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Computational NMR coupling constants:
Shifting and scaling factors for evaluating 'Jcy

J. San Fabian,?* J. M. Garcia de la Vega,® R. Suardiaz,?
M. Fernandez-Oliva, C. Pérez,© R. Crespo-Otero9 and R. H. Contreras®

Optimized shifting and/or scaling factors for calculating one-bond carbon-hydrogen spin-spin coupling constants have been
determined for 35 combinations of representative functionals (PBE, B3LYP, B3P86, B97-2 and M06-L) and basis sets (TZVP, HIII-
su3, EPR-lll, aug-cc-pVTZ-J, ccJ-pVDZ, ccJ-pVTZ, ccJ-pVQZ, pcJ-2 and pcl-3) using 68 organic molecular systems with 88 ey
couplings including different types of hybridized carbon atoms. Density functional theory assessment for the determination
of 'Jcy coupling constants is examined, comparing the computed and experimental values. The use of shifting constants for
obtaining the calculated coupling improves substantially the results, and most models become qualitatively similar. Thus, for
the whole set of couplings and for all approaches excluding those using the M06 functional, the root-mean-square deviations
lie between 4.7 and 16.4 Hz and are reduced to 4-6.5 Hz when shifting constants are considered. Alternatively, when a specific
rovibrational contribution of 5 Hz is subtracted from the experimental values, good results are obtained with PBE, B3P86 and
B97-2 functionals in combination with Hlll-su3, aug-cc-pVTZ-J and pcJ-2 basis sets. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

During the last years, density functional theory (DFT) has been
applied successfully to the prediction of NMR spin-spin cou-
pling constants (SSCCs).l"->! However, the DFT bibliographic data
related to the calculation of these constants show certain dis-
persion regarding the functional and basis sets employed.!'-46-14]
There are several works reporting that B3LYP!'>18! functional
yields satisfactory results for SSCC in a small set of molecules.[6~®!
Maximoff et all®! reported the assessment of 20 different func-
tionals using aug-cc-pVTZ-J basis set for predicting one-bond
carbon-hydrogen (' Jcyy) spin-spin coupling (SSCC). In that work,
the best results were reported for PBE,!'7'8] whereas B3LYP!'>'¢!
was one of the worst. In a similar study, Keal et al.'® proposed
B97-2,3!"2% functionals to be an acceptable choice for predict-
ing one-bond coupling. More recently, Cunha Neto et al'"* have
analyzed the performance of nine functionals for the calculation
of "Jcy in electron-rich systems. They concluded that B3LYP!516!
shows the best performance for non-rich electron systems while
PBE yields better results for rich electron systems.

It is also known that the basis set determines the quality
of the predicted SSCCs. A study of Peralta et al'? employing
the B3LYP!'>'0! functional and different basis sets suggests the
B3LYP/aug-cc-pVTZ-J combination as a good choice in the predic-
tion of X-H (X = N, O, F, H) coupling constants. In our previous
work,['®) a good performance in the prediction of 'Jg¢ coupling
constants was found with the B3LYP functional and the economi-
cal TZVP!2122] basis set.

Recently, Helgaker et al.!"?3! obtained better results when the
SSCCs are evaluated at the geometry optimized using the same
functional. The SSCCs calculated with geometries optimized with
the same functional seem to move the system away from the

triplet instabilities, and thereby, the results become improved.
A recent study in norbornane derivatives shows an important
effect of the geometry in the calculation of the 1Jcy SSCCs.124
The authors recommended the B3LYP/aug-cc-pVDZ for geometry
optimization and B3LYP/EPR-III for the calculation of the SSCCs.
Basis sets effects on the SSCCs have been clearly established,
and the importance of s-tight and polarization functions for
Fermi contact and non-contact contributions, respectively, is well
known. However, the systematic improvement of functionals for
these properties is not clear. This is due, in part, to the inabil-
ity to find the exact exchange—correlation functional. In addition,
DFT-calculated SSCC values do not seem to correlate with the
quality of the approximation used in the exchange-correlation
functional. An alternative to improve the results even with inex-
pensive functional/basis set is the use of shifting and scaling
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factors. Recent reports have appeared in the literature on the
development of SSCC-scaled factors.'*?°! In the present work,
we optimize general shifting and/or scaling factors that can be
used to obtain 'Jcy. These optimized factors are derived by
correlating computed 'Jcy, which are obtained by applying 36
functional/basis set combinations over 68 organic molecules con-
taining first and second row elements, with the corresponding
experimental values.

Computational Details

There is a large number of reported density functionals in the
literature. These are now available for the calculation of SSCC
and implemented in many codes.!"?! Among this large number,
we have selected five exchange-correlation functionals, based on
their successful presence in the literature concerning SSCC calcu-
lations. The generalized gradient approximated (GGA) functional
PBE['7'8] was selected because of its noteworthy performance for
the prediction of 'Jcy among other 20 functionals as reported
by Maximoff et al®’ Also, Cunha Neto et al.l'¥ obtained reli-
able results using PBE['7'8) for calculating 'Jcy in 2-substituted
tetrahydropyrans. M06-L is a meta-generalized functional (meta-
GGA)!?%?7) tested to reproduce appropriately some magnetic
properties like chemical shifts!?®! and Heisenberg magnetic cou-
pling constants!?! improving predictions over other functionals.
B3P86!">3% was the hybrid functional that performed best in Max-
imoff et al. study.! B3LYP!'>16 has been used with good results by
many authors,!6-83132 although it has been reported as one of the
worst by Maximoff et al.l! Hybrid B97-2!""! has been suggested by
Keal et al." for the calculation of Jcy in combination with aug-
cc-pVTZ-)33) basis set. The 1Jcyy values calculated by Keal et al.['?!
using B97-2 functional present mean absolute errors (MAEs) that
are similar to those obtained by PBE functional. However, B97-2
results present smaller maximum errors, implying to be the most
accurate for the considered couplings.

Computations were performed using nine basis sets of
contracted Gaussian functions, namely TZVP[2'221 EPR-|I,[343%]
Hlll-su3,2%%! aug-cc-pVTZ-J,133! ccJ-pVDZ, ccl-pVTZ, ccl-pvQz,3”!
pc)-2 and pcJ-3.1381 TZvpP[2122] is 3 DFT-optimized valence triple-
¢ basis set with promising results for the prediction of hyper-
fine couplings!3®! and SSCCs*%42) in combination with the B3LYP
functional. EPR-III343] s larger and has been optimized for the
computation of hyperfine coupling constants by DFT methods
with the s-part improved to describe better the nuclear regions;
it is a triple-¢ basis including diffuse functions, doubled polariza-
tions and a single set of f-polarization functions. Hlll-su33¢! is the
Huzinaga lll basis set'**! in which the s original basis has been
uncontracted and augmented with three tight functions. This
basis set has been used satisfactorily in the computation of
SSCCs.11044-48] qug-cc-pVTZ-J133 is a relatively large basis set, spe-
cially designed for the computation of SSCCs. aug-cc-pVTZ-J is
a recontraction of aug-cc-pVTZ-Juc,33! which itself is the triple-¢
aug-cc-pVTZ*9->2] of Dunning completely uncontracted and aug-
mented with four tight s-type functions and without the most
diffuse second polarization function. ccJ-pVXZP”! (X = D, T and
Q) are hierarchical basis sets based on those of Dunning cc-pVXZ
and especially optimized for coupled-cluster calculations of indi-
rect SSCCs. pcJ-XB381 (X = D and T) are polarization-consistent basis
sets optimized for calculations of indirect spin-spin with den-
sity functional methods. These two groups of basis sets should
offer a systematic convergence as the size of basis set increases.
The largest basis sets of these series (ccJ-pV5Z and pcJ-4) are

Table 1. Approximate relative time? for the calculation of
"Jcy in CsHsNO3

PBE B3LYP B3P86 B97-2 MO06-L
TZVP 1 2 2 2 16
Hill-su3 6 21 20 19 47
EPR-III 8 23 22 25 110
aug-cc-pVTZ-) 14 61 58 59 190
ccJ-pVTZ 10 30 29 25 69
pcJ-2 12 49 50 47 109
ccJ-pvDzZ — 3 — — —
ccJ-pvQz — 263 — — —
pc)-3 — 548 — — —
9Relative to the time required when using PBE/TZVP.

prohibitive in this study owing to the number and the size of
calculated molecules.

The computational cost of the calculations depends on the
complexity of the approximate functional expressions and on
the basis set dimensions. Relative calculation times for CH5NO>
molecule are shown in Table 1. These values have approximate
character because they are partially computer dependent.

In this study, we have considered a collection of 68 organic
molecules containing first and second row elements extracted
from that used by Maximoff et al.!®! The molecules and the sets
of experimental and calculated 'Jcy coupling constants are pre-
sented in the Supporting Information.

Thirty-three sets of calculations were performed using the fully
optimized PBE0/6-31+G(2df,p) geometries. Those sets correspond
to 'Jcy SSCC calculated with all possible combinations of five
functionals (PBE, B3LYP, B3P86, B97-2 and M06-L) and six basis sets
(TZVP, Hlll-su3, EPR-IIl, aug-cc-pVTZ-J, ccJ-pVTZ and pcJ-2). Three
other calculations were carried out with the B3LYP functional and
three basis sets (ccJ-pVDZ, ccJ-pVQZ and pcJ-3) to study the basis
set convergence. Two additional sets have been calculated using
the same functional/basis set approach for the geometry opti-
mization and for the SSCC calculation. The approaches used for
these sets are B3LYP/TZVP and B3P86/aug-cc-pVTZ-J. These two
combinations were chosen because they yield the best results for
the whole set of couplings with PBE0/6-31+G(2df,p) geometries.
These last results will be denoted by a simplified notation with ‘g’
at the end of the functional/basis set combination (B3LYP/TZVPg
and B3P86/aug-cc-pVTZ-Jg) instead of the usual functional/basis-
set//functional/basis-set notation.

Although PBE0/6-31+G(2df,p) geometries should be the same
as those used by Maximoff et al.°! we took a different confor-
mation for some molecules. We use the calculated energy as
criterion of conformer selection. For instance, for acrolein (CHy =
CH(CHO)), we took the planar anti-conformer, which is between 2
and 2.3 kcal/mol and is more stable than the syn conformer when
optimized at PBE0/6-31+G(2df,p), B3LYP/TZVP or B3P86/aug-cc-
pVTZ-J levels.

Evaluation of solvent effect in small molecules has shown
reduced sensitivity. This effect is mainly due to reaction field
effects via the indirect contribution from equilibrium geometry
changes.[535%) Hence, solvent effects are neglected. ' Jcy values in
non-rigid molecules that contain chemical groups with free rota-
tion (e.g. methyl) have been averaged over equivalent pairs of
atoms. All computations were performed using the Gaussian03
revision E10°1 and Gaussian09 revision A2.[°6]

wileyonlinelibrary.com/journal/mrc

Copyright © 2013 John Wiley & Sons, Ltd.

Magn. Reson. Chem. (2013)

T



F1

Computational NMR coupling constants

03

240 N 1 i 1 ' 1 N I ' 1 I'+ LA | ' | I L | ' 1 .—L- 1 7
- 3 { 2060 ‘ -
20F (s i ! 5 )
[ ool ) 1 *F  C6p) )
s [ 1 220F 2 )
p—a 1 L i
S 180T , 1 200} £ -
LUHU [ + ] ! g i
= 160 1 0k + ]
140 |- 4 160f 4 -
120 | M 1 M 1 N 1 M 1 M 1 N 1 ] 140 [ M 1 N 1 M 1 N 1 N 1 M 1 N ]
120 140 160 180 200 220 240 140 160 180 200 220 240 260
290 1 T " T T T T - T
| | +
200 | -
280 | C(sp) - C(ar)
~
N ! + ! ]
T ol N i
o 180 = =
oy - .
59,
= 260 4 - S .
I ] +
tg 160 | > -
N H + i
250 +f ¥ +
1 L 1 L 1 L 1 L 1 L 1 L 1
250 260 270 280 290 160 180 200

1JEEE (Hz)

1EHE (Hz)

Figure 1. Calculated against experimental 'Jcy couplings for sets involving sp3, sp?, sp and ar carbon. DFT constants have been carried out using

B3LYP/TZVPg. Dashed lines represent the least-squared fit to Eqn (1).
Results and Discussion

The statistical analysis of the 88 Jcy coupling constants has been
carried out over five sets of data: set-1 includes the whole data
set of couplings (88 values), set-2 includes those couplings that
involve sp? hybridized carbon atoms (30 values), set-3is formed
by those couplings with sp? hybridized carbon atoms (27 values),
set-4 contains couplings involving sp hybridized carbon atoms (10
values), and set-5 includes coupling values that involve aromatic
carbon atoms (21 values).

Besides the aforementioned sets, the calculated 'Jcy values
were shifted and/or scaled to obtain better estimations and to
detect whether the differences between the results are merely
either quantitative or qualitative. Those fitted values could allow
for systematic deviations in the calculated couplings owing to
either the rovibrational contributions or the computational level
used to optimize the geometries or to calculate the coupling
constants. The representation of experimental against calculated
SSCCs for the four type of couplings (Fig. 1) shows a linear depen-
dence (dashed lines). Four groups of calculated/fitted couplings
are considered. These groups are obtained using the following lin-
ear correction between calculated and experimental ' Jcy values,

18P = gl 4 0 .1 Cle Q)
First group (i = 0 in Egn (1)) corresponds to the original calcu-
lated values, that is, a® = 0 and 6©@ = 1. In the second group
(i = 1), only the independent terms, a1, are fitted (b(1) = 1);
that is, the "Jcy values are recalculated using a shifting constant
for each functional/basis set combination. The third group (i = 2)
corresponds to that obtained using fitted independent, a®@, and
linear, b@, terms calculated by fitting the 'Jcy values for each
functional/basis model. Finally, the fourth group (named i = rv)
is a particular case of second group where the same constant

shift for all models is used to include an estimated rovibrational
contribution.

A proper comparison with experimental values should be car-
ried out including the rovibrational contributions in the equilib-
rium calculated values. The collection of molecules considered in
this work is too large to make a deep study of the rovibrational
contributions to 'Jcy. However, a rough estimation for this con-
tribution between 4 and 5.5 Hz could be assumed, at least for
most of the molecules, considering the following values from the
literature: methane 4.43 Hz,78] ethylene 5.1 Hz,'®®! acetylene
4.86 Hz!%%! and hydrogen cyanide 5.1 Hz.>® These contributions
should be added to the equilibrium values to approximate the
experimental figures. In the present work, a rovibrational contri-
bution of a"¥) = 5 Hz has been considered. Coefficients a(), a@
and b@ were obtained by fitting the calculated SSCCs for each set
of couplings and for each approach (functional/basis set combina-
tion) to the corresponding Egn (1). The values of these coefficients
are presented in Tables 2-6 and in the Supporting Information.
Statistics for the five data sets and for the different groups of cal-
culated and fitted values are based on standard deviation (o),
minimum (min) deviation and maximum (max) deviation,

E 2
z (- )
o= (2)
n-1

Statistical results (¢®, min® and max®) are presented in
Tables 2-6 and in the Supporting Information. Additional statisti-
cal parameters as MAE and relative MAE do not present qualitative
differences, and they were given in the Supporting Information.
The numerical data for the linear approach (i = 2) have only been
shown in the Supporting Information for two reasons: small qual-
itative differences as regards the displacement approach and the
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Table 2. Statistical results (in hertz) for data set-1 (whole data) using the indicated functional/basis set. Y-intercept (aM) for fits to Egn (1) and its
standard deviation (between parentheses) are given
Original values Shifted using Eqn (1) 5 Hz of rovib. contr.

Func./basis set o© min(® max(® a ol min(") max(! sl min() max(")
PBE/TZVP 16.4 -36.3 -4.3 15.61 (0.5) 4.7 -20.7 11.3 11.7 -31.3 0.7
PBE/HIII-su3 8.5 -21.3 8.0 6.94 (0.5) 48 -14.3 14.9 5.2 -16.3 13.0
PBE/EPR-III 12.0 -27.7 0.7 11.08 (0.5) 43 -16.6 11.8 7.5 -22.7 5.7
PBE/aug-cc-pVTZ-J 7.6 -19.9 10.0 5.89 (0.5) 4.8 -14.0 159 49 -14.9 15.0
PBE/ccJ-pVTZ 9.6 -25.2 54 8.37(0.5) 4.7 -16.9 13.8 5.8 -20.2 104
PBE/pcJ-2 6.7 -19.0 11.0 4.73 (0.5) 438 -14.3 15.7 4.8 -14.0 16.0
B3LYP/TZVP 5.5 -16.8 14.6 2.07 (0.5) 5.1 -14.7 16.7 5.8 -11.8 19.6
B3LYP/HIll-su3 11.2 -1.2 309 -9.12(0.7) 6.4 -10.3 21.8 15.6 3.8 359
B3LYP/EPR-III 7.1 -5.2 228 -4.60 (0.6) 54 -9.8 18.2 11.1 -0.2 27.8
B3LYP/aug-cc-pVTZ-J 12.1 -0.0 32.6 -10.14 (0.7) 6.5 -10.2 22.5 16.5 5.0 37.6
B3LYP/ccJ-pVDZ 9.1 -6.1 27.2 -6.59 (0.7) 6.2 -12.7 20.6 13.2 -1.1 32.2
B3LYP/ccJ-pVTZ 9.5 -25 27.7 -7.32(0.6) 59 -9.8 20.4 13.7 25 327
B3LYP/ccJ-pvVQZ 11.5 -0.7 313 -9.51(0.7) 6.3 -10.2 21.8 15.9 43 36.3
B3LYP/pcJ-2 124 0.4 329 -10.58 (0.7) 6.4 -10.1 224 16.9 54 379
B3LYP/pcJ-3 11.8 -0.4 31.9 -9.80 (0.7) 6.4 -10.2 22.1 16.2 4.6 36.9
B3P86/TZVP 15.6 -34.3 -4.8 14.94 (0.5) 43 -19.4 10.1 109 -29.3 0.2
B3P86/HIIl-su3 6.5 -16.9 9.8 4.62(0.5) 4.6 =123 14.4 4.6 -11.9 14.8
B3P86/EPR-III 9.3 -23.3 2.8 8.35(0.4) 4.1 -15.0 11.2 53 -18.3 7.8
B3P86/aug-cc-pVTZ-J 5.7 -15.5 12.0 3.25(0.5) 4.6 -12.3 15.2 49 -10.5 17.0
B3P86/ccJ-pVTZ 74 -20.3 73 5.95(0.5) 4.4 -14.4 13.3 4.5 -15.3 123
B3P86/pcJ-2 5.8 -15.9 11.6 3.46 (0.5) 4.6 -12.5 15.1 4.8 -10.9 16.6
B97-2/TZVP 14.0 -32.7 -2.5 13.15(0.5) 4.5 -19.6 10.7 9.3 -27.7 2.5
B97-2/HIlI-su3 7.8 -21.2 53 6.40 (0.5) 43 -14.8 11.7 4.5 -16.2 10.3
B97-2/EPR-IlI 1.4 -28.1 -2.1 10.60 (0.4) 4.0 -17.5 8.5 6.9 -23.1 29
B97-2/aug-cc-pVTZ-J 6.2 -18.9 8.8 4.17(0.5) 4.5 -14.7 13.0 4.6 -13.9 13.8
B97-2/cc)-pVTZ 9.5 -26.1 1.7 8.45(0.5) 43 -17.6 10.1 5.5 -21.1 6.7
B97-2/pcJ-2 7.3 -20.4 6.9 5.76 (0.5) 4.4 -14.7 12.7 45 -15.4 119
MO06-L/TZVP 44.8 24.5 86.2 -42.17 (1.5) 14.5 -17.7 441 49.6 29.5 91.2
MO06-L/HIlI-su3 42.8 22.8 85.1 -39.89(1.6) 14.9 -17.1 453 47.5 27.8 90.1
MOG6-L/EPR-III 43.6 24.4 84.2 -41.19(1.5) 13.7 -16.8 43.0 48.4 29.4 89.2
MO6-L/aug-cc-pVTZ-J 38.2 20.1 79.3 -35.48(1.5) 13.7 -15.4 43.8 43.0 25.1 84.3
MO6-L/ccJ-pVTZ 433 249 83.1 -40.85 (1.4) 13.6 -16.0 423 48.1 299 88.1
MO06-L/pcJ-2 46.3 284 83.7 -44.37 (1.3) 124 -15.9 39.3 51.2 334 88.7
B3LYP/TZVPg 4.7 -12.7 134 1.94(0.5) 43 -10.8 153 53 -7.7 184
B3P86/aug-cc-pVTZ-Jg 5.9 -14.7 9.9 4.12(0.4) 4.2 -10.6 14.0 4.3 -9.7 149

existence of a strong correlation between independent and linear
terms for this kind of SSCCs.

The whole data set (set-1) covers an experimental range
between 125 and 275 Hz. For this set, the best results are
those of the inexpensive B3LYP/TZVPg and B3LYP/TZVP with ¢(©
of 4.7 and 5.5 Hz, respectively. Other results with @ values
close to those are B3P86/aug-cc-pVTZ-J, B3P86/pcJ-2, B3P86/aug-
cc-pVTZ-Jg, B97-2/aug-cc-pVTZ-J, B3P86/HIlI-su3 and PBE/pcl-2
with 0@ smaller than 7 Hz. The worst results are those obtained
for MO6-L functional with any basis set (6@ between 38 and
46 Hz) and those obtained with PBE, B3P86 and B97-2 function-
als and the TZVP basis set with (@ of 16.4, 15.6 and 14.0 Hz,
respectively.

Considering B3LYP/TZVPg results, only four calculated val-
ues deviate more than 10 Hz in magnitude from the exper-
imental ones. These correspond to the following molecules:
CH,F(CN) (sp3-carbon, deviation of 11 Hz), CH(O)F (sp?,-13 Hz),
HCC(CH,CN) (sp, 10 Hz) and HCCF (sp, 13 Hz).

Significant improvement is obtained for all the results when
fitted intercepts @ in Egn (1)) were considered. The resulting
oM values have an interval between 4.0 Hz (B97-2/EPR-Ill) and
6.5 Hz (B3LYP/aug-cc-pVTZ-J) excluding those obtained with the
MO6-L functional whose (1) deviations range between 12.4 and
14.9 Hz. It is interesting that, excluding the M06-L results, the
largest o (between 5.1 and 6.5 Hz) correspond to the B3LYP
results. The intercepts a" are always negative (between -4.6 and
-10.6 Hz) for those results unless TZVP basis set is used (2.1 Hz).
Besides the B3LYP results, only the M06-L ones present nega-
tive a\) intercepts. Therefore, the B3LYP and MO06-L functionals
yield, in general, coupling constants larger than the experimental
(excepting the B3LYP/TZVP) while the remaining functionals yield
values smaller than the experimental (see Fig. 2 and Supporting
Information).

When a constant factor @’V of 5 Hz is considered, several mod-
els (functional/basis set) give ™) deviations smaller than 5 Hz.
These are PBE, B3P86 and B97-2 with aug-cc-pVTZ-J and pcJ-2,

wileyonlinelibrary.com/journal/mrc
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Table 3. Statistical results (in hertz) for data set-2 (sp> hybridized carbon atoms) using the indicated functional/basis set. Y-intercept (@) for fits to
Egn (1) and its standard deviation (between parentheses) are given
Original values Shifted using Eqn (1) 5 Hz of rovib. contr.

Func./basis set c min(© max(© at’ oM min(!) max(") o) min{v) max V)
PBE/TZVP 17.5 -253 -11.7 16.92 (0.6) 34 -8.3 5.2 12.6 -20.3 -6.7
PBE/HIII-su3 9.5 -16.9 -4.2 8.88 (0.5) 2.9 -8.0 4.7 49 -11.9 0.8
PBE/EPR-III 12.8 -20.4 -7.3 12.26 (0.6) 3.1 -8.2 49 8.0 -15.4 -2.3
PBE/aug-cc-pVTZ-J 8.5 -15.6 -34 7.95 (0.5) 2.7 -7.6 4.6 4.0 -10.6 1.6
PBE/ccJ-pVTZ 104 -17.7 -4.9 9.79 (0.6) 3.0 -7.9 49 5.7 -12.7 0.1
PBE/pcJ-2 7.4 -14.4 -2.2 6.78 (0.5) 2.7 -7.6 4.6 3.2 -9.4 2.8
B3LYP/TZVP 5.6 -11.8 -0.9 4.98 (0.4) 2.5 -6.9 4.1 25 -6.8 4.1
B3LYP/HIll-su3 5.7 -1.2 9.2 -5.18 (0.4) 2.1 -6.4 4.0 10.6 3.8 14.2
B3LYP/EPR-III 2.7 -5.2 5.7 -1.55(0.4) 2.2 -6.8 4.2 7.0 -0.2 10.7
B3LYP/aug-cc-pVTZ-J 6.5 -0.0 10.2 -6.11(0.4) 2.0 -6.2 4.1 11.5 5.0 15.2
B3LYP/ccJ-pVDZ 4.2 -3.7 7.6 -3.20(0.5) 2.6 -6.9 4.4 8.7 1.3 12.6
B3LYP/ccJ-pVTZ 4.6 -25 8.2 -3.95(0.4) 2.1 -6.4 43 9.4 25 13.2
B3LYP/ccJ-pvVQZ 6.1 -0.7 9.8 -5.65 (0.4) 2.1 -6.3 4.1 11.0 43 14.8
B3LYP/pcJ-2 7.0 0.4 10.7 -6.58 (0.4) 20 -6.1 4.1 12.0 54 15.7
B3LYP/pcJ-3 6.3 -04 9.9 -5.84(0.4) 2.0 -6.2 4.1 11.2 4.6 14.9
B3P86/TZVP 16.9 -24.3 -11.8 16.32 (0.6) 3.1 -8.0 4.5 11.9 -19.3 -6.8
B3P86/HIlI-su3 74 -14.0 -24 6.91 (0.4) 24 =71 4.5 3.1 -9.0 2.6
B3P86/EPR-III 104 -17.3 -5.2 9.86 (0.5) 2.7 -74 4.6 57 -123 -0.2
B3P86/aug-cc-pVTZ-J 6.2 -12.5 -1.1 5.64 (0.4) 23 -6.9 4.6 24 -7.5 3.9
B3P86/ccJ-pVTZ 8.3 -14.8 -3.1 7.74(0.5) 2.6 -7.1 4.6 3.8 -9.8 1.9
B3P86/pcJ-2 6.4 -12.7 -13 5.82(0.4) 23 -6.9 4.6 2.5 -7.7 3.7
B97-2/TZVP 15.7 -22.6 -10.4 15.21(0.5) 3.0 -74 4.8 10.8 -17.6 -54
B97-2/HIlI-su3 9.0 -15.8 -34 8.44 (0.5) 2.8 -7.3 5.0 4.5 -10.8 1.6
B97-2/EPR-IlI 123 -19.6 -6.6 11.74.(0.6) 3.1 -7.9 5.2 7.5 -14.6 -1.6
B97-2/aug-cc-pVTZ-J 7.1 -13.8 -1.9 6.50(0.5) 2.6 -7.3 4.6 3.0 -8.8 3.1
B97-2/ccJ-pVTZ 10.5 -17.6 -4.7 9.89(0.6) 3.1 -7.7 52 59 -12.6 0.3
B97-2/pcJ-2 8.5 -15.3 -3.2 7.92(0.5) 2.7 -74 4.7 4.0 -10.3 1.8
MO6-L/TZVP 32.2 24.5 60.3 -30.94(1.3) 7.0 -6.5 294 37.2 29.5 65.3
MO6-L/HIll-su3 303 22.8 56.2 -29.01(1.2) 6.7 -6.2 27.2 352 27.8 61.2
MOG6-L/EPR-III 31.6 24.4 60.2 -30.31(1.3) 7.1 -5.9 29.9 36.6 29.4 65.2
MO6-L/aug-cc-pVTZ-J 26.9 20.1 529 -25.63(1.2) 6.6 -5.6 27.2 319 25.1 57.9
MO6-L/ccJ-pVTZ 31.9 249 61.5 -30.50(1.3) 7.3 -5.7 31.0 36.8 29.9 66.5
MO06-L/pcJ-2 354 284 59.0 -34.26 (1.1) 6.0 -5.8 24.7 40.4 334 64.0
B3LYP/TZVPg 4.8 -10.8 0.0 4.27 (0.4) 2.1 -6.5 43 23 -5.8 5.0
B3P86/aug-cc-pVTZ-Jg 6.6 -13.1 -14 6.11 (0.4) 23 -7.0 4.7 25 -8.1 3.6

B3P86 and B97-2 with Hlll-su3, B3P86/ccJ-pVTZ and B3P86/aug-  ing the M06-L results whose values are between 6.0 and 7.3 Hz. If
cc-pVTZ-Jg. This last one yields the best o™ of 43 Hz. It should  the rovibrational correction is considered, five models yield o)
be noted that now B3LYP results (unless TZVP basis set is used)  values smaller than 3 Hz: B3LYP/TZVPg, B3P86/aug-cc-pVTZ-J,
yield large o) values between 11 and 17 Hz. Moreover, TZVP  B3LYP/TZVP, B3P86/aug-cc-pVTZ-Jg and B3P86/pcJ-2. The remain-
basis set with PBE, B3P86 and B97-2 functionals gives large ¢™)  ing B3LYP results and those carried out with TZVP when is not

between 9 and 12 Hz. used in combination with B3LYP functional yield large o™ values
Set-2 includes 30 SSCCsinvolving sp3 hybridized carbon atoms,  between 7 and 13 Hz.
and it has an experimental range between 125 and 239 Hz. Best Set-3 contains 27 couplings involving sp? hybridized carbon

results (6@ smaller than 6 Hz) are those obtained with B3LYP  atoms and ranges between 149 and 267 Hz. Best results are those
functional used in combination with EPR-ll (6@ = 2.7 Hz), ccJ-  of B3LYP/TZVPg (69 of 4.6 Hz) followed by those of B3LYP func-
PVDZ (4.2 Hz), ccJ-pVTZ (4.6 Hz), TZVP (5.6 Hz) and Hlll-su3  tional with EPR-Ill and TZVP basis sets (6@ of 5.1 and 5.3 Hz,
(5.7 Hz) basis sets. Moreover, good performance is obtained with  respectively). B3P86/aug-cc-pVTZ-J, B3P86/pcJ-2 and B3P86/aug-
B3LYP/TZVPg approach (09 = 4.8 Hz). The worst results are those cc-pVTZ-Jg also give acceptable results (0© of 55, 56 and
obtained with M06-L functional (6@ between 27 and 35 Hz). 5.9 Hz, respectively). Again, the worst results correspond to those
For B3LYP/EPR-III results, only three couplings deviate more than  of M06-L functional (09 between 36 and 42 Hz). Additionally,
5 Hz in magnitude: CH,[N(CH3)>1> (deviation of 5.7 Hz, the cou-  TZVP, EPR-IIl and ccJ-pVTZ basis sets yield unsatisfactory results
pled carbon is the overlined one), CHy (5.2 Hz) and CHF(CN)  for all functionals (0@ between 10 and 18 Hz) excepting for
(=5.2 Hz). When shifted, all combinations improve significantly ~ B3LYP, as indicated earlier. All calculated values with B3LYP/TZVPg
the results. o1 deviations are between 2.0 and 3.4 Hz exclud-  are smaller than the experimental ones. Six values present
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Table 4. Statistical results (in hertz) for data set-3 (sp hybridized carbon atoms) using the indicated functional/basis set. Y-intercept (@) for fits to
Egn (1) and its standard deviation (between parentheses) are given
Original values Shifted using Eqn (1) 5 Hz of rovib. contr.

Func./basis set c min(© max(© at’ oM min(!) max(") o) min{v) max V)
PBE/TZVP 18.5 -36.3 -12.8 17.38 (1.0) 54 -18.9 4.6 13.7 -31.3 -7.8
PBE/HIII-su3 9.4 -21.3 -4.5 8.31(0.8) 4.0 -13.0 3.8 5.2 -16.3 0.5
PBE/EPR-III 13.4 -27.7 -84 12.36 (0.9) 4.5 -15.3 3.9 8.8 -22.7 -34
PBE/aug-cc-pVTZ-J 8.3 -19.9 -3.5 7.16 (0.8) 4.0 -12.7 3.7 45 -14.9 1.5
PBE/ccJ-pVTZ 11.0 -25.2 -5.8 9.85(0.9) 4.6 -15.4 4.0 6.7 -20.2 -0.8
PBE/pcJ-2 73 -19.0 -25 5.99(0.8) 4.0 -13.0 35 4.1 -14.0 25
B3LYP/TZVP 53 -16.8 0.5 3.34(0.8) 4.1 -13.5 3.9 4.4 -11.8 55
B3LYP/HIll-su3 9.0 1.1 12.5 -8.34(0.5) 2.8 -7.2 4.2 13.9 6.1 17.5
B3LYP/EPR-III 5.1 -5.2 7.9 -3.86 (0.6) 3.2 -9.1 4.1 9.6 -0.2 12.9
B3LYP/aug-cc-pVTZ-J 10.0 2.8 13.7 -9.45 (0.5) 2.8 -6.6 4.2 15.0 7.8 18.7
B3LYP/ccJ-pVDZ 6.9 -6.1 9.9 -5.54(0.8) 4.0 -11.7 4.4 11.5 -1.1 14.9
B3LYP/ccJ-pVTZ 73 -23 10.5 -6.41 (0.6) 3.2 -8.7 4.1 121 2.7 15.5
B3LYP/ccJ-pvVQZ 9.4 1.6 12.9 -8.74 (0.6) 3.0 -7.1 4.2 14.3 6.6 17.9
B3LYP/pcJ-2 10.5 33 14.2 -9.89(0.5) 2.8 -6.6 4.3 15.4 8.3 19.2
B3LYP/pcJ-3 9.7 24 134 -9.10(0.5) 2.8 -6.7 43 14.6 74 18.4
B3P86/TZVP 17.5 -34.3 -123 16.44 (1.0) 5.0 -17.9 4.1 12.7 -29.3 -7.3
B3P86/HIlI-su3 6.7 -16.9 -23 5.57(0.7) 3.5 -11.4 3.3 3.6 -11.9 2.7
B3P86/EPR-III 10.3 -233 -5.9 9.29 (0.8) 4.0 -14.4 34 6.0 -18.3 -0.9
B3P86/aug-cc-pVTZ-J 5.5 -15.5 -0.9 4.13(0.7) 3.5 -11.4 33 3.6 -10.5 4.1
B3P86/ccJ-pVTZ 8.2 -20.3 -3.6 7.04(0.8) 3.9 -133 34 4.4 -15.3 1.4
B3P86/pcJ-2 5.6 -15.9 -0.9 4.35(0.7) 35 -11.6 34 3.6 -10.9 4.1
B97-2/TZVP 15.2 -32.7 -9.2 13.99 (1.0) 5.3 -18.7 4.8 10.6 -27.7 -4.2
B97-2/HllI-su3 8.2 -21.2 -1.8 6.85(0.8) 43 -14.3 5.0 4.7 -16.2 3.2
B97-2/EPR-IlI 123 -28.1 -6.1 11.06 (0.9) 4.8 -17.0 5.0 7.8 -23.1 -1.1
B97-2/aug-cc-pVTZ-J 6.3 -18.9 0.3 4.54(0.8) 4.2 -14.3 49 4.2 -13.9 53
B97-2/cc)-pVTZ 10.4 -26.1 -4.1 9.06 (0.9) 49 -17.0 49 6.4 -21.1 0.9
B97-2/pcJ-2 7.6 -20.4 -0.8 6.16 (0.8) 4.2 -14.3 5.4 44 -15.4 4.2
MO6-L/TZVP 42.0 324 46.8 -41.04(0.7) 3.9 -8.7 5.8 471 374 51.8
MO6-L/HIll-su3 40.3 30.6 46.2 -39.35(0.7) 3.8 -8.7 6.8 45.4 356 51.2
MOG6-L/EPR-III 423 315 47.8 -41.36 (0.8 39 -9.9 6.4 47.4 36.5 52.8
MO6-L/aug-cc-pVTZ-J 36.0 25.7 423 -35.16 (0.7 3.9 -94 7.1 41.1 30.7 47.3
MO6-L/ccJ-pVTZ 41.8 335 47.0 -40.91 (0.7 34 -7.5 6.1 46.9 38.5 52.0
MO06-L/pcJ-2 45.8 36.8 51.0 -44.85 (0.7 3.6 -8.0 6.1 50.9 41.8 56.0
B3LYP/TZVPg 4.6 -12.7 -0.2 3.28 (0.6 3.2 -94 3.1 3.7 -7.7 4.8
B3P86/aug-cc-pVTZ-Jg 5.9 -14.7 -14 492 (0.6 3.2 -9.8 3.5 3.2 -9.7 3.6

deviation larger than 5 Hz in magnitude. Four of them correspond
to HC(O) - X with X = F (=12.7 Hz of deviation), CH3 (-7.7 Hz),
CgHs (-6.3 Hz) and OCHs (-5.7 Hz). The remaining two largest
deviations correspond to cis-H(CN)C = CH(CN) (-9.4 Hz) and
HCH = CH(CN) (~7.5 Hz, the coupled hydrogen is the overlined
one). Shifted results have similar quality for all functional/basis set
combinations. o(1) ranges from 2.8 (B3LYP with Hlll-su3, aug-cc-
pVTZ-J, pcJ-2 or pclJ-3) to 5.4 Hz (PBE/TZVP). Additionally, M06-L
functional yields reasonable results when an independent term
ranging between -35 and -44 Hz is used. Five models yield o)
values smaller than 4 Hz: B3P86 with HIll-su3, aug-cc-pVTZ-J and
pcJ-2, B3LYP/TZVPg and B3P86/aug-cc-pVTZ-Jg. Again, the worst
results are those of the B3LYP functional (excluding when the
TZVP basis set is used) and those of TZVP basis set with PBE, B3P86
and B97-2 functionals.

Set-4 is the smaller data collection with only ten data points and
includes couplings involving sp hybridized carbon atoms. This set
ranges from 248 to 275 Hz, which represent the larger SSCC val-
ues of the whole data. However, seven experimental SSCCs have

a narrow range (from 248 to 253 Hz), and on the other hand, the
experimental values could have large uncertainties.°'! Therefore,
it is not possible to draw definitive conclusions with this reduced
and ill-conditioned set. Models with 6@ smaller than 6 Hz are as
follows: B97-2/HIIl-su3 (4.6 Hz), B3P86/EPR-III (5.3 Hz), B3P86/ccJ-
pVTZ (5.3 Hz), B97-2/pcJ-2 (5.4 Hz) and B97-2/pccl-pVTZ (5.9 Hz).
The worst results are those of M06-L functional (o(© between 73
and 81 Hz) and those of B3LYP functional when the largest basis
sets are used (0(? between 18 and 28 Hz). However, when the cal-
culated values are fitted to Eqn (1), best results are those of B3LYP
functional (6" between 4.1 and 4.4 Hz). The remaining func-
tional/basis set combinations give slightly higher o) deviations
reaching 7.0 Hz for M06-L/pcJ-2.

The last data set (set-5) ranges from 154 to 206 Hz and con-
tains 21 couplings that involve aromatic carbons. Results are close
to those for set-3 (couplings with sp2-carbon atoms). The best
fit corresponds to B3LYP/TZVPg and B3LYP/TZVP results (6@ of
2.4 and 2.5 Hz, respectively). However, TZVP and EPR-lIl basis sets
yield worse results when using the remaining functionals. Other
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Table 5. Statistical results (in hertz) for data set-4 (sp hybridized carbon atoms) using the indicated functional/basis set. Y-intercept (@) for fits to
Egn (1) and its standard deviation (between parentheses) are given
Original values Shifted using Eqn (1) 5 Hz of rovib. contr.

Func./basis set c min(© max(© at’ oM min(!) max(") o) min{v) max V)
PBE/TZVP 12.9 -24.8 -4.3 11.05 (1.8) 5.6 -13.8 6.8 8.5 -19.8 0.7
PBE/HIII-su3 6.1 -12.5 8.0 -1.94(1.8) 5.7 -14.5 6.0 9.3 -7.5 13.0
PBE/EPR-III 8.1 -20.1 0.7 5.33(1.8) 5.8 -14.8 6.0 5.8 -15.1 5.7
PBE/aug-cc-pVTZ-J 6.7 -11.6 10.0 -3.13(1.9) 5.9 -14.7 6.9 104 -6.6 15.0
PBE/ccJ-pVTZ 6.1 -16.2 54 1.01(1.9) 6.0 -15.2 6.4 7.3 -11.2 104
PBE/pcJ-2 73 -10.7 11.0 -4.14(1.9) 5.9 -14.8 6.9 11.3 -5.7 16.0
B3LYP/TZVP 9.5 -0.9 14.6 -8.03(1.3) 4.3 -89 6.6 144 4.1 19.6
B3LYP/HIll-su3 26.6 16.1 309 -24.91(1.3) 4.1 -8.9 6.0 31.8 211 359
B3LYP/EPR-III 18.5 7.4 22.8 -17.05(1.3) 43 -9.7 5.7 236 124 27.8
B3LYP/aug-cc-pVTZ-J 27.8 16.7 326 -26.07 (1.4) 43 -94 6.5 33.0 21.7 376
B3LYP/ccJ-pVDZ 22.7 11.6 27.2 -21.10(1.4) 43 -9.5 6.1 27.8 16.6 32.2
B3LYP/ccJ-pVTZ 23.1 11.8 27.7 -21.56 (1.4) 4.4 -9.8 6.2 283 16.8 327
B3LYP/ccJ-pvVQZ 26.7 15.7 313 -25.01(1.4) 43 -9.3 6.3 31.9 20.7 36.3
B3LYP/pcJ-2 28.1 17.0 329 -26.38 (1.4) 43 -9.3 6.6 334 22.0 379
B3LYP/pcJ-3 27.2 16.4 319 -25.52(1.3) 4.2 -9.1 6.4 324 214 36.9
B3P86/TZVP 121 -21.6 -4.8 10.60 (1.5) 4.7 -11.0 5.8 7.5 -16.6 0.2
B3P86/HIlI-su3 6.7 -6.4 9.8 -4.63 (1.4) 4.6 -11.0 5.2 1.1 -14 14.8
B3P86/EPR-III 53 -13.9 2.8 2.11(1.5) 4.8 -11.8 4.9 5.7 -89 7.8
B3P86/aug-cc-pVTZ-J 8.1 -54 12.0 -6.23 (1.5) 4.8 -11.6 5.7 12.8 -04 17.0
B3P86/ccJ-pVTZ 5.3 -10.0 7.3 -1.98 (1.5) 49 -11.9 54 8.8 -5.0 123
B3P86/pcJ-2 7.8 -5.6 11.6 -5.87 (1.5) 4.8 -11.4 5.8 124 -0.6 16.6
B97-2/TZVP 9.9 -19.5 -2.5 8.21(1.5) 4.8 -11.3 5.7 5.9 -14.5 25
B97-2/HIlI-su3 4.6 -10.9 53 -0.67 (1.4) 4.6 -11.6 4.6 7.5 -59 10.3
B97-2/EPR-IlI 8.6 -194 =21 6.60(1.6) 5.0 -12.8 4.5 53 -14.4 29
B97-2/aug-cc-pVTZ-J 6.4 -8.7 8.8 -3.86(1.6) 5.0 -12.6 5.0 10.6 -3.7 13.8
B97-2/ccJ-pVTZ 59 -15.8 1.7 2.86(1.6) 5.1 -12.9 4.5 55 -10.8 6.7
B97-2/pcJ-2 54 -10.8 6.9 -1.86 (1.6) 5.0 -12.6 5.1 8.8 -5.8 11.9
MO6-L/TZVP 81.1 63.0 86.2 -76.74 (2.0) 6.3 -13.8 9.5 86.4 68.0 91.2
MO6-L/HIll-su3 80.8 65.5 85.1 -76.47(1.7) 53 -10.9 8.7 86.0 70.5 90.1
MOG6-L/EPR-III 77.7 58.5 84.2 -73.40(2.1) 6.6 -14.9 10.8 829 63.5 89.2
MO6-L/aug-cc-pVTZ-J 72.8 57.6 793 -68.84 (1.8) 5.6 -11.2 104 78.0 62.6 84.3
MO6-L/ccJ-pVTZ 77.2 59.2 83.1 -73.04 (2.0) 6.2 -13.8 10.1 82.5 64.2 88.1
MO06-L/pcJ-2 77.3 56.7 83.7 -73.05(2.2) 7.0 -16.3 10.6 82.6 61.7 88.7
B3LYP/TZVPg 8.2 -1.8 13.4 -6.72(1.3) 4.2 -8.5 6.7 13.0 3.2 18.4
B3P86/aug-cc-pVTZ-Jg 6.4 -6.7 9.9 -4.24(1.4) 4.6 -10.9 5.7 10.8 -1.7 14.9

results with @ smaller than 6 Hz are those of B3P86/aug-cc-
PVTZ-J (09 = 3.9 Hz), B3P86/pcJ-2 (4.0 Hz), B3LYP/EPR-IIl (4.6 Hz),
B97-2/aug-cc-pVTZ-J (4.8 Hz), B3P86/aug-cc-pVTZ-Jg (4.8 Hz) and
B3P86/HIll-su3 (5.1 Hz). Again, M06-L functional produces the
worst results (0@ from 35 to 44 Hz). B3LYP/TZVPg results only
present one deviation larger than 5 Hz in magnitude. This is that
of 1Jc,,o-H in CeH5F(0) (7.1 H2). It should be noted that while
most of the SSCCs calculated at B3LYP/TZVPg are smaller than
the experimental ones, the coupling for CgHsF is 7 Hz larger (this
deviation can be identified easily in Fig. 1). This large and positive
deviation contrasts with the small one (0.1 Hz with B3LYP/TZVPg)
obtained for CgH3F3 molecule. This leads us to suspect that
the experimental value could be incorrect. The shifted couplings
improve their performance and yield similar results for all func-
tional/basis set combinations with o) of 2.1-2.4 Hz (3.2-4.0 for
the M06-L functional). The calculated values corrected with 5 Hz
of rovibrational contribution present results similar to those indi-
cated previously for the other sets. Several models yield o)
values smaller than 3 Hz: PBE, B3P86 and B97-2 with aug-cc-pVTZ-

J and pcJ-2, B3P86 and B97-2 with Hlll-su3, B3P86/ccJ-pVTZ and
B3P86/aug-cc-pVTZ-g. B3LYP results and those obtained with the
TZVP yield large o) values between 7 and 15 Hz, excepting
B3LYP/TZVP (4.6 Hz).

Figures 2 and 3 show the deviations 1JE,‘Z/C - 1J?;f against the
functional/basis set used for the calculation of the SSCC (Fig. 2)
or against the number of contracted basis functions (Fig. 3). Cal-
culated values Ug,‘_’/c in Fig. 3 correspond to those obtained with
B3LYP functional and the indicated basis set. These figures were
represented for four well-known molecules: CHg, CHy = CHa,
HC = CH and CgHg, one of each type of coupling. Figures for all
studied molecules are presented in the Supporting Information.
In Fig. 2, different symbols have been used for each functional,
and some interesting trends are observed. The results calculated
with B3LYP and MO06-L functional are, in general, larger than the
experimental ones while the remaining functionals yield smaller
SSCCs. The values calculated with TZVP basis set are, within each
functional, the smallest one. Roughly, the deviations Ugﬂc - U?,(f
for each approach follow the same pattern independently of the
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Table 6. Statistical results (in hertz) for data set-5 (aromatic carbon atoms) using the indicated functional/basis set. Y-intercept (@) for fits to Eqgn (1)
and its standard deviation (between parentheses) are given
Original values Shifted using Eqn (1) 5 Hz of rovib. contr.

Func./basis set c min(© max(© at’ oM min(!) max(") o) min{v) max V)
PBE/TZVP 14.1 -18.2 -6.1 13.61 (0.5) 23 -4.6 7.5 9.1 -13.2 -1.1
PBE/HIII-su3 7.1 -94 0.7 6.62 (0.5) 2.1 -2.8 73 2.7 -44 5.7
PBE/EPR-III 11.0 -13.8 -3.0 10.48 (0.5) 2.2 -3.3 7.5 6.0 -8.8 2.0
PBE/aug-cc-pVTZ-J 6.1 -8.5 1.8 5.60 (0.5) 2.1 -2.9 7.4 2.2 -3.5 6.8
PBE/ccJ-pVTZ 8.4 -10.7 -0.4 7.93 (0.5) 2.2 -2.8 7.5 3.7 -5.7 4.6
PBE/pcJ-2 5.0 -7.4 3.0 443 (0.5) 2.1 -29 74 2.2 24 8.0
B3LYP/TZVP 2.5 -4.5 6.9 1.08 (0.5) 23 -34 8.0 4.6 0.5 11.9
B3LYP/HIll-su3 8.7 5.2 15.8 -8.24(0.5) 2.2 -3.0 7.6 13.7 10.2 20.8
B3LYP/EPR-III 4.6 1.2 11.7 -4.00 (0.5) 2.2 -2.8 7.7 9.5 6.2 16.7
B3LYP/aug-cc-pVTZ-J 9.7 6.3 16.8 -9.19 (0.5) 2.2 -2.9 7.6 14.7 11.3 21.8
B3LYP/ccJ-pVDZ 6.5 2.9 139 -5.90 (0.5) 23 -2.9 8.0 11.4 7.9 189
B3LYP/ccJ-pVTZ 7.0 3.6 14.2 -6.50 (0.5) 2.2 -29 7.7 12.0 8.6 19.2
B3LYP/ccJ-pvVQZ 9.1 5.7 16.3 -8.64 (0.5) 2.2 -2.9 7.7 14.1 10.7 213
B3LYP/pcJ-2 10.1 6.8 17.3 -9.66 (0.5) 2.2 -29 7.7 15.2 11.8 223
B3LYP/pcJ-3 9.3 6.0 16.5 -8.88 (0.5) 2.2 -2.9 7.6 14.4 11.0 21.5
B3P86/TZVP 13.6 -18.4 -5.2 13.08 (0.5) 24 =53 7.9 8.6 -134 -0.2
B3P86/HIIl-su3 5.1 -74 3.0 4.51(0.5) 2.1 -2.9 7.5 2.2 -2.4 8.0
B3P86/EPR-III 8.5 -11.5 -04 7.98 (0.5) 2.2 -3.5 7.6 3.8 -6.5 4.6
B3P86/aug-cc-pVTZ-J 3.9 -5.9 43 3.21(0.5) 2.1 -2.7 7.5 2.8 -0.9 9.3
B3P86/ccJ-pVTZ 6.3 -8.6 1.8 5.78 (0.5) 2.2 -2.8 7.6 23 -3.6 6.8
B3P86/pcJ-2 4.0 -6.1 4.2 3.38(0.5) 2.1 -2.7 7.5 2.7 -1.1 9.2
B97-2/TZVP 12.0 -16.7 -3.7 11.48 (0.5) 23 -5.2 7.8 7.0 -11.7 13
B97-2/HIlI-su3 6.8 -9.7 1.3 6.28 (0.5) 2.2 -34 7.6 2.6 -4.7 6.3
B97-2/EPR-IIl 10.8 -14.7 -2.8 10.28 (0.5) 2.2 -4.4 74 59 -9.7 2.2
B97-2/aug-cc-pVTZ-J 4.8 -7.1 3.2 4.19(0.5) 2.1 -3.0 7.3 23 -2.1 8.2
B97-2/cc)-pVTZ 8.7 -12.4 -0.8 8.25(0.5) 2.2 -4.2 74 4.0 -74 4.2
B97-2/pcJ-2 6.3 -8.6 1.6 5.77 (0.5) 2.1 -29 74 23 -3.6 6.6
MO06-L/TZVP 44.5 373 54.0 -43.22 (0.9 4.0 -5.9 10.8 49.6 423 59.0
MO06-L/HIlI-su3 39.9 32.9 48.2 -38.71(0.9 3.9 -5.8 9.5 45.0 379 53.2
MO6-L/EPR-III 424 359 50.5 -41.18 (0. 3.7 -5.2 9.3 47.5 40.9 55.5
MO6-L/aug-cc-pVTZ-J 35.1 284 44.0 -34.06 (0. 4.0 -5.7 10.0 40.2 334 49.0
MO6-L/ccJ-pVTZ 41.4 34.7 50.3 -40.21 (0. 3.9 -5.6 10.1 46.5 39.7 553
MO06-L/pcJ-2 45.8 39.7 52.2 -44.55 (0. 3.2 -4.8 7.7 50.9 447 57.2
B3LYP/TZVPg 24 -34 7.1 1.00 (0. 2.2 -2.5 8.1 4.6 1.6 12.1
B3P86/aug-cc-pVTZ-Jg 4.8 -6.8 3.3 4.24 (0. 2.1 -2.6 7.5 2.2 -1.8 83

molecule (see Supporting Information). In Fig. 3, we investigate
the convergence of this SSCC against the number of basis func-
tions. This figure shows (see also the Supporting Information) that
the largest basis sets (ccJ-pVQZ and pcJ-3) do not introduce any
improvement with respect to the smaller ones. Considering a pos-
sible convergence with the size of the basis set, the medium-large
basis sets aug-cc-pVTZ-J, pcJ-2 and the Hlll-su3 seem to yield
good results close to those of the largest ones. The performance
of the ccJ-pVDZ and ccJ-pVTZ is quite similar in spite of their dif-
ferent sizes, and compared with the large basis sets, they yield
slightly smaller SSCCs. It should be noted that the smaller and
inexpensive TZVP basis set gives the smallest calculated values for
each functional. Moreover, when it is combined with B3LYP func-
tional, which usually overestimates the calculated values, results
present the smallest deviation against the experimental. A phys-
ical explanation for the low values calculated with TZVP basis set
is its incorrect description of the densities at the nucleus. Thus,
in the methane molecule, the nuclear densities for the carbon

and for the hydrogen amount between 125.9 and 126.2 a.u. and
between 0.4877 and 0.4940 a.u., respectively, when calculated
with B3LYP and all basis sets, except the EPR-Ill and TZVP. For these
last basis sets, the densities amount 123.1 and 121.9 u.a. for car-
bon and 0.485 and 0.437 u.a. for hydrogen. These low densities
obtained specially with the TZVP increase significantly when one
tight s function is added to the carbon and to the hydrogens. In
this case, the densities increase to 124.6 and 0.475 u.a. for carbon
and hydrogen, respectively, and UC"’C increasein 12 Hz. Itis worth
noting that the correct descrlptlon of nuclear densities is impor-
tant only for the FC contribution, which, for coupling constants
studied in this work, is dominant.

Fitted coupling constants obtained using Eqn (1) show results
for different functional/basis set combinations that are qualita-
tively similar. (1) and 2 values for all the approaches, excepting
for M06-L results, fall within a narrow interval (see Tables 2-6 and
Supporting Information). Another interesting aspect is that dif-

ferences Ugﬁ/’: - Ug‘f calculated with different functional/basis
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Figure 2. Deviation AJCalc = Ugﬂ’c - U?ff against the indicated

functional/basis set approach for four representative molecules. Original
calculated values (solid symbols) and those shifted (open symbols) using
ah independent terms obtained for the whole set (see Table 2).

sets present large dispersion. However, the deviations, 1J€’,{{ft€d -

JeR, where 1hifted = g1 4 1%k are much more homo-
geneous within a given coupling independently of the used
functional/basis set. These last deviations were used to detect
wrong or systematic trends within DFT results. Molecules that
present the largest average deviation are shown in Table 7. The
average is carried out over 29 different approaches (M06-L results
were excluded) with the couplings shifted using optimized inde-
pendent term of Eqn (1) over each respective set of couplings
types, that is, sp3, sp2, .... Only values with average deviation larger
than 5 Hz are presented in Table 7. root-mean-square o values
for those average deviations, shown in parentheses in Table 7, are
small because of the narrow dispersion indicated earlier. M06-L
results were excluded owing to their larger deviations; however,
theirinclusion does not change qualitatively the results presented
in Table 7. The deviations for some of the best functional/basis
set combinations are also shown in Table 7. Some of these cou-
plings could be defined as difficult or ill-conditioned couplings,
which are problematic for DFT calculations and could be a good
test for future calculations. The fact that fitted couplings present
a similar quality notwithstanding the used functional/basis set is
not surprising. Previous DFT studies show that the substituent
effects on coupling constants!''%? and chemical shifts!%%4 are
predicted correctly; that is, the qualitative trends of these effects
are well reproduced although the calculated values vary more
with experiments.

Table 7 deserves further comments. For SSCCs with sp3-carbon,
the only value that deviates more than 5 Hz in magnitude cor-
responds to CHF(CN) (7.1 Hz of deviation). This is a molecule
with electronegative substituents with lone pair electrons (F)
and a triple bond (cyano group) attached to the coupled car-
bon atom. For SSCCs involving spz-carbon, we detect two values
with larger deviations. One of them is formyl fluoride (-12.3 Hz
of average deviation), where the coupling carbon belongs to
a carbonyl group like in acetaldehyde, formaldehyde and ben-
zaldehyde, which also show large average deviations of -3.9, 3.5
and -2.6 Hz, respectively. The second largest average deviation
(-6.7 Hz) corresponds to cis-H(CN)C = CH(CN), again a molecule
with cyano groups. For the sp-carbon set, two molecules present
deviations larger than 5 Hz: hydrogen cyanide (-10.9 Hz) and flu-
oroacetylene (5.8 Hz). Despite being well-studied molecules, they
present large deviations. These results should be viewed in the
context of reduced and ill-conditioned data set (see the previous
paragraphs) that may bias the fitted values in the wrong direc-
tion. When the carbon involved in the coupling is aromatic, only
the values for the ortho-'Jcy in fluorobenzene deviate more than
5 Hz; here, it is 7.6 Hz (see aforementioned comments about this
result).

A summary of results using the original group of calculated
SSCCs and that obtained after subtracting a constant rovibrational
contribution of 5 Hz is presented in Table 8. In this table, the
results for set-5 (sp involved carbon) were not included owing to
the discrepancies indicated earlier. In order to better visualize the
results, the o values were presented using different colors. The
values with o between 4 and 5 Hz or smaller (in this last case,
the figures are indicated) are in green; o values between 5 and
6 Hz are in blue; o values between 6 and 7 Hz are in red; o devi-
ations between 7 and 10 Hz are not indicated; and o larger than
10 Hz are presented. This classification allows us to distinguish
four groups of models (functional/basis set):

(1) Models that yield o deviations that are low for both groups
of results. These are B3LYP/TZVPg, B3P86/aug-cc-pVTZ-Jg,
B3LYP/TZVP and B3P86/aug-cc-pVTZ-J.

(2) Models that yield good results when a rovibrational contri-
bution of 5 Hz is considered. But, in general, they do not
yield good o deviations for the original (non-scaled) group of
SSCCs. These models are PBE, B3P86 and B97-2 with Hlll-su3,
pcJ-2 and PBE/aug-cc-pVTZ-J, B3P86/cc)-pVTZ and B97-2aug-
cc-pVTZ-J.

(3) Few models give good results for set-2 without considering the
rovibrational contributions. These models could also give rea-
sonable results for set-3 and set-5. They are mainly B3LYP with
EPR-IIl, ccJ-pVDZ and ccJ-pVTZ.

(4) A large set of models with worse results, mainly with o devi-
ations larger than 7 Hz. These four groups are separated in
Table 7 by a blank space.

The overestimated results obtained with the M06-L functional
could be attributed to the fact that it does not involve Hartree-
Fock exchange (E)’;’F). Test results obtained using the M062X
(54% of E)’;’F) and MO6HF (100% of E)’;’F) functionals seem to
yield smaller values. Thus, for methane, the 1JEC value obtained
with M06-L/TZVP is 140.8 Hz, while with M062X/TZVP and
MO6HF/TZVP, values are 126.9 and 91.6 Hz, respectively. It should
be noted, however, that the PBE functional used also in this
work does not involve Eff and the results obtained are not
overestimated.
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Figure 3. Deviation AJCalc = Ugﬂc - U?ff against the number of contracted basis functions for four representative molecules. B3LYP functional
was used.
Table 7. Deviations 1J§’,foted - 1Jg),(f for some representative results?. Last column corresponds to the average deviation

over the 29 calculations for the indicated molecule

exp

Molecule  Type UCH B3LYP/TZVP  B3LYP/TZVPg B3P86/aug-cc-pVTZ  B3P86/aug-cc-pVTZg Averageb

Fo—c=n  sp3  166.0 69 65 -69 -7.0 -7.1(0.6)
N N
N A

—/ sp2 1840 -56 -62 -63 -6.6 -6.7 (0.6)

(o]

F)I\H sp2 2670 -135 -94 114 958 -12.3(3.8)
W—c=n  sp  269.0 -89 -85 -116 -11.2 -109(2.1)
HC=CF  sp 2755 6.6 6.7 5.7 57 5.8(0.7)

(0)

— ar 155.0 8.0 8.1 75 7.5 7.6(0.2)

90nly couplings with average deviations larger than 5 Hz in magnitude are presented.
bg deviations for these average values, shown in parentheses, are presented.
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Table 8. Summary of o deviations? (hertz) for functional/basis set models and for original calculated group and that obtained
assuming 5 Hz of rovibrational contribution
Original group 5 Hz of rovib. cont.
Func./Basis set Set-1 Set-2  Set-3 Set-5 Set-1 Set-2 Set-3 Set-5
(Whole)  (sp®)  (sp?) (Arom) (Whole)  (sp®)  (sp?)  (Arom)
B3LYP/TZVPg 5-6
B3P86/aug-cc-pVTZ-Jg 5-6 6-7 5-6
B3LYP/TZVP 5-6 5-6 5-6 5-6
B3P86/aug-cc-pVTZ-J 5-6 6-7 5-6
PBE/HIII-su3 5-6 5-6
PBE/aug-cc-pVTZ-J 6-7
PBE/pclJ-2 6-7
B3P86/HIII-su3 6-7 5-6
B3P86/ccJ-pVTZ 6-7
B3P86/pcJ-2 5-6 6-7 5-6
B97-2/HIII-su3 6-7
B97-2/aug-cc-pVTZ-J 6-7 6-7
B97-2/pcJ-2 6-7
B3LYP/EPR-III 5-6 > 10
B3LYP/ccJ-pVDZ 6-7 6-7 > 10 > 10 > 10
B3LYP/ccJ-pVTZ > 10 > 10 > 10
PBE/ccJ-pVTZ > 10 > 10 5-6 5-6 6-7
B3P86/EPR-III 6-7 > 10 > 10 5-6 5-6 6-7
B97-2/ccJ-pVTZ > 10 > 10 5-6 5-6 6-7
PBE/EPR-III > 10 > 10 > 10 > 10 6-7
B3LYP/HIII-su3 > 10 5-6 > 10 > 10 > 10 > 10
B3LYP /aug-cc-pVTZ-J > 10 6-7 > 10 > 10 > 10 > 10 > 10
B3LYP/ccJ-pVQZ > 10 6-7 > 10 > 10 > 10 > 10
B3LYP/pcJ-3 > 10 6-7 > 10 > 10 > 10 > 10
B97-2/TZVP > 10 > 10 > 10 > 10 > 10 > 10 6-7
B97-2/EPR-III > 10 > 10 > 10 > 10 6-7 5-6
PBE/TZVP > 10 > 10 > 10 >10 > 10 > 10 > 10
B3LYP/pcJ-2 > 10 > 10 > 10 > 10 > 10 > 10 > 10
B3P86/TZVP > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/TZVP > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/HIII-su3 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/EPR-IIT > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/aug-cc-pVTZ-J > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/ccJ-pVTZ > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
MO06-L/pcJ-2 > 10 > 10 > 10 > 10 > 10 > 10 > 10 > 10
“Values between 4 and 5 Hz or smaller (in green), between 5 and 6 Hz (blue) and between 6 and 7 Hz (red). Values larger
than 10 Hz are indicated and those not shown correspond to values between 7 and 10 Hz.

Conclusions

A large collection of one-bond carbon-hydrogen NMR coupling
constants was calculated at different DFT levels and compared
with experimental values in order to detect the main trends and to
search for the best choice of functional and basis set combination.
Five density functionals and nine atomic basis sets were tested in
the calculation of 88 'Jcy values. Regression analysis was used as
a basic and appropriate methodology for this type of comparative
study.

Directly calculated SSCCs and those corrected with shift-
ing and/or scaling factors for each model (functional/basis set)
were compared with experimental values. Within the shifting
approach, a particular case is to consider a fixed rovibrational
contribution, a reasonable value for it could be 5 Hz, that was
subtracted from the experimental or added to the calculated
values.

When the calculated SSCCs are modified with shifting factors
(independent term a) in Eqn (1)) all results improve significantly
presenting o) values between 4.0 and 6.5 Hz for the whole set
of SSCCs, excluding MO6-L results. This later functional yields o)
deviations between 12 and 15 Hz. The a") corrections are neg-
ative (the calculated values are overestimated) for MO6-L results
(between -35 and —44 Hz) and for B3LYP (between —4.6 and -10.6
Hz) excepting B3LYP/TZVP and B3LYP/TZVPg that present a value

for aV) of 2 Hz. For the remaining models, a values are positive
between 3.2 and 15.6 Hz.

Considering the original calculated group (unfitted) and
that including 5 Hz of rovibrational contribution, one can
detect a small set of models that performs properly for both
groups of SSCCs. These are B3LYP/TZVPg, B3P86/aug-cc-pVTZ-
Jg, B3LYP/TZVP and B3P86/aug-cc-pVTZ-J (see Table 8). A second
group of models with PBE, B3P86 and B97-2 functionals in combi-
nation with Hlll-su3, and pcJ-2 basis sets and the models PBE/aug-
cc-pVTZ-J, B3P86/cc)-pVTZ and B97-2/aug-cc-pVTZ-J yield good
results when the indicated rovibrational contribution is consid-
ered. Models with B3LYP and EPR-Ill, ccJ-pVDZ and ccJ-pVTZ yield
satisfactory results mainly for the original set-2 (sp3 involved
carbons). The remaining models that seem to work worse irre-
spective of that rovibrational contributions are considered (see
Table 8). It should be stressed the incorrect performance of M06-L
functional for these kinds of coupling constants.

Popular B3LYP functional overestimates the calculated cou-
pling constants, overestimation that increases when the rovibra-
tional contributions are included. On the other hand, TZVP basis
set, the smallest one used in this work, gives for any functional
the lower calculated values. Therefore, the combination of those
opposite effects in the B3LYP/TZVP model yields good calculated
values when compared with the experimental. This agreement

Magn. Reson. Chem. (2013) Copyright © 2013 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/mrc
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with the experimental values for the model B3LYP/TZVP can be
attributed to error cancellation.

It is also important to stress, as observed in the previous
works,!"°! that for lone-pair bearing electronegative substituents,
1Jey SSCC calculations are a difficult task for DFT methods. A
similar assertion seems to hold for substituents involving triple
bonds.

As a final conclusion, for calculating "Jcy SSCCs, we recom-
mend using B3P86 functional in combination with aug-cc-pVTZ-J
basis set when rovibrational contributions of 5 Hz are considered
or, alternatively, the use of the shifting constants am presented in
Tables 2-6.
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Functional/basis set

Density functional theory assessment for the determination of one-bond carbon-hydrogen spin-spin coupling constants is examined.
Predictions using five functionals and nine basis sets are computed and compared with experimental values. The collection of 68 organic
molecular systems with 88 coupling constants includes different types of hybridized carbon atoms. Regression analysis was used as a
basic and appropriate methodology for this type of comparative study. B3P86/aug-cc-pVTZ-J yields good results for the studied set.
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