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The B3LYP/6-31G(df, p) model is shown to be a viable alternative to the computationally demanding MP2/6-
311G (3df, 3pd) model for the prediction of ''B nuclear quadrupole coupling constants in molecules. Using eQ/# as a
best fit parameter, coupling constants calculated with the B3LYP model show a root mean square (rms) deviation of
0.059 MHz from the experimental values for 11 molecules; those calculated with the MP2 model, 0.049 MHz. Comparison
of coupling constants predicted by the two models for a sample size increased to 25 molecules yields a rms difference

between models of 0.036 MHz.

© 1997 Academic Press

INTRODUCTION

The energy of interaction of the electric quadrupole mo-
ment of the nucleus of an atom with the molecular electric
field gradient (efg) at the site of the nucleus is determined
experimentally by measurement of the nuclear quadrupole
coupling constant (nqcc), the nqcc being proportional to the
molecular efg.

Software packages for calculation of the molecular efg
have been developed. These include the Gaussian 94 (1)
package of programs, which was used for all calculations
presented in this work.

For accurate calculation of the efg, the need to include
correlation, at least at the level of second-order Moller—
Plesset perturbation (MP2) theory, in conjunction with a
fairly large basis set is generally acknowledged. This re-
quirement, which is demanding of computer resources,
places restrictions on the size of the molecule that may be
investigated. To overcome these restrictions, Huber et al.,
in a series of papers, have shown that the basis set must be
of high quality principally in the area of the nucleus of
interest, and that smaller bases may be used on atoms further
removed. These authors have applied this method with good
results to calculation of the molecular efg for *H (2, 3), "Li
(4), N (5, 6), and 0 (7).

Another possibility is provided by a method developed
by Becke (8) which combines Hartree—Fock theory with
density functional theory. This method, known as Becke’s
three-parameter hybrid method (B3), permits calculations
to be performed on fairly large molecules with computational
cost considerably less than MP2 theory.

We report in this paper the results of calculations of the
efg’s at the site of the ''B nucleus in a number of molecular
environments carried out with MP2 theory and Becke’s hy-
brid method. In an earlier paper, Palmer (9) reported the

results of calculations at the self-consistent field (Hartree—
Fock) level of theory using a large triple-zeta plus polariza-
tion basis.

NUCLEAR QUADRUPOLE COUPLING CONSTANTS

The components of the nqcc tensor x; are related to those
of the efg tensor g; by

Xy = (eQlh) X gy, (1]

where e is the proton charge, 4 is Planck’s constant, and Q
is the nuclear electric quadrupole moment. The g; are calcu-
lated in atomic units. The subscripts ij = a, b, ¢, where a,
b, c are the principal axes of the moment of inertia tensor
of the molecule. We have chosen molecular systems in which
these axes are coincident with the principal axes of the ngcc
tensor.

CALCULATIONS

Following a procedure similar, for example, to that of
Eggenberger et al. (7), we take eQ/h in Eq. [1] as a best-
fit parameter for least-squares, linear regression analysis of
the calculated g; (efg’s) versus the experimental
(ngece’s). In this way, the model (theory and basis set) is
calibrated by the best-fit value of eQ/h, which may then be
used for prediction of nqcc’s in other molecules. This empiri-
cal procedure compensates somewhat for possible errors in-
herent in the model—namely, insufficient correlation and
unsaturated basis; and for the effects of molecular vibrations,
for which no correction is made in this work.

The molecules and experimental ngcc’s (10-20) listed in
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Nuclear Quadrupole Coupling Constants (MHz),

TABLE 1

Predicted and Experimental
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References
Molecule ij MP2 B3LYP Expt. ngcc  struct.
BF aa  —4340 —4284 —-4305 (2) 10 10
HBF* aa 5176 5196 515 (26) 11 11
HBO aa —3.661 —-3.635 -3.80 (10) 12 21
HBS aa  —3729 -3761 372 (3) 13 22
FBS aa —2488 2492 254 @ 14 14
CH:BS aa 3757 =379 3714 (20) 15 15
BH,NH, aa —1.625 —1.604 —1.684 (14) 16 23
bb 2249 2258 -2212 (11)
cc 3.874 3.862 3.896 (11)
BHF, aa —0.787 -0.861 075 (9 17 24
bb 2670 —-2.590 —2.585"
cc 3.457 3.451 3.33,°
CH,BF, aa  —2.669 —2.649 2713 (21 18 25
bb 0705 —-0.735 -0.695 (27)
cc 3.374 3.383 3.408 (27)
CHsBF, aa —2.621 —-2.658 —2.589 (12) 19 26
bb 0538 —0.534 —-0.600 (15)
cc 3.160 3.192 3.189 (15)
BH.CO aa 1.629 1.604 1.6619 (23) 20 27

? Derived from the reported data (24), x.. = —0.75 and xup_cc = —5.92
MHz.

Table 1 were used for calibration of the calculated efg’s. All
calculations were performed on the experimental structures
(10, 11, 14, 15, 21-27).

MP2/6-311G(3df, 3pd) efg’s versus Experimental nqcc’s

At the MP2 level of theory, a triple-split valence basis
with three sets of d- and one set of f~polarization functions
on all atoms other than hydrogen and three sets of p- and
one set of d-polarization functions on hydrogen was used
for calculation of the efg’s. This model is denoted MP2/6-
311G (3df, 3pd).

For phenyldifluoroborane, C¢HsBF,, following the lead
of Huber et al., the efg’s were calculated with this large
basis set on the boron atom and on the atoms with which it
is bonded, namely the two flourines and one carbon; with
6-311G(df, p) bases on the adjacent carbons; and with dou-
ble-split valence without polarization, 6-31G, on the re-
maining carbon and hydrogen atoms.

Figure 1a shows a plot of the calculated efg’s versus the
experimental nqcc’s. Although not independent (Zx,; = 0),
all three principal (diagonal ) components of the nqcc tensor
for all molecules are plotted, which assures that the least-
squares line pass through the origin.

The slope of the best-fit, least-squares line is eQ/h =
9.088(31) MHz/a.u.,, with a correlation coefficient of

0.99982. The root mean square (rms) deviation of the calcu-
lated nqcc’s from the experimental nqcc’s is 0.049 MHz,
which is 2.1% of the average absolute experimental nqcc of
2.347 MHz. These calculated nqcc’s are shown in Table 1,
along with the experimental values.

B3LYP/6-31G(df, p) efg’s versus Experimental nqcc’s

Calculations of the efg’s were performed using Beck’s
three-parameter hybrid method in conjunction with the cor-
relation functional of Lee er al. (28, 29), with a double-
split valence basis having d- and f-polarization functions on
atoms other than hydrogen and p-polarization functions on
hydrogen. This model is denoted B3LYP/6-31G(df, p).

Numerical integration was performed over a spherical
product grid having 96 radial shells around each atom with
32 8 points and 64 ¢ points per shell, for a total of 196 608
integration points per atom. This is a very fine grid that is
found to be extreme for calculation of the efg’s. This matter
is addressed in the following section.

The slope of the best-fit, least-squares line for the efg’s
versus the experimental ngcc’s, shown in Fig. 1b, is eQ/h
= 9.673(40) MHz/a.u., with a correlation coefficient of
0.99974.

The calculated nqcc’s are given in Table 1, along with
the MP2 and experimental values. Comparison of these
nqcc’s with the experimental values shows a rms deviation
of 0.059 MHz, which is 2.5% of the average absolute exper-
imental nqcc. This result, although not quite as good as
the MP2 result, is really not much different. The major
difference between the two, aside from computational ex-
pense, is that the magnitude of the efg’s calculated with
the B3LYP model average about 6% less than those calcu-
lated with the MP2 model, as reflected by their respective
values of eQ/h.
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FIG. 1. Plots of calculated efg’s versus experimental nqcc’s. (a) MP2/

6-311G(3df, 3pd). (b) BALYP/6-31G(df, p).

Copyright © 1997 by Academic Press



Predicted Nuclear Quadrupole Coupling Constants (MHz)

PREDICTION OF ''B ngcc’s

TABLE 2

405

Molecule ij MP2 B3LYP Ref. Molecule ij MP2 B3LYP Ref.
BCI¢ a —4.009 —3.981 30 BHCl,* aa —0.641 —0.661 38
bb —2.896 —2.834
CIBO aa ~2.446 —2.440 31 cc 3.537 3.495
CIBS aa —2.313 —2.303 32 BE,Cl aa —1.305 —1.296 39
bb —1.348 —1.336
BH;, cc 5.859 5.991 33 ce 2.653 2.632
BF, cc 2.685 2.691 34 BH(NH,), aa —1.265 —1.257 40
bb ~1.799 —1.733
BCl; cc 2.557 2.496 35 cc 3.064 2.991
BH,F* aa -1.105 —1.143 36 BH;NH; aa 2.521 2.576 41
bb —3.370 -3.376
cc 4.476 4.519 BF,NH, aa —1.932 —1.861 42
bb —0.491 —0.533
BH,Cl aa —0.966 ~1.002 37 ce 2424 2.394
bb —3.635 —3.624
cc 4.601 4.627 HCCBF, aa —2.172 —2.197 43
bb —0.908 —0.873
cc 3.080 3.070

¢ An expt. value of —3.70 MHz for the nqcc, estimated from lineshape simulation, was reported by Y. Endo, S. Saito, and E. Hirota, Bull. Chem. Soc.

Jpn. 56, 3410-3414 (1983).

> Expt. values of the nqcc’s are —1.34 (20), —3.37 (20), and 4.71 (20) MHz (Ref. (36)).
“ Expt. values of the nqcc’s are 0.4 (10), —3.3 (5), and 2.9 (11) MHz (Ref. (38)).

A more comprehensive comparison of the models is made
in the following section.

B3LYP/6-31G(df, p) versus MP2/6-311G(3df, 3pd)

To increase both the sample size and variety, efg’s were
calculated on the experimental structures (30-43) of the
molecules listed in Table 2. The nqcc’s predicted, as dis-
cussed below, by both the MP2 and B3LYP models are also
shown in this table.

Linear regression analysis of the B3LYP/6-31G(df, p)
efg’s versus the MP2/6-311G(3df, 3pd) efg’s for all 25
molecules (Tables 1 and 2) yields a slope of 1.063—that
is, the magnitudes of the B3LYP efg’s average 6.3% less
than the corresponding MP2 efg’s, as was found above for
the smaller sample size.

MP2 nqcc’s were predicted from these efg’s using Eq. [1]
with eQ/h = 9.088(31) MHz/a.u. and B3LYP nqcc’s with
eQ/h = 9.673(40) MHz/a.u. Comparison of the predicted
nqcc’s for all 25 molecules shows a rms difference between
the models of 0.036 MHz, which is 1.6% of the average
absolute predicted nqcc of 2.263 MHz. The largest absolute
difference is 0.132 MHz for BH;, which is 2.3% of the MP2
value of 5.859 MHz for this molecule.

Figure 2 shows, for the convenience of visual comparison,
a plot of the B3LYP nqcc’s versus the MP2 nqcc’s. The
slope of the least-squares line is 0.99913, and the correlation
coefficient is 0.99990.

As noted above, numerical integration was made over a
grid having 196 608 integration points per atom. Integration
over a grid consisting of 22 650 integration points per atom
(75 radial shells with 302 angular points per shell) yields,
to five figures, the same nqcc’s as the finer grid.
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FIG. 2. Plot of MP2/6-311G(3df, 3pd) nqcc’s versus B3LYP/6-

31(df, p) nqcc’s.
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The default grid in the Gaussian 94/DFT (/) package is
this 75 X 302 grid ‘‘pruned’’ to about 7000 integration
points. In this case, the nqcc’s are the same as the spherical
product grid to four figures, which is the number of figures
quoted in this work. These differences, therefore, are not
significant.

DISCUSSION

It should be noted at this point that the choice of MP2/
6-311G(3df, 3pd) and B3LYP/6-31G(df, p) models for
this work was not arbitrary. A number of ab initio models,
including Hartree—Fock and MP2, and a number of density
functional models as well as Becke’s hybrid forms, were
investigated. From among the ab initio models, which were
calibrated against the experimental nqcc’s, the least rms de-
viation was obtained with the MP2/6-311G(3df, 3pd)
model; while from among the density functional and hybrid
models, which were calibrated against the experimental
nqcc’s and also compared with the MP2/6-311G (3df, 3pd)
nqcc’s, the best overall agreement was obtained with the
B3LYP/6-31G(df, p) model.

A value of the nuclear electric quadrupole moment effec-
tive for calculation of the nqcc’s, Q, may be computed
from the model dependent value of eQ/A. With Q in units
of barns and the nqcc’s in MHz, eQ/h = 234.9649 X Q,
where the numerical factor (units omitted) is a collection of
the physical constants and the appropriate unit conversion
factors. Thus, for the MP2/6-311G(3df, 3pd) model, Q.
= 0.03868(13) b and for the B3ALYP/6-31G(df, p) model,
0.04117(17) b. Theoretical values of Q found in the litera-
ture (44-50) range from 0.03865 to 0.04196 b, with the
most recent (50) being 0.04059 b. It is encouraging that the
uncorrected Q. values found in this work lie within this
range.

SUMMARY

In summary, nqcc’s predicted by MP2/6-311G (3df, 3pd)
efg’s agree with the experimental nqcc’s (for 11 molecules)
with a rms difference of 0.049 MHz, which is 2.1% of the
average absolute experimental nqcc; while nqcc’s predicted
by B3LYP/6-31G (df, p) efg’s agree with the experimental
nqcc’s with a rms difference of 0.059 MHz, which is 2.5%
of the average absolute experimental nqcc.

Furthermore, nqcc’s predicted by the B3LYP efg’s for a
sample increased to 25 molecules agree with the MP2 nqcc’s
with a rms difference of 0.036 MHz, which is 1.6% of the
average absolute predicted nqcc.

The B3LYP/6-31G(df, p) model is found to be a viable
alternative to the computationally more expensive MP2/6-
311G(3df, 3pd) model for the prediction of boron nqcc’s
in molecules.

WILLIAM C. BAILEY
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