
carried out at the frozen geometry of the neutral parent species.chemical potentialAu(1—¢), which becomes equal to the
To show that the electrophilicity index as well as the linear reaction field potential®12 To see this, just take the first
relationship between the variations of the electrophilicity index derivative with respect to the chargg of expression 13 to
and solvation energy are independent of the level of theory used,get:
Hartree-Fock/6-311G** and B3LYP/6-311G** calculations

were performed on all 18 species considered at their ground- 0AE,, 1
state optimized structures using the GAUSSIAN94 package of Au= =—|1—- ZQkak (14)
programst> Solvation energies were evaluated using the self- 9Q, €

consistent isodensity polarized continuum model, SCI-PEM,

for a dielectric constant = 78.5 (i.e., to mimic water as  wWherel'w may represent the inverse of the ionic (or covalent)
solvent). In this model, the cavity where the solute system is radiusRy of atomk in the molecul€®2! Note that according to
embedded is defined by an isodensity surface of the molecule,this simplified model, the change in electronic chemical potential
instead of a set of atomic radii. The recommended value of induced by solvation becomes charge dependent, and therefore
0.0004e for the isodensity contour was used. With the values it explain well the variation pattern of the electronic chemical
of electronic chemical potential and chemical hardness at hand,potential induced by solvation in the series of molecules
the electrophilicity index and thANna values may be readily ~ considered here: the most significant changes are observed for
computed via eq 1, and using the relationshifmax = —u /7 charged and ionic electrophile species, whereas for neutral
for the system in the gas and solution phases. The resultsligands this change is in general lower, in agreement again with
obtained at HF/6-311G** and B3LYP/6-311G** are depicted Pearson’s prediction. The charge dependence of the electronic
in Table 1. The electronic chemical potential displays negative chemical potential of solvation is not surprising, as the elec-
values in both phases, indicating the ability of the system to tronegativity (the negative gf) has been shown to depend on
accept electrons from the environment. However, this ability the charge for aton®.This result was generalized for molecules
to exchange electrons with the environment is smoothly later24 In the present case, the variations in electronic chemical
attenuated in the solution phase for the neutral system. Thispotential upon solvation appear to be dependent on the polariza-
result is in agreement with Pearson’s prediction that electrone- tion chargeQ@®(e) = —(1 — (1/e))Qi, within the reaction field
gativity (the negative of the electronic chemical potential) of model of solvent effects considered here.

neutral systems is almost unaffected by solvatfoithis is To explain the variation pattern in global hardness upon
approximately true for most of the neutral electrophilic ligands solvation, we just differentiate expression 13 twice with respect
considered in Table 1. Note that the major changes in electronicto the charge«. There results

chemical potential induced by solvation are observed for the

charged and ionic species, suggesting that Pearson’s result may 82AESO,V AU 1
not hold for charged and ionic species. For instance, the charged Ajf=z——=—-= —(1 - —)Zrkk (15)
electrophiles LT, Nat, CHs;™, and NQ™ show a variation in Q. 9Qk €

electronic chemical potential of about 50% upon solvation. The
ionic electrophile LiCH also displays a similar pattern, yetthe  This result predicts that independent of the net charge that the
also ionic HCI molecule falls in the bigger third group of ligands  electrophilic species may bear, the variation in chemical
that marginally modify their electronegativity upon solvation. hardness always will be negative, because the quantitesl
Chemical hardness values are also displayed in Table 1 forI, are both positive definite. In other words, solvation effects
the gas and solution phases. The most interesting result is thakender the electrophile ligands softer that in the gas phase. This
solvation renders the electrophilic ligands softer than in the gas may be a controversial outcome of the Born model of solvation,
phase. This seems to hold for both neutral and charged speciesyet it correctly explains the trend in the chemical hardness
This result may be rationalized by adopting a simple solvation variations upon solvation within the series of electrophiles
picture proposed by Komorowsk.This model is based onthe  quoted in Table 1.
(14) Pearson, R. GI. Am. Chem. S0d98G 108 6109. _ Alsc_> quoted in Table 1 are the values of the_ electrophilic_ity_
(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;  index in both gas and solution phases. According to eq 1 this is

Johnson, B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G. a positive definite quantity. It may be seen that upon solvation,
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; (19) Cramer, C. J.; Truhlar, DJ. Am. Chem. Socl991 113 8305.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Cramer, C. J.; Truhlar, DJ. Am. Chem. S0d 991, 113 8552.
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; (20) Contreras, R.; Aizman, Ant. J. Quantum Chem. Symi984 27,
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- 293.
Gordon, M.; Gonzalez, C.; Pople, J. ASaussian 94 Gaussian, Inc.: (21) Truhlar, D.; Cramer, C. Bciencel992 256, 213.
Pittsburgh, PA, 1995. (22) still, W. C.; Tempczak, A.; Hawley, R. C.; Hendrickson JT Am.
(16) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. Chem. Soc199Q 112 6127.
(17) Foresman, J. B.; Keith, K. B.; Snoonian J.; Frisch, MJ.JPhys. (23) Politzer, P.J. Chem. Phys1987, 86, 1072.
Chem 1996 100, 16098. (24) Peez, P.; Sima-Manso, Y.; Aizman, A.; Fuentealba, P.; Contreras,

(18) Lipinski, J.; Komorowski, LChem. Phys. Lettl996 262 449. R.J. Am. Chem. So00Q 122, 4756.
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Table 2. Changes in Electronic Chemical Potential, Chemical
Hardness, Electrophilicity, and Solvation Energy for a Series of 14 (a) Neutral Electrophilic
Electrophilic Ligand3 1 Ligands —
Au (V) An(eV) Aw(l—e)(eV) AEsw(eV) 0 | .
Li* 1749  —21.46 —6.273 —6.771 -1 LiCH,
1755 —21.50 —6.272 —6.820 S
Na* 11.34  —12.77 —4.419 -4.971 92, -2
11.46  —12.78 —4.431 —5.093 —~ ]
CHg* 7.50 -7.91 —3.295 —3.560 4 -3
7.59 -8.01 —3.477 —3.599 1
NO, 6.76 —6.77 —3.344 —3.435 T 4
735  —7.79 ~3.259 —3.556 & R =09918
LiCHs 2.00 —-3.53 —0.559 —1.654 -5 Sb =0.2639
2.07 —-3.42 —0.589 —1.779 ] N =18
HF 1.12 —-7.28 0.097 —-0.231 61 P <0.0001
1.05 —7.06 0.028 —0.261 , slope = 0.96843
HCI 0.65 —5.68 0.235 —0.095 T A A R A S
0.66 ~5.70 0.110 —0.100 7 6 5 4 3 2 1 0
H:SOy 063  —4.29 0.154 ~0.498 AE,,, [eV]
1.13 -4.99 —0.096 —-0.628
BHs 0.57 -5.80 0.672 —-0.042
0.58 -5.81 0.467 —0.051 —
BF; 0.46 —5.58 0.203 ~0.115 14 (b) Neutral Electrophilic
0.52 —5.60 0.116 —0.186 l Ligand
AICl3 0.61 —-3.99 0.288 —-0.193 0
0.72 —-3.96 0.104 —0.304 ]
PCk 051  —4.23 0.455 ~0.056 S ]
0.59 -4.41 0.210 —0.069 D .
PR 0.71 —5.45 0.211 —0.108 =
0.89 -5.78 0.037 —-0.138 w ]
CHCI 0.46 -4.81 0.173 —0.079 1
0.50 -4.80 0.043 —0.093 = 4.
CHsCH,CI 0.40 —4.48 0.161 —0.079 -2 R =0.9925
0.44 -455 0.040 —0.093 Q] SD = 0.2604
HCOH 0.36 —5.87 0.480 —-0.131 N =18
0.33 -5.88 0.285 —-0.184 5. P <0.0001
CHsCOCH; 0.19 -4.63 0.320 —0.161 slope = 1.00765
0.13 —4.76 0.177 —-0.203 7 .
SO 0.48 -5.20 0.695 —0.230 7 & 5 4 3 2 4 0
0.56 -5.20 0.325 —-0.363

AEsolv [eV]

Figure 1. Linear relationship between electrophilicity changes and
solvation energy for a series of electrophilic ligands at (a) HF/6-311G**
and (b) B3LYP/6-311G** levels of theoryR is the regression
coefficient, SD is the standard deviatidd,is the number of points,
and P is the probability that the observed relationship between the
ariables was randomly obtained.

aFirst entry: B3LYP/6-311G** calculations. Second entry: HF/6-
311G** calculations.

the charged Lfi, Na", CHz™, and NQ™, as well as the ionic
LiCH3 electrophilic ligands, diminish their electrophilic power
with respect to the one displayed in the gas phase. This resultv
may be traced to the opposite variation pattern displayed by
the quantitieg: andn from the gas to solution phase quoted in
Table 2: while the hardness diminishes upon solvation, sug- enhancement in thaw(1—¢) quantity for these species. In
gesting that the charged and ionic electrophiles will display a summary, while the strong solvation effect together with a
lower resistance to exchange electrons with the environment, significant increase in electronic chemical potential lower the
the electronic chemical potential of these species display the electrophilicity power in charged and ionic electrophiles, the
opposite behavior against the charge transfer capability, so thatenhancement in electrophilicity power in neutral ligands appears
the lowering in the electrophilicity power appears to be mostly to be controlled by changes in chemical hardness and the
controlled by the variations in electronic chemical potential. solvation energy, with a marginal contribution from the
Within our model condensed in eq 3, the first term contributes electronic chemical potential of solvation. Within the crude Born
a quantity 2AEsqy to the lowering in the electrophilicity power  model of solvation adopted here and condensed in eq 15, the
Aw(1—¢) induced by solvation. Therefore, strong solvation and chemical hardness variation upon solvation is predicted to be
the increasing variation pattern of the electronic chemical negative and independent of the polarization charge distribution.
potential of the charged and ionic species seem to account for The linear relationship between the variation of electrophilic
the observed lowering of the electrophilicity power upon power and solvation energies predicted from our model eq 9
solvation in charged and ionic electrophiles. was tested for the whole series of electrophilic ligands consid-
For the series of neutral and more covalent electrophiles, ered in the present study. Actual values of the changes in
however, the changes inupon solvation are markedly lower electrophilicity power evaluated asw(1—¢) = w(e) — w(1)
than the corresponding hardness variations, in agreement withwere plotted against the corresponding solvation energy, evalu-
Pearson’s results. Therefore, the enhancement in electrophi- ated within the SCI-PCM model of solvation. The results are
licity power observed in the neutral ligands almost results form depicted in Figure 1, parts a and b, which correspond to HF/
the decrease in the resistance to exchange electrons with thé-311G** and B3LYP/6-311G** calculations, respectively.
environment on one hand\f < 0), and also from the moderate  Both quantities show a high linear correlation which seems to
stabilizing solvation effect AEsoy < 0), yielding a slight be independent of the computational scheme used.
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While the variations in the electronic chemical potential upon the charge deserves further study beyond the rather crude Born-
solvation appear to be dependent on the polarization chargedike model adopted here and represented in eq 15.
induced in the environment within the reaction field approach,

there remains the problem of rigorously establishing the  Acknowledgment. This work have received financial sup-
expected variation pattern of thequantity for a system coupled  yort from Fondecyt, contracts 1000816 and 3990033, and from
to an external electric field. The charge dependence of the 53 presidential Chair awarded to A.T.L..

electronic chemical potential is consistent with the Politzer
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