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Abstract: Free-energy profiles have been computed for the separation of ters-butyl cation and chloride ion in dilute aqueous
solution at 25 °C and 1 atm. The theoretical approach features both extensive Monte Carlo simulations using statistical perturbation
theory and integral equation calculations using extended RISM methodology. The necessary carbenium ion-water potential
functions were obtained from ab initio molecular orbital calculations with the 6-31G(d) basis set, while previously reported
potential functions were adopted for the other interactions. The Monte Carlo simulations predict the occurrence of a contact
ion pair at a C-Cl distance of 2.9 A and the onset of the solvent-separated ion-pair regime near 5.5 A; however, solvent-separated
ion pairs and “free” ions are not found to be energetically distinct species. There is a barrier of 2 kcal/mol between the contact
and solvent-separated ion pairs. The latter is found to be 4 kcal/mol lower in free energy and ca. 2 kcal/mol below the infinitely
separated ions. The extended RISM result for the free-energy profile is similar in shape, but the features have much smaller
amplitude. Detailed structural characterization of the changes in hydration as a function of interionic distance has also been
obtained; the insertion of a water molecule between the ions occurs between 5.0 and 5.5 A.

The ion pair mechanism in eq 1 was developed by Winstein
and co-workers to account for the kinetics and stereochemistry

R-X = R*X" = R*//X" = R* + X" 1)

of solvolysis reactions.»? In this scheme, R*X", R*//X", and
R* + X" represent contact ion pairs, solvent-separated ion pairs,
and the free ions which can all lead to products. Nevertheless,
despite the extensive research on solvolysis and substitution re-
actions,?-3 relatively little is known about the details of the as-
sociated free energy surfaces in solution. In view of this and the
general interest in aqueous ionic solutions,%’ we set out to calculate
the energy profile for the ion pair region in the hydrolysis of
2-chloro-2-methylpropane (#-BuCl) using new theoretical methods
that can provide results of acceptable precision.

An energy profile similar to the one in Figure | has previously
been suggested by Abraham for solvolysis of this parent tertiary
halide.® However, about all that is well-established in water is
AG* = 19.5 kecal/mol® and the transition state is structurally close
to the contact ion pair with ca. 80% charge separation.? In another
paper, Abraham provided a thermodynamic analysis that placed
t-Bu*Cl™ and the fully separated ions at about the same free
energy, 14.5 kcal/mol above the reactant.!® This implies a AG*
of ca. 5 kecal/mol for collapse of the contact ion pair back to
reactants, though the uncertainties in Abraham'’s analysis are at
least £5 kcal/mol. Few closely related data are available except
some dynamic NMR results for collapse of trityl and tropylium
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chloride ion pairs.!! In both the NMR work and Abraham’s
analysis, solvent-separated ion pairs are not included as distinct
entities.

Some additional background information is also worth noting.
In 1940, Ingold and co-workers reported their findings on salt
effects for the hydrolysis of z-BuBr.!? They observed the normal
salt effect with increasing ionic strength of the medium; however,
common ion rate depression was only found for more stable
carbenium ions. Consistently, solvolysis of z-BuCl in aqueous
methanol with added Na%Cl revealed only slight chloride ex-
change.!® Thus, the lifetime for r-Bu™ in aqueous media is short
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Figure 1. Schematic drawing of a possible reaction profile for the sol-
volysis of (CH3);CCl in water.

or there is a substantial barrier to recombination of the ions.
Though the kinetics are unimolecular, the stereochemistry of
solvolyses of tertiary alkyl halides in protic solvents also typically
shows 20-35% net inversion of configuration.®'* Consequently,
significant solvent capture appears to occur at the contact ion pair
stage and free tertiary alkyl cations are probably not important
reaction intermediates.!?

Clearly, detailed knowledge of the energy profile for hydrolysis
of t-BuCl could help elucidate some of these issues and provide
information on whether all of the species in the ion pair region
for eq | appear as distinct energy minima and on their relative
energies and intervening barriers. In the present study, attention
has been confined to the ion pair region. Computation of the
energy profile for the first step in eq 1 would require charac-
terization of the effects of hydration on gas-phase energy surfaces
for both the ground state (#-BuCl — ¢-Bu® + CI*) and an excited
state (.-BuCl = ¢-Bu* + Cl°).!¢ The requisite ab initio quantum
mechanical calculations for the energy surfaces and potential
function development are beyond the limits of our current com-
putational resources.

In the following, the methodology for the computations is first
summarized. The results for the free-energy profiles are then
presented, followed by the structural findings on the variation in
hydration as a function of interionic distance.

Computational Procedure

Two approaches have been taken to computing the free-energy
profile for the #~-BuCl ion pairs: Monte Carlo (MC) simulations
in the context of statistical perturbation theory and integral
equation methods using extended RISM theory. Closely related
calculations have previously been used to study Sy2'7"% and
addition?! reactions in solution and alkali halide ion pairs.”?? In
each case, a one-dimensional reaction coordinate has been defined
and the free-energy variation or “potential of mean force” (pmf)
has been determined along that path. The Monte Carlo calcu-
lations are typically performed for a system consisting of the
reacting solutes plus ca. 250 solvent molecules in a periodic cell.
For both types of calculations, it is first necessary to establish the
solvent-solvent and solute-solvent potential functions that describe
the interactions between the components in the system. For the
present case, the missing element was a potential function for the
t-Bu*--H,O interactions. This was obtained from ab initio cal-
culations as summarized in the next section. Details on the two
types of statistical mechanical calculations are then provided.

Potential Functions. In the present calculations for the ion pair
region in the hydrolysis of #-BuCl, it has been assumed that
complete ionization has occurred, i.e., +-Bu* and Cl- have unit
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Figure 2. Computed geometries for (CH;);C* in Cy;, and C,, symmetries
and for (CH,);COH,* in C, symmetry. Optimized with the 6-31G(d)
basis set; the total energies in au are —156.44241, -156.44071, and
—232.47816, respectively. Full Z matrices are available upon request.

charges at all separations. This seems reasonable in view of the
variety of experimental measurements that indicate there is ca.
80% charge separation at the transition state for the Sy1 reaction
of t+-BuCl. These studies have been summarized by Abraham and
include correlations between free energies of transfer for the Sy1
transition state and (CH,),N* + CI-# Thus, the charge separation
for the contact ion pair should be essentially complete since it is
farther along the reaction coordinate. This assumption simplifies
the potential functions since the charge distributions and Len-
nard—Jones parameters for the ions can then be taken as invariant.
Invariant parameters have been used in the earlier extended RISM
calculations for alkali halide ion pairs’ and for the computation
of a pmf for Na*Cl- in TIPS2 water by Berkowitz et al.?> The
latter study employed molecular dynamics (MD) with importance
sampling and is the only prior MC or MD determination of a pmf
for an ion pair in water. Also, as in these earlier investigations,
two-body potential functions have been used so polarization effects
have not been explicitly included. This is obviously a significant
approximation for any ionic solution, so the results must all be
taken as quantitatively preliminary. However, this simplification
should be less severe for larger, more charge delocalized ions as
in the present case than for the smaller, charge localized alkali
cations and F~.

The potential functions that are then needed for the present
calculations are for the -Bu*--H,0, Cl"--H,0, and H,0--H,0
interactions. The t-Bu*.-Cl interaction is determined from the
parameters developed independently for #-Bu* and CI". As usual,
the interactions are described in a Coulomb plus Lennard—Jones
format (eq 2) where the sums are over interaction sites located

onaonb

AE,, = Z Zj: (thj'ez/"ij + Aij/rijlz - U/rijé) (2)

on the ions or water molecules. For the Monte Carlo calculations,
the TIP4P model has been used for water?® along with previously
reported parameters for ClI™ that have been tested in MC simu-
lations for CI~ in TIP4P water.2* The parameters for -Bu™ were
then determined from ab initio SCF calculations on #-Bu*--H,0
complexes with the GAUSSIAN/32 program on a Gould 32/8750
computer.?*> The 6-31G(d) basis set was adopted and is of
double-¢ quality with d-type polarization functions on all atoms
except hydrogen.26
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Figure 3. (CH,),C*--OH, interaction energies as a function of C.--O
distance computed with the 6-31G(d) basis set and the potential func-
tions. The oxygen is on the C; axis of the cation.

Full geometry optimizations were first carried out for z-Bu™
in Cy; and C,, symmetries and for protonated 2-methyl-2-propanol
(+-BuOH,*) in C, symmetry (Figure 2). The Cjy;, form of the
ion was found to be 1.06 kcal/mol lower in energy than the Cs,
alternative which is consistent with prior results with smaller basis
sets.?” The energy change for the reaction t-Bu*(C;;) + H,0
~> t-BuOH,* was then computed to be —15.7 kcal/mol. In order
to compare this with Kebarle’s experimental AH for the reaction,?
vibrational frequencies for the reactants and products were ob-
tained with the more economical 3-21G basis set which is well-
suited for this purpose.?? The zero-point energy change, AE,°,
is +3.6 kcal/mol and the C, form of +-BuOH,* was shown to be
a true energy minimum (no imaginary frequencies) at the 3-21G
level. The thermal correction, A(AE,?%), is +1.3 kcal /mol, and
the changes in rotational and translational energy and PAV
amount to ~4RT. Combination yields a computed AH of -13.2
kcal/mol. The similarity to Kebarle’s value of —11.2 kcal/mol
was taken to be adequate enough to support use of the 6-31G(d)
basis set in this context.

For the -Bu*-+H,O potential functions to be obtained, a series
of 6-31G(d) calculations were subsequently carried out as a
function of C-O distance with the oxygen on the C; axis of the
C,, ion (1). The monomer geometries were held fixed; the 6-

CH3 /H H
gt S LB
‘\ / s
/ "CHa CHa \H T
CHg H
) 2

31G(d) optimized structure was used for the ion and the exper-
imental geometry was adopted for water (#(OH) = 0.9572 A,
/HOH = 104.52°)% since this is also assumed in the TIP4P model.
The flap angle between the C-O vector and the bisector of the
HOH angle was optimized for each CO distance. The resultant
interaction energy curve is given by the triangles in Figure 3. The
minimum occurs at /(CO) = 2.45 A with AE = -15.5 kcal/mol.
Thus, the interaction energy is hardly changed from the fully
optimized value for 1-BuOH,*; however, the optimal #(CO) is
shifted out by 0.8 A when the carbon framework of #-Bu* is forced
to be planar. The energy surface is clearly relatively flat with
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Table I. Parameters for the Potential Functions

A. Monte Carlo Simulations®

site q, € o, A ¢, kcal/mol

(6] 0.0 3.15358 0.15504

H 0.52 0.0 0.0

Mm? —-1.04 0.0 0.0

Cl -1.00 4.417 0.118

C 0.40 2.250 0.050

CH, 0.20 3.000 0.100

B. RISM Calculations®

site, j Ag; X 1074 Co; X 1072 Ay; X 1072
(6] 69.24 6.255 2.252
C 1.919 0.3868 0.0
CH, 15.25 1.297 0.0
Cl 223.9 13.92 39.73

°In eq 2, Ay = 402, Cy = deof, Ay = (4,4,)"%, and C; =
(CiCy)'/2. *M is a point on the bisector of the HOH angle, located
0.15 A from oxygen toward the hydrogens. A, in keal-A!'2/mol, Cg; in
kcal-A%/mol.
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Figure 4. (CH,),C*-.OH, interaction energy as a function of the angle

# computed with the potential functions. C---O distance and the flap

angle were optimized for each value of 6.

respect to coupled variations in »(CO) and the degree of pyram-
idalization. A second geometry was also considered in which the
water molecule approaches a methyl group along a C—C bond (2).
In this case, the optimal #(CO) is 3.01 A with AE = -8.0 keal/mol.

A simple model was adopted for -Bu* with interaction sites
centered on the four carbon atoms, i.e., the methyl groups are
treated as united atoms as in the OPLS model for organic liquids
and proteins.! The ion is planar with (CC) = 1.475 A. Since
the TIP4P model is assumed for water, only one charge variable
and the Lennard—Jones parameters for C and CHj, can be op-
timized to fit the ab initio results. In fact, only the charge and
the Lennard—Jones ¢’s were varied since the ¢’s were assigned from
experience with other systems?' and are not very important in the
face of the dominant Coulombic interactions.

The final choice of parameters is summarized in Table I. The
positive charge is distributed +0.40e on the central carbon and
+0.20e on each methyl group. This may be compared with
populations of +0.289¢ and +0.237e, respectively, from Mulliken
analysis of the 6-31G(d) wave function for the C,, ion. The
resultant interaction energy curve for 1 is compared with the ab
initio findings in Figure 3. The accord is good, though the repulsive
wall rises too steeply which appears to be a general problem with
12-6 potentials in comparison to better ab initio calculations. The
minimum from the potential function occurs at #(CO) = 2.47 A
with AE = -16.4 kcal/mol. The potential function and ab initio
calculations also concur that the flap angle is essentially 180° for
all C-O distances beyond 2.25 A. In addition, the results for the
second approach (2) compare well; the potential functions predict
a minimum at #(CO) = 2.81 A with AE = -8.14 kcal/mol.

The potential functions have also been used to calculate the
interaction energy as a function of the CCO angle (Figure 4). For
each value of 8, #(CO) and the flap angle were optimized. The
distinct well found here centered at 8 = 90° naturally results from
the molecular structure of the cation. This contrasts the situation

(31) Jorgensen, W. L,; Tirado-Rives, J. J. Am. Chem. Soc., in press, and
references therein,
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for spherical ions, such as the alkali cations, which have by sym-
metry perfectly flat corresponding profiles. The range of optimal
geometries for #-Bu*--H,O interactions is clearly more restricted
than that for the alkali ions.

Monte Carlo Simulations. The MC calculations were executed
for the ion pair plus 250 TIP4P water molecules in the NPT
ensemble at 25 °C and | atm. Standard procedures were em-
ployed as in earlier studies, including Metropolis and preferential
sampling and periodic boundary conditions.!?-1%2! The periodic
cell had dimensions that averaged ca. 17 X 17 X 26 A. The pmf
was determined as a function of the central carbon—chlorine
distance (».) with the chloride ion maintained on the C; axis of
the cation. The central carbon—chlorine vector was also kept
parallel to the long axis of the periodic cell, though translations
of the solutes were performed in tandem and the methyl groups
were allowed to rotate about the C; axis.

The water-water and ion—water interactions were truncated
with use of a procedure similar to Andersen’s.’? Specifically, the
unscaled interaction energy, AE,,, was multiplied by the scaling
function given in eq 3. Thus, the interactions are feathered over

S(rox?) =1, rox: < r?

S(rox®) = (r? = rox?)/(r? = r), 2 <ro® <ri - (3)

S(rox?) =0, rox* = r?

a region between r; and ry. This quadratic switching function
is computationally efficient in MC calculations where continuous
derivatives are not essential. For the present computations, r
and ry were chosen to be 7.5 and 8.0 A. Furthermore, the atoms
of the ions were treated independently, so rgx for the water—
chloride interactions was #(OCl), and for the t-Bu™, the four C-O
distances were each considered; the interaction between a water
molecule and the central carbon or a methyl group was evaluated,
if (CO) was less than ry. For the water—water interactions, the
entire interaction was included if #(OO) was less than r;. This
truncation scheme worked well with the perturbation calculations,
though some alternatives such as simple, spherical truncation
showed instability including occasional sudden jumps in the free
energy changes.

The pmf was determined by using statistical perturbation
theory3? which has only recently been applied to a variety of other
problems involving aqueous solutions including computation of
the difference in free energies of hydration for ethane and
methanol,3 the effect of hydration on the structure of an Sy2
transition state,'” and the relative free energies of binding of CI-
and Br™ to an ionophore®® and of benzamidine inhibitors to
trypsin.¢ In all cases, the agreement with experimental data has
been excellent and the precision of the method is impressive.

The approach follows from eq 4 which expresses the free-energy
difference between systems 0 and | by an average of a function

AG = G - Gy = —kgT In {exp[-(H, - Hp) /ksT])o (4)

of their enthalpy difference. The average is for sampling based
on system 0, so system | is treated as a perturbation. Clearly,
some care must be exercised to avoid overly large perturbations
so the change may have to be broken into a series of small in-
crements. In the present case, the theory has been used by se-
quentially perturbing along the reaction coordinate in steps of
0.125 or 0.25 A. Double-wide sampling was used so 0.25 or 0.50
A could be covered in one MC simulation.3* For a perturbation
of x A, both ions were moved x/2 A.

In all, 15 simulations were carried out to cover C—Cl distances
between 2.5 and 8.0 A. Each run consisted of an equilibration
phase for at least 5 X 10° configurations, followed by averaging
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over an additional 1.5 X 106 or 2.0 X 10 configurations. New
configurations were generated by randomly translating and ro-
tating a randomly chosen water molecule or the ion pair. Ranges
for the motions were selected to yield an acceptance ratio of ca.
0.4 for new configurations. The statistics for the ion pair were
enhanced by attempting to move it every 60 configurations and
by preferential sampling for the nearby water molecules with a
standard algorithm.?* Attempts to change the volume of the
system were made every 1500 configurations.

H, - H,in eq 4 was evaluated as just the difference in the ion
pair-water interaction energies and gives the difference in free
energies of hydration, AG*.3* Convergence of this quantity is
generally facile, as illustrated below, and is helped by the pref-
erential sampling. It is also reasonable that this difference should
be relatively less sensitive to the cutoff distance for the interactions
than the individual terms. Limited testing was performed on this
point, as mentioned below, and supports the proposal, though more
systematic study is warranted. The total free-energy change, AG*,
is then given by the sum of AG* and the difference in interionic
energies for the perturbation. The latter quantity was constant
for a given perturbation since the chloride ion was kept on the
C; axis of the cation.

The 15 MC simulations were executed on a Gould 32/8750.
The BOsS program developed at Purdue was used and carefully
optimized for these calculations; 1 X 10° configurations could be
run in 96.5 min, so a total of 23 days of CPU time were required,
or the equivalent of 3-4 months on a VAX 11/780. In contrast,
the extended RISM calculations described next could be run in
a few hours on a VAX.

Extended RISM Calculations. The potential of mean force was
also obtained by solving the extended RISM integral equation”"
in much the same way as was done for an SN2 reaction in earlier
work.?% Details of the integral equation formulation are not
presented here, as they have been fully provided elsewhere.’7-#
The integral equation approach yields a set of approximate so-
lute-solvent atom—atom radial correlation functions as the nu-
merical solution to a set of coupled integral equations. The
approximation made is embodied in the precise form of these
equations. A number of earlier studies of a variety of aqueous
systems have shown that the approach provides reliable qualitative
predictions,’,20:38.39

For the technique to be applied in the present context, the five
atomic-like sites in the z-Bu™--Cl" ion pair were treated as a single
molecular unit,? so that the relative geometry of approach of the
chloride ion along the C; axis of t-Bu* can be fixed. The desired
potential of mean force is then simply obtained from the excess
chemical potential of this five-site solute in aqueous solution. The
chemical potential was evaluated as a function of the
“intramolecular” separation between the central carbon atom and
the chloride ion, and the value at infinite separation was subtracted.
The free energy computed directly in this way is that for the single
ion pair at infinite dilution in an infinite amount of solvent; i.e.,
the calculation corresponds to constant solvent activity (equal to
that of the bulk solvent). Thus, although the integral equations
provide only approximate results, it is worth noting that, in contrast
to simulation, no truncation of interaction potentials is used in
the calculations.

The chemical potential was computed via the method reported
by Singer and Chandler which directly utilizes the computed
extended RISM solute—solvent correlation functions.® The
technical implementation of the numerical solution of the integral
equation and of the chemical potential calculation is identical with
that described previously.

One important result of the approximate nature of these cal-
culations is the well-understood fact that the longest ranged part
of the ion—ion potential of mean force in a polar solvent has the

(37) Hirata, F.; Rossky, P. J.; Pettitt, B. M. J. Chem. Phys. 1983, 78, 4133
and references therein.
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Rossky, P. J. J. Chem. Phys. 1982, 77, 509.
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correct Coulombic functional behavior but with an obviously
incorrect dielectric constant.”’ Nevertheless, this longest ranged
Coulombic term can be analytically identified and separated from
the remaining part of the calculation.”?” Hence, only the cor-
rection to a dielectric continuum theory is required of the theory.
The dielectric result can be separately evaluated by using the
solvent dielectric constant; both the experimental value and that
for the TIP4P model are now available.2%

The interaction potentials used in the extended RISM calcu-
lation differ somewhat from those simulated. Solvent models
including a minimum of interaction sites are computationally much
simpler. Furthermore, for water models including an auxiliary
site (not associated with a nuclear position) at a position very close
to the oxygen (0.15 A in TIP4P), we have found that the integral
equation approach is less accurate, at least for the pure solvent.
Therefore, the RISM calculations were carried out with use of
the three-site SPC model of water (each site coinciding with an
atom).*! The model is characterized by an idealized molecular
geometry (1 A bond lengths and tetrahedral HOH angle), oxygen
6—12 parameters Agg and Cpq (see Table IB), and charges g
= -2qy = —0.82e. These charges are used in combination with
those in Table I.

If the full set of SPC water parameters is used directly to
evaluate the ion-water potential functions according to the same
combining rules as used with TIP4P (see Table I), an interaction
results which is qualitatively, but not quantitatively, close to that
used in the simulations. In order to make the comparisons here
as meaningful as possible, we have treated the parameters of the
short ranged ion—water potentials as adjustable in order to min-
imize the deviation between models. The minimization considers
the energy difference between models for optimal solvent approach
geometries over an ion—oxygen separation range of about 0.5 A
around the minimum. The resulting potential corresponds very
closely to that used in the simulation, including agreement for
the location and depth of the ion—solvent minima. The short-
ranged (6-12) parameters derived from the minimization pro-
cedure, and used in the integral equation calculations, are listed
in Table IB.

One further feature of these potentials should be noted. In most
published water models, including SPC and TIP4P, no short-
ranged interaction is associated with the solvent hydrogen position.
A Coulomb singularity then exists when the solvent H coincides
with either the solvent O of another molecule or, in the present
case, the chloride ion. The removal of the singularity is not
required in practice in simulation, since the simulations do not
discover this region of configuration space. However, for the
basically analytical integral equation theory such a singularity
is not permitted. Therefore, an additional repulsive term of the
form AH/r“2 is included in the potential acting between the solvent
hydrogen site and each oppositely charged interaction site j (i.e.,
water O and CI7). The values of 4 used are not of critical im-
portance as long as the value is not either extremely small or larger
than physically reasonable. The present work uses 4yg as in
earlier work on pure water® and on conformational equilibria in
water®® and a value for Ay, as in earlier work®® adjusted to the
present Cl (see Table I). These values are notably small, and
unobtrusive, compared to those characterizing other atomic pairs;
the core terms remain less than the typical thermal energy RT
until the hydrogen approaches a negatively charged site within
about 2.0 A or less, closer than the expected physical “contact”
distance. At the potential minimum for Cl"--H,0, the H-CI core
repulsion amounts to about 0.3 kcal/mol.

Results and Discussion

Potentials of Mean Force. The computed potentials of mean
force are displayed in Figure 5, and the numerical data from the
Monte Carlo simulations are in Table II. The figure includes
the Monte Carlo and extended RISM results (using a dielectric
constant of 78.36) as well as the “primitive model” prediction,

(41) Berendsen, H. J. C.; Postma, J. P. M.; von Gunsteren, W. F. In
Intermolecular Forces, Pullman, B., Ed.; Reidel: Dordrecht, Holland, 1981;
p 331.
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Figure 5. Calculated potentials of mean force for the dissociation of the
(CH,),C*CI" ion pair in water.

Table II. Results for the Potential of Mean Force from the Monte
Carlo Simulations®

r(C-Cl) AG™

7 r, d—j j—i AAGS(r) AE®(r) AG®(r)
2500 2.750 532 7316 -6227  10.89
2.750 2.875 239 67.84 -65.16  2.68
2.875 3.000 -2.38 65.45 -63.57 1.88
3.000 3.125 252 63.07 -61.17 1.90
3125 3250 -2.54 60.55 -58.38 217
3.250 3375 257 58,01 -55.44 257
3375 3.500 -2.57 55.44 -52.49 295
3.500 3.625 248 5287 -49.60  3.27
3.625 3750 -2.56 50.39 -46.82  3.58
3.750 3.875 234 47.83 -44.15  3.69
3.875 4.000 -2.27 45.49 -41.61 3.89
4.000 4.125 229 4322 -39.20 4.03
4125 4250 -2.43 40.93 -36.91 4.03
4250 4500 -4.23 38.50 -3474 377
4500 4.750 4.83  34.27 -30.73 3.55
4750 5.000 -4.29 29.44 -27.11 2.34
5000 5.250 457 2515 -23.83 133
5250 5500 -3.60 20.58 -2085  -0.26
5500 5.750 347 1698 -18.13  -1.14
5750 6.000 -1.96 13.51 -1563  -2.12
6.000 6250 217 1155 -1334  -1.78
6.250 6500 -1.79 9.38 -11.22 -1.83
6500 6.750 147 7.59 -926  -1.66
6.750 7.000 ~-1.45 6.12 -7.44  -131
7.000 7.250 184 467 -5.74  -1.07
7.250 7.500 -0.89 2.83 -416  -1.33
7.500 7.750 119 1.94 -2.69 =074
7750 8.000 -1.29 0.75 -130  -0.55
8.000 (-0.54)  (0.0)  -0.54

4Distances in A; energies in kcal/mol. AE®S, the gas-phase energy
difference, is relative to #(C-Cl) = 8.0 A. The cumulative difference
in free energy of hydration, AAG®9, is anchored to the primitive model
result at 8.0 A.

which is obtained from the bare potential simply by dividing the
interionic Coulombic interaction by the experimental dielectric
constant.*> The relative free energies obtained from the MC
calculations have also been anchored to the primitive model result
at 8.0 A. Table II contains the incremental changes in the free
energy of hydration, their total, the relative interaction energy
for the ion pair in the absence of solvent, and the tabulated pmf.
The statistical uncertainties in the Monte Carlo results are difficult
to establish unequivocally. The fluctuations (£1¢) in the incre-
mental free energy changes averaged £0.13 kcal/mol as obtained
from separate averages over batches of 1 X 10° configurations.
Since these uncertainties are cumulative, this implies a net un-
certainty of ca. 0.4 kcal/mol at the ends of the pmf if one starts

(42) Vidulich, G. A; Evans, D. F,; Kay, R. L. J. Phys. Chem. 1967, 71,
656.
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Figure 6. Comparison of the potentials of mean force obtained from the
Monte Carlo simulations after 1 X 10° configurations of averaging and
after (1.5-2) X 10° configurations of averaging.

in the middle. The calculations do seem well-behaved, and, as
mentioned above, the free-energy changes readily converge. This
is illustrated in Figure 6 which compares the pmf obtained after
averaging for 1 X 10° configurations in each run vs. the results
after the calculations have been extended a further 50 to 100%.
The quantitative differences are slight.

The Monte Carlo results show a well-defined minimum for a
contact ion pair at a C—Cl distance of ca. 2.9 A, The minimum
for the solvent-separated form occurs at 5.75 A; however, it is
broad and the free energy appears to be just rising gradually
beyond 5.75 A. This means that “free ions” and the solvent-
separated ion pair are probably not energetically distinct, separate
entities. Extension of the simulations to r(C-Cl) = 10 A would
help clarify this point, though edge effects might start to interfere
unless a larger periodic cell was used. In any event, the clear-cut
finding of at least two distinct species in the ion-pair region is
striking, and the importance of the solvent structure is obvious
in comparison to the primitive model of a simple dielectric medium.

Quantitatively, the MC simulations predict a 2.1-kcal/mol
barrier for conversion of the contact to the solvent-separated ion
pair. The minimum for the latter is 4 kcal/mol lower in free
energy and ca. 2 kcal/mol below the infinitely separated ions.
Qualitatively, the results are reasonable and are not inconsistent
with any of the experimental observations reviewed in the intro-
duction. Abraham’s conjecture!® that the contact ion pair and
free ions would be at about the same free energy may be compared
with the computed difference of 2 kcal/mol. However, the ap-
proximations in the calculations do not guarantee that the relative
energetic order for the contact and solvent-separated minima is
correct. In fact, the extended RISM results for alkali halides in
water indicate that the contact ion pair becomes relatively more
favorable in progressing from Li* to K*.” Though the preference
for -Bu*Cl" seems to run againt this trend, it can be rationalized
since 7-Bu™ is significantly larger and more effective at shielding
the anion than the alkali cations. Furthermore, the restricted
angular preferences for the z-Bu*---H,O interactions (Figure 4)
may particularly disfavor the contact ion pair. As discussed in
the following sections, the insertion of a water molecule into the
favorable bonding position between the ions with 8 near 90°
(Figure 4) occurs between 5.00 and 5.75 A and clearly helps
stabilize the solvent-separated ion pair.

Some additional insight into the reliability of the calculations
can be obtained by computing the heat of hydration for the ion
pair. At separations between 6 and 8 A, the sum of the sol-
vent—solvent and solute—solvent energies was fairly constant at
-2650 = 10 kcal/mol. The total energy for 250 TIP4P water
molecules can be estimated as —2515 % 10 kcal/mol under the
present conditions based on earlier work.2®® Combination after
a small PV correction®? yields a heat of solution from the gas phase

(43) Jorgensen, W. L.; Gao, J. J. Phys. Chem. 1986, 90, 2174.

Jorgensen et al.

of =136 % 14 kcal/mol for the ion pair at separations of 6-8 A.
From experimental data, single ion heats of hydration have been
estimated for Cl" and #-Bu™ as —82 and -56.5 kcal/mol with
uncertainties of 5-10 kcal/mol.'%* The total of -138.5 = ca.
10 is similar to the computed value, though the latter can be
expected to become more exothermic if the cutoff distance for
the potential functions is increased?* and as the interionic sepa-
ration gets larger. For the present purposes, it is sufficient to note
that the thermodynamics of hydration for the ion pair are not
grossly in error.

The extended RISM results also find free energy minima for
contact and solvent-separated ion pairs near 3.0 and 5.0 A.
However, the minima are now shallow and overall the pmf is much
flatter than the Monte Carlo result. The same pattern was found
previously in comparing the extended RISM and MD results for
the pmf for Na*Cl- in water.”?? The source of the discrepancies
is not known with certainty at this time. The application of integral
equation theories to such complex systems is still in the formative
stage and the approximate nature of the methodology should be
kept in mind. For example, there are some structural inconsis-
tencies in the extended RISM description of halide ion hydration
that have been considered previously.” Several other possible
origins for the quantitative discrepancies can also be mentioned.
(1) The potential functions for the simulations and extended RISM
calculations are not identical; however, the differences are quite
small and it seems unlikely that they would produce the same
qualitative pattern in two independent cases. (2) The experimental
dielectric constant is used to rescale the Coulombic interactions
in the extended RISM calculations, while the dielectic constant
for TIP4P water has recently been computed to be 53.2% To test
this effect the extended RISM results were rescaled with the lower
dielectric constant; the modification to the curve in Figure 4 is
qualitatively insignificant. The curve is just shifted down by an
amount that decreases from 0.8 kcal/mol at 3.0 A to 0.2 kcal /mol
at 10 A, (3) The effects of the finite system sizes and interaction
cutoff procedures on the MC and MD results have not been
established. In the present case, only a limited test was performed
by increasing i and r; by 0.5 A to 8.0 and 8.5 A for r, = 5.25
+ 0.25 A. Further increases are not possible without going to
a larger periodic cell. This small change in cutoff distances did
not produce statistically significant variations in the computed
free energy changes. However, as mentioned above, sensitivity
to the cutoff procedure was noted such that feathering the in-
teractions produced greater stability in the perturbation calcu-
lations. In preliminary work, we also found that treatment of the
solute atoms as independent particles seemed to be the most
physically reasonable. With far larger system sizes and cutoff
distances, it would probably matter little for the computation of
the free-energy differences if, for example, a water molecule 20
A away interacts with just a methyl group or with the methyl
group and the remainder of the ¢-Bu™ that might be a little more
distant.

In closing this section, some other important technical points
should be noted in view of the novelty of the perturbation cal-
culations. It was found that the maximum free energy change
that could be computed with acceptable precision in one step was
not more than 5 kcal/mol. For example, when the perturbation
from r, = 3.75 to 3.50 A was performed in one step, AG* = 5.54
% 0.19 kcal/mol. Whereas, when the interval was divided in half
and two perturbations were performed, the total AG*1 = 5.04 £
0.16 kcal/mol. On the other hand, for r, = 4.25 to 4.00 A, the
one- and two-step results were 4.59 £ 0.15 and 4.72 % 0.16
kcal/mol. Another concern was that the simple act of moving
the ions could provide artifactual contributions to AG*. This was
tested in one simulation by translating the ion pair as a unit by
+0.125 along the long axis of the periodic cell rather than per-
turbing the ions in and out. After 5 X 10° configurations of
averaging, the free-energy changes were both within 0.04 kcal/mol
of 0.0. Finally, the compensation in the interionic and hydration

(44) Bockris, J. O'M.; Reddy, A. K. N. Modern Electrochemistry; Plenum:
New York, NY, 1970; Vol. 1, Chapter 2.
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Figure 7. Central carbon-water oxygen radial distribution functions
computed in the Monte Carlo simulations. Successive curves offset 1 unit
on the y axis.
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Figure 8. Methyl carbon—water oxygen radial distribution functions
computed in the Monte Carlo simulations. Successive curves offset 0.5
unit on the y axis.
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Figure 9. Chlorine-water oxygen radial distribution functions computed
in the Monte Carlo simulations. Successive curves offset 1 unit on the
y axis.

energies in Table II is remarkable. The ion—ion attraction de-
creases by 65 kcal/mol in going from 2.75 to 8.00 A, while the
free energy of hydration becomes more exoergic by a similar
amount. The residual makes up the pmf in Figure 5. In the
absence of water, the optimal ion—ion separation is 2.7 A with
an interaction energy of —107 kcal/mol.

Radial Distribution Functions. The changes in hydration that
accompany separation of the ions were studied via radial distri-
bution functions (rdfs), proximity analyses, and plots of config-
uration, as described here and in the next section. The rdf g,,(r)
records the probability of occurrence of atoms with type y a
distance » from atoms with type x, normalized for the bulk density
of y atoms (V,/V) and the volume element 4772 dr. Six different
atom—atom rdfs were obtained from both the Monte Carlo and
extended RISM calculations. Some comparisons are made below,
though the focus will be on the MC results.

The computed C-0O, CH4~0O, and CI-O rdfs from the MC
simulations are shown in Figures 7-9 for four values of r., 2.875
A (the contact ion pair), 4.125 A (at the barrier top), 5.75 A (the
solvent-separated minimum), and 7.75 A (the largest separation).
For all three rdfs, the first peak is well-defined and can be inte-
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Table III. Computed Hydration Numbers from Integrating the First
Peaks in the X—O Radial Distribution Functions®

hydration numbers

re, A c-0 CH;-O CI-0
2.750 1.0 4.2 5.4
2.875 1.0 42 5.6
3.250 1.0 4.8 6.4
3.750 0.9 4.9 6.5
4.125 0.8 3.9 6.9
4.250 1.1 5.0 6.5
4.750 1.3 5.1 6.6
5.250 1.7 49 7.6
5.750 1.9 4.8 7.4
6.250 1.9 5.4 7.7
6.750 2.0 49 6.6
7.250 1.9 5.1 7.2
7.750 1.8 4.7 7.5

¢ Cutoff distances in A: C (3.00), CH; (3.50), CI (3.85).

Figure 10. The (CH,);C*CI" contact ion pair at a C-Cl separation of
3.0 A. For Figures 10, 11, and 13, only water molecules with oxygens
within 4.5 A of any atom in the ion pair are shown. Taken from the last
configuration of the Monte Carlo simulations which is as arbitrary as any
other configuration. The hatched oxygens indicate water molecules
solvating the carbenium carbon or between the ions. Methyl groups are
shown as single atoms.

Figure 11. The (CH,);C*ClI" solvent-separated ion pair at a C—Cl dis-
tance of 5.75 A. For additional details, see Figure 10.

grated to obtain the number of nearest neighbors. The results
are listed in Table III for many values of r; the integration limits
were taken as 3.0, 3.5, and 3.85 A for C-O, CH;-O, and CI-O
to coincide roughly with the location of the first minima in the
rdfs.

The first peak in the C-O rdfs is centered at 2.5-2.6 A which
is consistent with the location of the minimum in Figure 3. Up
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Figure 12. Chlorine—water hydrogen radial distribution functions com-
puted in the Monte Carlo simulations. Successive curves offset 1 unit
on the y axis.

to r, = 4.25 A its integral shows one water molecule that can be
seen in plots of individual configurations, such as Figure 10, to
be on the backside of the carbenium carbon. The first peak then
doubles in area between 5.25 and 5.75 A as a water molecule is
inserted between the ions to form the solvent-separated ion pair.
This is clearly illustrated by the configuration in Figure 11.
Beyond the first peak in the C-O rdfs there is little striking
structure except for ., = 4.125 A (Figure 7). A second peak
centered at 3.3 A is clear and is also found for 7, = 3.75 A centered
at 3.2 A. The band contains 3-4 water molecules, one of which
undoubtedly becomes the intervening water molecules in the
solvent-separated ion pair. Thus, as the ions are separated, there
is a buildup of water molecules off-axis between the two ions until
there is enough room for one to be inserted on the axis. For r,
= 7.75 A, the second band at 3.2 A again becomes stronger, and
the first peak is slightly reduced. At this separation, two water
molecules are often between the ions and the one nearer the
chlorine contributes to the second band.

The first peaks in the CH;—O rdfs (Figure 8) are comparatively
broad and contain 4-5 water molecules out to 3.5 A for all values
of r, (Table III). The maxima occur near 3 A which is consistent
with the results from the optimizations for structure 2 described
above. Overall, these rdfs are similar in appearance to the CH,—O
rdf for (CH;),N* in water reported previously.*? The charge of
+0.25¢ used for the methyl groups of the ammonium ion is also
similar to the charge of +0.20¢ on each methyl in (CH,);C*. Few
additional insights are afforded by the C~-Hg and CH3—H rdfs,
so they are not illustrated. However, they do confirm the expected
dipole orientation for the water molecules since the locations of
the first peaks in these rdfs show the water hydrogens are farther
from the carbon atoms than the oxygens.

The first peak in the C1-O rdfs (Figure 9) is centered at 3.2
A and grows in height and area (Table III) as the ions separate.
The location of the peak agrees with simulation results and dif-
fraction data for chloride ion in dilute aqueous solution.2445 At
r. = 2.75 A there are only 5.4 neighboring water molecules, though
the number increases to 7-8 for r, beyond 4.75 A which is the
same as for aqueous choride ion in the absence of the counterion.?*
Thus, at the contact ion-pair stage the z-Bu* shields the chloride
ion from two potential first-shell water molecules. However, the
shielding is no longer operative in the first hydration shell once
the solvent-separated ion-pair region is entered.

Some orientational information can be extracted from the
Cl-Hg rdfs in Figure 12. The strong first peaks clearly reflect
the hydrogen bonding. The bands are centered at 2.2-2.3 A which
corresponds to an O—H bond length inside the first peaks for the
Cl-O rdfs. Thus, the preference is for linear hydrogen bonding.
This is confirmed by the similar integrals for the first peaks in
the Cl-O and CI-H rdfs and by the second bands in the CI-H
rdfs which are for the far hydrogens of the first-shell water

(45) Neilson, G. W.; Enderby, J. E. Annu. Rep. Prog. Chem. Sect. C 1979,
76, 185. Enderby, J. E.; Neilson, G. W. Rep. Prog. Phys. 1981, 44, 38.
Newsome, J. R.; Neilson, G. W.; Enderby, J. E. J. Phys. C.: Solid State Phys.
1980, /3, L923. Cummings, S.; Enderby, J. E.; Neilson, G. W.; Howe, R.
A.; Howells, W. S.; Soper, A. K. Nature (London) 1980, 287, 714.
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Table IV. Computed Primary Hydration Numbers and lon
Pair-Water Interaction Energies (kcal/mol)*

1° hydration no. ion pair-water energy

Tey A C CH3 Cl C CH3 Cl

2.75 1.0 2.8 4.7 -7.8 =2.7 -8.6
3.25 0.9 2.7 4.4 -10.4 —4.6 -8.6
3.75 0.5 3.0 4.2 -9.9 —6.6 -9.3
4.25 1.0 3.0 5.2 -11.4 =53 -9.7
4.75 0.8 2.8 5.6 -9.0 -7.0 -10.2
5.25 0.9 33 5.7 -15.4 —6.3 -10.2
5.75 1.7 2.9 6.5 -19.0 -5.8 -11.2
6.25 1.8 2.6 6.8 -17.3 -5.7 -11.2
6.75 1.7 2.6 6.6 -16.4 -5.8 -11.8
7.25 1.6 2.9 7.2 -12.6 -6.0 -10.6
7.75 1.1 2.7 7.5 -12.3 -6.6 -10.7

Cutoff distances in A: C (3.00), CH, (3.50), C1 (3.85).

molecules. The lack of bifurcated hydrogen bonds to the chloride
ion is also apparent in Figures 10 and 11, except for the intervening
water molecule in the solvent-separated ion pair.

The change in hydration beyond r, = 5.75 A is also interesting.
Though no additional energy minima are evident in the pmf out
to 8 A, additional water molecules must start to enter the region
between the ions. This is a gradual process in which the orien-
tational possibilities for the hydrogen bonds can be very accom-
modating. An interesting illustration is provided by the config-
uration in Figure 13 at r, = 7.25 A. At least one water molecule
is seen to be bridging between the water molecule on the frontside
of the carbenium carbon and the chloride ion hydrogen bonding
to both.

The trends in the extended RISM results for the rdfs and
coordination numbers are qualitatively similar to the MC findings.
For example, the number of main peaks and their positions for
the C-0, CH;-0, and CI-O rdfs are in good accord. Further-
more, the hydration numbers for the central carbon and chlorine
increase by ca. | and 2 as », extends from the contact to sol-
vent-separated regions. However, the changes are much smoother.
For example, the hydration numbers for the carbenium carbon
at 7, = 3.00, 3.50, 4.25, and 5.75 A are 0.99, 1.30, 1.53, and 1.55,
respectively, while the simulation results have the hydration
number constant at 1 till at least 4.25 A, followed by a relatively
rapid increase to 1.9 at . = 5.75 A (Table III). Therefore, it
seems that the extended RISM methodology is not feeling the
coordinated effects of the molecular structures of the solvent
molecules and solutes to a sufficient extent. In more technical
terms, the excluded volume effects associated with the three-
molecule correlation, -But-H,0-CI", are not adequately repre-
sented, in accord with the approximations inherent in the theory.
The smoother increases in the coordination numbers would be
expected to correlate with a smoother pmf as is seen in Figure
5 and, in particular, lessen the barrier and the distinction between
the contact and solvent-separated ion pairs.

Proximity Analyses. Further characterization of the coordi-
nation numbers and ion pair-water energetics can be obtained
by proximiity analyses following the prescription of Mehrotra and
Beveridge.**  They defined a proximity criterion to assign
first-shell solvent molecules to atoms of the solute. This requires
a cutoff distance for each type of atom, so we have used the same
cutoffs as for the first bands in the rdfs. Then, if a water molecule
is nearer one atom than any other in the ion pair, it can be counted
as in the primary hydration shell for the atom.

The computed primary coordination numbers obtained in this
way from the MC simulations are given in Table IV. The table
also contains the average interaction energies between the entire
ion pair and the primary water molecules for each atom in the
ion pair. The results were obtained from analysis of only 75 or
100 configurations that were saved at intervals of 2 X 10* con-
figurations during each MC run. Thus, there are significant
uncertainties of ca. 0.3 for the coordination numbers and 1-2

(46) Mehrotra, P. K.; Beveridge, D. L. J. Am. Chem. Soc. 1980, 102, 4287.
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Figure 13. The (CH,);C*Cl" ion pair at a C-C] separation of 7.25 A,
The rightmost hatched oxygen indicates a water molecule that is bridging
between the chloride ion and the water molecule coordinated to the
carbenium carbon. The latter’s hydrogens are now oriented up to ac-
commodate the hydrogen bond in contrast to Figure 11. 7-8 hydrogen
bonds with the chloride ion are also clearly visible. For additional details,
see Figure 10.

kcal/mol for the interaction energies.

Again, it is seen that | water molecule is associated with the
carbenium carbon out to », = 5.25 A, at which point a water
molecule penetrates between the ions. The decrease in the primary
hydration number at 7.75 A may be partly statistical noise since
the integral of the C-O rdf is still 1.8 (Table III). However, plots
of configurations from the run at r, = 7.75 A do show an increase
of disorder for the water between the ions. The interaction energies
for the water molecules on the carbenium carbon show reasonable
variations. Up to r, = 5.25 A, the water molecule on the backside
of the #-Bu™ has a net attractive interaction of ca. 10 kcal/mol
with the ion pair. This value is less than for the minimum in
Figure 3 because the orientation of this water molecule is clearly
repulsive with respect to the chloride ion. Then between r, = 5.25
and 6.75 A the attraction is much greater because the water
molecule between the ions interacts favorably with both. The
attraction decreases to 12-13 keal/mol beyond 7, = 7 A because
the distance to the chlorine is increasing.

The number of primary water molecules for each methyl group
is constant at about 3. This is 1-2 less than the number of
neighbors from integrating the CH;-O rdf, so there are contri-
butions from primary water molecules on the other solute atoms
to the first band in the rdf. The average attractive interaction
energy for the primary water molecules on the methyl groups is
also relatively constant at 5-7 kcal/mol except for r. below 3.75

A. In this region, orientations of the water molecules that are
particularly favorable for the cation are unfavorable for the nearby
chloride ion, so the net attraction is diminished.

For the chloride ion, the primary hydration numbers are less
than the integrals of the C1-O rdfs (Table III) out to r, = 6.25
A. In this region, 1-2 water molecules with oxygens within 3.85
A of the chlorine are closer to another solute atom. This is
certainly the case for the intervening water molecule at r, = 5.75
and 6.25 A. However, beyond r, = 6.25 A the primary hydration
numbers are identical with the integrals of the first peaks in the
CI-O rdfs. Thus, the separation between the ions is then great
enough that the first shell of water molecules around the chlorine
is distinct (Figure 13). Meanwhile, the average interaction
energies for the primary water molecules on the chlorine with the
ion pair become more favorable by roughly 2 kcal/mol between
r.=2.75and 7.75 A. This is again associated with the fact that
the water molecules on the backside of the chloride ion are oriented
in an unfavorable way with respect to the cation. The energetic
consequence is most severe at small interionic separations.

Conclusion

The present theoretical study has provided a view of the en-
ergetics and variations in hydration in the ion-pair region for the
prototypical Sy1 reaction of #-BuCl in water. Support was found
for the existence of a contact ion pair, while solvent-separated ion
pairs and “free ions” do not appear to be energetically distinct
species. The Monte Carlo results predict a significant barrier
between the contact and solvent-separated ion-pair regions. The
insertion of a water molecule between the ions occurs at separations
of 5-5.5 A and is preceded by a buildup of water molecules off
the C-Cl axis. The computations involved state-of-the-art
methodology in statistical mechanics; however, they still need to
be considered preliminary, particularly in view of the simplicity
of the potential functions that were used. The lack of polarization
is especially a concern, though the nature of the perturbation
calculations is such that some compensation of errors for the
reference and perturbed systems is probable. The same is true
for small errors in the balance between the interionic and ion—
solvent interactions. The computationally efficient extended RISM
approach was again found to reveal similar qualitative trends as
the simuations. The origin of the quantitative differences requires
further study; the present comparisons have suggested some areas
for analysis.
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Abstract: A computational analysis has been made of some of the effects of rotating the NO, group of nitrobenzene by 90°
from its equilibrium position in the plane of the aromatic ring. An ab initio SCF approach was used to compute the optimized
structures and molecular electrostatic potentials of these two forms of nitrobenzene. A comparison of the calculated structures
indicates that there is only a very small degree of conjugation between the nitro group and the aromatic ring in the equilibrium
form of the molecule. Chemical consequences of NO, rotation are expected to include a decreased reactivity toward nucleophiles,

but a slightly greater susceptibility to electrophilic attack.

I. Conjugation in Nitrobenzene
Nitrobenzene is commonly described in terms of resonance
structures such as I-V. The NO, group is strongly electron

withdrawing; this is usually attributed to induction and also the
contributions of structures ITI-V, and accounts for the observed
deactivation of the aromatic ring toward electrophilic attack.!
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