ELSEVIER

31 July 1998

CHEMICAL
PHYSICS
LETTERS

Chemical Physics Letters 292 (1998) 71-74 —

B3LYP calculation of "’O quadrupole coupling constants in
molecules

William C. Bailey

Department of Chemistry and Physics, Kean University, Union, NJ 07083, USA

Received 21 April 1998; in final form 28 May 1998

Abstract

The B3LYP/6-311 + + G(3df,3p) model for the calculation of 0 nuclear quadrupole coupling constants (NQCC) in
molecules is shown to yield results superior to calculations previously performed at the more demanding MP4 level of
theory. For 10 molecules for which experimental NQCCs and accurate molecular structures are known, the root-mean-square
difference between the calculated and experimental NQCCs is 0.12 MHz (2.2%). © 1998 Published by Elsevier Science

B.V. All rights reserved.

1. Introduction

The energy of interaction of the electric
quadrupole moment of the nucleus of an atom with
the gradient of the molecular electric field (EFG) at
the site of the nucleus is measured spectroscopically
by determination of the nuclear quadrupole coupling
constant (NQCC).

Quantum chemistry calculation of the molecular
EFG permits calculation of the NQCC, the NQCC
being proportional to the EFG. Oxygen (’O) has
been the subject of several such investigations at
different levels of theory, including calculations by
Eggenberger et al. [1] at the level of MP4 theory.

Becke’s [2] three-parameter hybrid method used
in conjunction with the correlation functional of Lee
et al. [3,4] (designated B3LYP) has been found
effective for calculation of the NQCCs for ''B [5]
and 2H [6]. We report in this Letter the results of
B3LYP calculations of the NQCCs at the site of the
0 nucleus in a variety of molecular environments.

2. Calculation

The components of the NQCC tensor y,; are
related to those of the EFG tensor g;; by

=[5 1)

where e is the proton charge, 4 is Planck’s constant,
and Q is the electric quadrupole moment of the
nucleus.

Experimentally, the coupling constants measur-
able are the diagonal elements x,,, X, and x,. of
the NQCC tensor, where a, b, ¢ are the principal
axes of the inertia tensor of the molecule. For direct
comparison with the experimental data, the ¢,; cal-
culated in this work were transformed to the a, b, ¢
system of coordinates.

Following the procedure previously employed
[5,6], the coefficient eQ/h in Eq. (1) is determined
from least-squares linear-regression analysis of the
calculated EFGs versus the experimental NQCCs.

0009-2614 /98 /$19.00 © 1998 Published by Elsevier Science B.V. All rights reserved.

PII: S0009-2614(98)00652-6



72 W.C. Bailey / Chemical Physics Letters 292 (1998) 71-74

Although not independent, all three diagonal compo-
nents of the calculated EFG tensor are plotted against
the corresponding components of the experimental
NQCC tensor. This assures, because the tensors are
traceless, that the slope of the least-squares line pass
through the origin. In this way, the model is cali-
brated for a selected set of molecules by the best-fit
value of eQ/h, which may then be used for predic-
tion of NQCCs in other molecules.

All calculations were performed using the
GAUSSIAN 94 [7] package of programs. Numerical
integrations were performed over a grid consisting of
75 radial shells with 302 angular points per shell
(75 X 302) pruned to about 7000 integration points
per atom (the GAUSSIAN 94 default grid). For the
B3LYP/6-311 + + G(3df,3p) model, the calcula-
tions were repeated using a much finer spherical
product integration grid consisting of 96 radial shells
around each atom with 32 @ points and 64 ¢ points
per shell, for a total of 196608 integration points.
Furthermore, with this finer grid, the tight SCF
convergence option was used, whereas with the

coarser grid the GAUSSIAN 94 default convergence
was used. No significant differences in the EFGs
were observed between the two calculations, the
differences being generally less than one part per
thousand. The results presented in this Letter are
those obtained with the coarser integration grid and
the default convergence criteria.

3. Results

The molecules investigated and the corresponding
experimental NQCCs [8-17] are listed in Table 1.
The first five in the list (H,0, CO, OCS, HNCO,
and H,CO) were chosen for calibration of the model.
Once calibrated, the model was used for ‘prediction’
of the NQCCs for the remaining five molecules. All
calculations were performed on the experimental
structures [18-26)].

6-31G and 6-311G Pople-type bases augmented
by various combinations of diffuse functions and
polarization sets were investigated in conjunction

Table 1
Nuclear quadrupole coupling constants, y;; and eQg, (MHz)
Mol. ij B3LYP? MPp4® Expt. Reference
NQCC Struc.
H,0° aa —8.948 -9.03 —8.891(21) [8] (18]
bb —-1.166 ~1.05 ~1.283(87)
cc 10.114 10.08 10.175(67)
Cco° aa 4.266 4,07 4.337(56) [9] [19}
ocCs® aa -1.353 —-1.55 —1.333(22) [10] [20]
HNCO*® aa ~3.279 —-3.85 -3.276(24) [11] [21]
bb -0.112 —0.00 —-0.176(13)
cc 3.391 3.85 3.452(27)
ab 0.373 0.37
H,CO°¢ aa ~1.946 -2.14 —-1.900(118) [12] [22]
bb 12.404 12.18 12.35(52)
cc —10.458 ~10.05 —10.45(48)
C,H,0 aa -5.310 —-5.36 —-5.2(1) [13] [23]
bb —7.652 —7.42 —7.4(1)
cc 12962 - 12.78 12.6(1)
OH eQ0q, —1.869 ~1.92 [14] [24]
NO eQq, -1334 —1.30(4) [15] [25]
0, eQq, —8.207 —8.29(5) [16] [26]
SO eQq, ~3.540 —3.627(61) [17] [24]
rms 0.121 0.270

*B3LYP/6-311 + + G(3df,3p), eQ/h = —5.834(15) MHz /au.
°Ref. [1].
“Molecules and NQCCs used for calibration.
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with the B3LYP method. From among these, the
least residual standard deviation and the maximum
correlation coefficient, namely 0.0565 MHz and
0.99996, respectively, were obtained with the
B3LYP/6-311 + + G(3df,3p) model. The least-
squares value of eQ /h for this model is —5.834(15)
MHz /au (which, incidentally, corresponds to an
* electric quadrupole moment for the 'O nucleus of
—2.483(6) fm?). Fig. 1 is a plot of the EFGs calcu-
lated with this model versus the experimental
NQCCs. In Fig. 1, the solid circles are the points
used for calibration, while the open circles are the
predicted NQCCs. The values of the calculated and
predicted NQCCs for this model are given in Table
1, along with the MP4 values of Eggenberger et al.
and, as mentioned above, the experimental values.
Eggenberger et al. used for calibration of their
MP4 model, the same five molecules as here plus
C,H,0 — and only the largest component of the
diagonal coupling constants for each, whereas we
include all diagonal components. We had, at first,
included C,H,O in our calibration but found that it
alone was responsible for almost half the residual
standard deviation. With C,H O, the standard devia-
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Fig. 1. Calculated electric field gradients (EFG) versus experimen-
tal nuclear quadrupole coupling constants (NQCC). Solid circles
are the points used for calibration of the model.

tion is 0.1059 MHz and without C,H,O is 0.0565
MHz. A truer, more accurate calibration is obtained
without C, H,O.

For these six molecules (the five used for calibra-
tion plus C,H,0), the B3LYP /6-311 + + G(3df,3p)
model with eQ/h = —5.834(15) MHz/au gives a
root mean square (rms) difference between the calcu-
lated and experimental NQCCs of 0.132 MHz, which
is 2.2% of the average absolute experimental NQCC.
For the MP4 calculations, the rms value for the same
six molecules is 0.270 MHz. Thus, the rms differ-
ence is reduced by half. For all 10 molecules, the
B3LYP model gives a rms difference of 0.121 MHz,
also 2.2%.

Although it is not the purpose of this study to
calculate the electric quadrupole moment of the nu-
cleus, it is encouraging that the Q('’0) of —2.483
fm? found here lies close to the recommended value
of —2.558 fm? [27]. Eggenberger et al., using Q as a
best-fit parameter for calibration of their MP4 calcu-
lations, find a value of —2.403 fm?.

4. Conclusion

"0 NQCCs calculated from B3LYP/6-311 + +
G(3df,3p) EFGs agree with the experimental NQCCs
for the 10 molecules listed in Table 1 with a rms
difference of 0.121 MHz, which is 2.2% of the
average absolute experimental NQCC. This result is
superior to that reported by Eggenberger et al. for
their more demanding MP4 calculations.
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