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Abstract. The effect of bulk dielectric solvation on
chemical shielding at nitrogen in CH3;CN is studied with
reaction field theory. A previous work has demonstrated
the strong influence on this property from volume
polarization, which describes that part of the reaction
field arising from solute charge density penetrating
outside its cavity. The essentially exact treatment of
volume polarization used in that work is computation-
ally demanding, and a more facile method for simulation
of the volume polarization has recently been proposed.
It is found in the present work that this simulation of the
volume polarization yields results in excellent agreement
with the essentially exact treatment of the strong volume
polarization effects on nitrogen shielding in CH3;CN.
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1 Introduction

Primarily as a result of the pioneering [1] and consid-
erable ongoing [2, 3] efforts of Prof. Jacopo Tomasi, it is
now feasible to routinely include bulk dielectric effects of
solvation in quantum mechanical electronic structure
calculations. In this approach [4], the solute is placed in
a realistic molecular-shaped cavity that has been
scooped out of an otherwise continuous dielectric
medium. The solvent polarization is determined from
reaction field theory, and the responses of the quantum
mechanical solute and of the classical solvent to one
another are both iterated until mutual self-consistency.
The basic mathematical equations describing this sce-
nario are now reasonably well established, and several
good computer implementations for their numerical
solution are available.
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One important direction for developmental research
in the field concerns determination of the proper size and
shape of the molecular cavity to be used. The strength of
a reaction field experienced by a given solute can be
easily adjusted by altering the cavity size, and in most
instances a cavity size can be empirically found that
reproduces almost any given experimental solvation
energy. This flexibility is often used to parameterize the
cavity to give a good fit to the experimental solvation
energy. But fitting just to the energy can potentially lead
to a cavity that gives poor results for other solute
properties. Ideally, the cavity should be determined to
simultaneously give a reasonable account of the solva-
tion energy and of all other solute properties that may be
significantly affected by the solvent environment.

Chemical shielding as observed in NMR spectroscopy
is often sensitive to bulk dielectric and other solvation
effects [5]. Shielding at nitrogen is known [6] to often be
especially dependent on solvent, and we [7] have previ-
ously used this dependence to study cavity size effects in
several small representative nitrogen-containing com-
pounds. We defer to that work [7] for a more compre-
hensive discussion of the earlier literature on this subject.
A recent important contribution from the Tomasi group
[8] on chemical shielding at nitrogen should also be noted,
in which the influences of both cavity size and of specific
interactions with nearby solvent molecules are studied.

It was found in our earlier work [7] that the reaction
field volume polarization, which arises from quantum
mechanical penetration of solute charge density outside
the cavity that nominally encloses it, has an important
influence on the shielding. If volume polarization is ne-
glected (denoted surface polarization for electrostatics,
SPE, in our nomenclature), the calculated nitrogen
shielding is strongly dependent on cavity size, and
reproduction of experimental trends requires somewhat
larger cavities than are typically used for determination
of the solvation energy. On the other hand, when exact
volume polarization (denoted surface and volume
polarization for electrostatics, SVPE, in our nomencla-
ture) is included, the nitrogen shielding has only a
modest dependence on cavity size, and experimental
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trends are reproduced with about the same cavity sizes
as give reasonable results for solvation energies.

Exact treatment of volume polarization [9, 10, 11, 12,
13] is computationally demanding, but this has recently
been ameliorated [11, 12, 14, 15] by a modification [de-
noted surface and simulation of volume polarization for
electrostatics, SS(V)PE, in our nomenclature] that allows
volume polarization effects to be very economically
simulated. This same simulation is also included in the
current manifestation of the integral equation formalis-
ing [16, 17] and implicit volume charge [18, 19] methods
in the polarization continuum model (PCM) family of
approaches. Compared to exact treatment of volume
polarization, the simulation usually works very well for
solvation energies [20], breaking down [21] only when
the cavities are artificially forced to be so small as to
produce unrealistically large solvation energies. In the
present work we investigate whether or not this simu-
lation of volume polarization also works well in
describing the important effects of volume polarization
on NMR chemical shielding.

Our previous study [7] examined the four solutes
CH;CN, CH3NO,, CH3NCS, and CH30NO,, selected
for the ready availability of experimental data on the
relative shielding at nitrogen in a large variety of sol-
vents. Among these, the nitrogen shielding in CH3CN is
most sensitive to solvent, showing a spread of 23 ppm in
different solvents. This is more than twice the spread
observed for any of the other three solutes, presumably
because the nitrogen atom in CH3CN is more exposed to
solvent than with the other solutes. Since the CH3NO»,
CH;3;NCS, and CH30NO; solutes mainly serve just to
confirm the behavior seen with CH3CN, we present de-
tailed results here only for the latter solute. It is found
that the simulation provides an excellent account of the
strong volume polarization effects on nitrogen shielding
in CH;CN.

2 Theory and methods

All the methods used in this work are well documented in the
literature, so we give here only a very brief account. The solute is
characterized by an effective quantum mechanical Hamiltonian
operator Ay + ¥~, where Ay is the internal Hamiltonian as in the gas
phase, and 7" is a potential-energy function describing the solute—
solvent interaction. From this effective Hamiltonian, we approxi-
mately solve an effective Schrodinger equation for the ground-state
solute to obtain a normalized wave function, ¥, and approximate
Schrédinger energy

&= (Who + 7|¥) .

The potential-energy function 7~ actually depends on the solute
charge density, and hence on V¥, so the effective Schrdédinger
equation for W is nonlinear and must be solved iteratively. The free
energy of the system, measured relative to the energy of the
unpolarized solvent, is given by

o
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where the last term on the right-hand side corrects the Schrodinger
energy for the reversible work required to polarize the bulk solvent,
assuming linear response. Atomic units are assumed throughout
this section.

Different models of solvation provide different forms for the
classical potential-energy function 7. In dielectric continuum

theory, it is obtained directly from the electrostatic reaction po-
tential ®°'(r) according to

nuclei electrons
7= ZO®R,) - > oMl(r) .
v 1
The total electrostatic potential, ®@(r), of the solute-solvent system
is determined by solving Poisson’s equation. The reaction potential
is then obtained by subtracting out the potential that the given final
solute charge density would produce if it were in a vacuum,

@™ (r) = d(r) — O"(r) .

The real computational problem is then to solve Poisson’s equation
for the potential ®(r). A dielectric constant of unity is posited in-
side the cavity, where the polarizability is automatically taken into
account by the electronic structure calculation on the solute. The
region outside the cavity is assumed to be a linear isotropic
homogeneous dielectric continuum characterized by the dielectric
constant e observed experimentally for the pure liquid solvent. The
consequent discontinuity in dielectric values across the cavity sur-
face leads to an effective surface charge density contribution to the
solution of Poisson’s equation. In any unconstrained quantum
mechanical calculation on the solute, there will inevitably be a tail
of the solute charge density that penetrates outside the cavity and
into the dielectric continuum region. This leads to an additional
effective volume charge density contribution to the solution of
Poisson’s equation. This volume charge density resides only on and
outside the cavity surface, and falls off very rapidly with distance
from the surface. The SVPE method produces the exact reaction
potential in this situation, although with complicated molecular-
shaped cavities the exact treatment of volume polarization can be
computationally demanding.

The exact volume polarization potential can be simulated by
replacing the exact volume polarization charge density with a cer-
tain additional surface polarization charge density. This simulation
can be arranged to produce the exact electrostatic potential
everywhere inside the cavity, differing from it only by the potential
produced in the less important region outside the cavity. In the
SS(V)PE method a single equation is solved that gives the com-
bined surface charge densities arising from both the dielectric
constant discontinuity and the simulation of volume polarization.
The SS(V)PE method provides a very efficient computational ap-
proach.

Finally, the solute charge penetration can be ignored while
solving Poisson’s equation by simply neglecting all volume polari-
zation contributions. This corresponds to the simple SPE method.

The exact polarization charge densities are continuous distri-
butions. In practice, these are approximated by a collection of finite
point charges located on a specified grid. The solution of Poisson’s
equation for the potential is thereby transformed into a matrix
equation for the values of point charges that produce the potential.
Such matrix equations are readily solved with modern digital
computers.

We prefer to define the molecular shape that determines the
cavity surface by means of a solute electronic isodensity contour,
although this is not an essential feature. This surface is usually very
similar to the surface determined by the union of atomic spheres
such as used in PCM approaches. One significant difference is that
the isodensity surface is automatically smooth even in the regions
where two or more atoms intersect one another. Another difference
is that the various atomic radii need not be specified. The isodensity
prescription uniquely defines the cavity shape, leaving only a single
parameter, p,, specifying the value of the solute electronic isoden-
sity contour to determine the overall cavity size.

The nuclear magnetic shielding constant at the solute nucleus,
N, in the presence of solvent is given as

8°G(B, my)

oN = 1 + .
GBamN B=my=0

This involves mixed derivatives of the free energy with respect to

perturbations due to an external magnetic field, B, and to the nu-

clear magnetic moment, my. The gauge problem is handled by



utilizing an efficient implementation [22] involving gauge-including
atomic orbitals (GIAO). Only isotropic chemical shielding at
nitrogen is considered in this work.

A practical difficulty arises because straightforward evaluation
of oy from the solute wave function, as perturbed by solvent,
would correspond to taking derivatives of the effective Schro-
dinger energy, &, instead of the free energy, G. In most cases this
would lead to a solvent dependence of the shielding that is too
large by approximately a factor of 2. We have previously de-
scribed [7] a simple and effective means to work around this
problem through replacing the solute-solvent potential-energy
function, 77, with a scaled function, A7". Straightforwardly eval-
uating the shielding by equilibrating the wave function to a set of
fixed scaled reaction field point charges then leads to a shielding
function, oy[4]. Thus, calculation of the gas-phase shielding pro-
duces the value of oy[0], while calculation of the shielding in the
presence of the full reaction field produces the value of ay[1]. One
further calculation must then be carried out with a set of manu-
ally halved reaction field point charges, producing the value of
oN [%] An effective approximation to the correct gy that would be
obtained by taking derivatives of the free energy is then obtained
by using the second-order formula

—5oxl0] + 20y H —gonli]

A derivation and full justification of this procedure is given in the
appendix of the previous work [7].

To maintain consistency with the previous study [7], calcula-
tions were carried out using the Hartree—Fock method with the 6-
311G(3d,3p) basis set [23, 24, 25, 26]. Although electron correlation
effects and basis set limitations that are neglected here may be
significant for determining the absolute shielding, this level of
theory should be adequate to describe the influence of solvation on
the relative shielding.

Surface integrations were carried out over a set of 590 Lebedev
points on the isodensity cavity surface, using a recently developed
module [27] implemented in the Hondo computer package [28]. The
same Hondo program was also used for the GIAO nuclear
shielding calculations. All SPE results reported previously [7] using
other computer programs were recomputed, and agreement with
the previous results was verified to within a precision of 0.1 ppm in
all cases.

Shielding calculations were carried out for dielectric constants
of 1.0(gas), 2.2288, 4.806, 8.93, and 35.94. It was found empirically
that the dielectric dependence of the calculated results, for a given
computational method and cavity size, could be very closely fitted
in all cases by the three-parameter equation

e—1

ON B =+ A (e T C) .

After determining the parameters 4, B, and C by least-squares fit-
ting to the shieldings calculated at the selected values of ¢, this
functional form was used to smoothly interpolate the results to
other values of e that were not explicitly used in the calculations.
Full details on this fitting procedure were given in the previous
study [7].

3 Results and discussion

Measurements of relative shieldings at nitrogen in
CH3;CN have been reported [29] for 13 solvents having
known dielectric constants. The experimental shieldings
appear to have some rough correlation with solvent
dielectric constant. Deviations from any smooth
dependence on dielectric constant are to be expected,
since other solvation effects besides bulk dielectric
polarization also contribute to the observed shieldings.
These include [5] short-range solute—solvent interac-
tions due to anisotropy of the solvent magnetizability
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and to van der Waals interactions. By fitting to results
in a large number of different solvents having widely
varying dielectric constants, it is expected that the
apparent ‘“‘scatter” arising from these other influences
will average out to some extent, so that a smooth fit as
a function of dielectric constant will describe reason-
ably well the underlying dependence on bulk dielectric
polarization. The present work addresses only this
long-range interaction with bulk dielectric, and not the
additional short-range specific interactions that may
also make significant contributions to the shielding in
particular solvents.

The present SS(V)PE results that simulate volume
polarization in CH3CN are compared to the previously
obtained SVPE results in Table 1, which also includes
SPE results for documentation purposes. The differences
between SS(V)PE and SVPE are seen there to be
0.3 ppm or less in all cases'. It can be concluded that
SS(V)PE gives an excellent approximation to the exact
SVPE method in this example.

For a given dielectric constant, the largest discrep-
ancies between SS(V)PE and SVPE occur for the highest
isodensity contour values. This corresponds to simple
intuition, since higher contour values produce smaller
cavities and therefore stronger reaction fields. By the
same reasoning, for a given contour value the stronger
reaction fields associated with higher dielectric constants
might also be expected to produce larger discrepancies
between SS(V)PE and SVPE, but our results do not
support that. The calculations indicate instead that
higher dielectric constants produce about the same or
slightly smaller discrepancies between SS(V)PE and
SVPE as do lower dielectric constants.

For the sake of completeness, we also reiterate the
comparisons to experiment such as were made in the
previous work [7]. The experimental report [29] lists
CH;CN nitrogen shieldings relative to the shielding at
nitrogen in neat nitromethane. Since the absolute
experimental shieldings are not known, the absolute
calculated nitrogen shieldings will be uniformly shifted
into the same range as the relative experimental values in
order to facilitate comparisons. Full details and justifi-
cation of this shifting procedure were given in the pre-
vious study [7]. In short, the absolute shieldings
calculated within a series of different dielectric constants
(but with a given computational method and cavity size)
are all shifted by a constant amount. The magnitude of
the shift is chosen to minimize the least-squares differ-
ence between the set of calculations and experiment.
Note that such a shift will account not only for the
unknown value of the relative shielding scale used
experimentally, but may also adjust to some extent for
the unknown computational error due to electron cor-
relation and basis set effects. Because of these shifts,
meaningful comparisons can be made only with the

"The results discussed here correspond to final shielding values
obtained from the second-order fitting procedure described in the
Theory and methods section. The raw shielding calculations with
A=1 show differences between SS(V)PE and SVPE of up to
0.6 ppm., which still corresponds to only a small fraction of the net
magnitude of the full calculated solvent dependence.
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Table 1. Calculated nitrogen shielding (ppm) for CH3CN. The
calculated gas phase absolute shielding is —19.0 ppm

Contour? SPE SS(V)PE SVPE)
e = 2.2288

0.00025 —14.8

0.0005 -8.9

0.001 2.9 -18.3 -18.3
0.002 26.8 —-15.5 -15.6
0.003 50.3 -12.5 -12.8
e = 4.806

0.00025 -12.8

0.0005 -4.0

0.001 13.8 -17.1 -17.1
0.002 49.6 -12.2 -12.4
0.003 85.1 -7.2 -7.5
e = 8.93

0.00025 —11.8

0.0005 -1.7

0.001 18.6 -16.3 -16.3
0.002 59.7 -10.3 -10.4
0.003 100.6 —4.1 —-4.4
e = 35.94

0.00025 -10.9

0.0005 0.4

0.001 23.2 -15.3 -15.3
0.002 69.4 -8.0 -8.1
0.003 115.5 -0.6 -0.8

Solute isodensity contour, p, (¢/a3) that determines the cavity size
PPrevious results from the work reported in Ref. [7]

slope and curvature of the experimental data, not their
absolute values.

The calculated results, after interpolation and shift-
ing, are compared to experiment in Fig. 1. In order to
compress the wide range of dielectric constants, the ab-
scissa is chosen to be the Onsager function
(e —1)/(e+0.5). As expected from the close similarity
of the numerical results given in Table 1, values for the
fitted interpolation and shift parameters are found to be
very nearly the same for SS(V)PE as those obtained
previously [7] for SVPE. The SVPE results are not even
shown in Fig. 1, because they would be visually indis-
tinguishable from the SS(V)PE lines.

By way of reference, we point out that cavity sizes
corresponding to isodensity contours in the range of
0.0005-0.002¢/a; have been found [13] to give a good

account of the effect of solvation on experimental free-
energy differences for conformational changes, with a
statistical preference for an optimum value of about
0.001e/a;.

SPE results for the nitrogen shielding in CH3CN are
shown in a separate panel of Fig. 1. With SPE, contour
values of approximately 0.001e/aj or greater give poor
fits to experiment owing to significantly too strong
dielectric dependence. The best fit to experiment with
SPE is given with p, of about 0.0005¢/a}, and the fit
remains reasonably good for p, of 0.00025e/a8 as well.
Thus, unusually large cavities are required to reproduce
the experimental trends with SPE.

With SS(V)PE each of the contours considered pro-
vides a reasonable fit to experiment, and the best fit is
obtained for p, of 0.002¢/a;. Thus, inclusion of volume
polarization allows the experimental dielectric depen-
dence of the nitrogen shielding to be reproduced with
about the same cavity sizes as are found most appro-
priate for fitting to free energies of neutral compounds.

4 Summary and conclusion

If volume polarization is ignored as in SPE, then
nitrogen shielding is very sensitive to cavity size and
experimental trends can be fit only with cavities that are
somewhat larger than those appropriate for solvation
free energies. When volume polarization is included,
either with SS(V)PE or with SVPE, the nitrogen
shielding is much less sensitive to cavity size and
experimental trends can be reproduced with cavity sizes
about the same as those appropriate for solvation free
energies. It has previously been argued [7] that similar
behavior should also be found for other second- and
higher-order properties such as spin—spin coupling
constants, polarizabilities, and magnetizabilities.

The most important new conclusion of this work is
that SS(V)PE nitrogen shieldings are found to give
excellent approximations to the very important effects of
volume polarization, as represented by exact SVPE
values, even for the strongest reaction fields examined.
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Fig. 1. Nitrogen shielding in CH3CN as a function of solvent
dielectric constant. Boxes show the experimental results relative to
neat nitromethane. Lines show the results from shifted and
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smoothly interpolated surface and simulation of volume polariza-
tion for electrostatics or surface polarization for electrostatics
calculations, each line corresponding to a different cavity size
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