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Abstract: The spin—spin coupling constants in ethane, methylamine, and methanol
have been calculated using density-functional theory (DFT), coupled-cluster singles-
and-doubles (CCSD) theory, and multiconfigurational self-consistent field (MCSCF)
theory so as to benchmark the performance of DFT against high-level ab initio methods
and experimental data. For each molecule, the Karplus curve has been evaluated at
the three computational levels. The comparisons with ab initio methods indicate that
DFT reproduces the 'J(CH), '.J(CC), and ' J(NH) one-bond couplings well but is less
accurate for ' J(CN), 'J(OH), and 'J(CO). While DFT performs well for the geminal
couplings 2J(HH) and 2J(CH), it tends to overestimate the vicinal 3J(HH) couplings
slightly although it is sufficiently accurate for most purposes.
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1 Introduction

The indirect nuclear spin—spin coupling constants are, along with the nuclear shielding constants,
the most important parameters of NMR spectra. Progress in NMR techniques—in particular,
the use of high magnetic fields—has made possible the accurate measurement of a wide variety
of NMR coupling constants, even in proteins and nucleic acids (and their complexes) of substan-
tial size. In particular, since the nuclear spin—spin coupling constants are extremely sensitive to
the molecular geometry, they have for a long time been used for structure assignments of such
systems [1-4]. Such advances in NMR measurement techniques call for a concomitant develop-
ment of computational methods suitable for the modelling of spin—spin coupling constants in large
molecules, allowing for a better understanding of the correlation between NMR parameters and
molecular structure. Over the last decade, NMR shielding constants have been calculated rou-
tinely for a vast range of systems [5-7|. By contrast, ab initio calculations of spin—spin coupling
constants in molecules containing more than 10-12 atoms have been carried out only recently [5, 8—
10]. The reason for this difference lies in the failure of the simplest and least expensive ab initio
method—the Hartree-Fock method—to provide spin—spin coupling constants with acceptable ac-
curacy because of the instability or near-instability of this wave function to triplet perturbations as
generated by the Fermi contact and spin—dipole operators [5]. Although the multiconfigurational
self-consistent field (MCSCF) and coupled-cluster methods are well suited to the calculation of
spin—spin coupling constants, they are computationally expensive, making them impractical for
example for biochemical systems. The recent development of techniques for the calculation of
spin—spin coupling constants by Kohn—Sham density-functional theory (DFT)—which does not
suffer from triplet instabilities in principle and which, even when using some proportion of exact
exchange, is not much more expensive than the Hartree-Fock method—has provided a highly
promising tool for the study of spin—spin couplings of large systems [11-15]. However, some prob-
lems inherent in the DFT method should be addressed first. Unlike wave-function methods such as
the MCSCF and coupled-cluster methods, DFT is not hierarchical. As a result, it is often difficult
to predict the relative performance of the different functionals. Therefore, before DFT is applied
to the calculation of unknown coupling constants, a careful comparison of the spin—spin coupling
constants obtained for some simple molecules by DFT and by wave-function methods such as the
coupled-cluster singles-and-doubles (CCSD) and MCSCF theories is required. Some work has been
already done in this direction [14,16]. Thus, it has been established that, while DFT in general
performs quite well for spin—spin coupling constants, certain couplings—in particular, those in-
volving fluorine—cannot be accurately predicted by DFT using the present functionals [12, 14]. In
the current work, we extend these comparisons to CH3CHj3, CH3NH,; and CH3OH. The molecules
investigated in this paper are rather simple, without multiple carbon—carbon bonds or carbonyl
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groups. On the other hand, all the important coupling constants of organic chemistry are present
in CH3CH3, CH3NH; and CH3OH, making these molecules particularly suitable for testing DFT
against high-level wave-function methods. In addition, the molecules under study here offer the
possibility of calculating the dependence of *J(HH) on the dihedral angle—that is, the Karplus
curve [1,2], an important relationship in structural chemistry [1-3].

2 Computational details

The DF'T calculations of the spin—spin coupling constants have been carried out using the approach
of Helgaker, Watson and Handy [14]. In particular, the sum-over-state contributions to the spin—
spin coupling constants are obtained analytically, using the linear-response formalism [14]. More-
over, unlike the original implementations of Malkina, Salahub and Malkin [11,12] and of Dickson
and Ziegler [15], in which only the local-density approximation (LDA) and the generalized-gradient
approximation (GGA) can be used, the implementation of Helgaker and coworkers allows for the
use of the exact Hartree—Fock exchange. The latter is an important point since the use of hybrid
functionals such as B3LYP improves considerably the calculated spin—spin coupling constants [14].
Accordingly, all DFT results presented here have been obtained with the Becke three-parameter
Lee—Yang—Parr (B3LYP) functional [17,18]. The DFT calculations of spin—spin coupling con-
stants have been carried out using an experimental version of the DALTON program [19]. For
details on the DFT implementation, see Ref. [14]. The calculations of the spin—spin coupling
constants at the MCSCF level [5,20] have been carried out by means of DALTON 1.2 [19]. The
restricted active-space (RAS) approach has been employed, with the nonhydrogen 1s orbitals in
the inactive subspace and with the seven Hartree—Fock-occupied valence orbitals in the RAS2 sub-
space. While the RAS-0 wave function contains in the RAS3 subspace 20 orbitals (for CH3CHj3)
or 19 orbitals (for CH3NHy and CH30H), the RAS-T wave function contains 30 (for CH;CHjs) or
27 orbitals (for CH3NH, and CH30H) in the RAS3 subspace. The RAS1 subspace is empty and
a maximum of two electrons are allowed to be excited from RAS2 to RAS3. This construction of
the MCSCF active space has previously been shown to provide good results for spin—spin coupling
constants [21,22]. Some of the MCSCF results have already been reported in Refs. [21,22]. The
CCSD spin—spin calculations have been carried out using linear-response theory—see Ref. [23]
and references therein—as implemented in a program based on Aces II [24]. For a description
of CCSD second derivatives in the unrestricted Hartree-Fock framework, see Ref. [25]. In the
calculations presented here, all four terms—Fermi contact (FC), spin—dipole (SD), paramagnetic
spin-orbit (PSO) and diamagnetic spin—orbit (DSO)—that contribute to nuclear spin—spin cou-
pling constants in nonrelativistic theory have been calculated. The reported coupling constants
have been averaged assuming free internal molecular rotation, except when the dependence on the
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dihedral angle is discussed. The experimental equilibrium geometry [26-28| has been employed.
The Karplus curves have been obtained changing only the dihedral angle, i.e. without taking into
account geometry relaxation. It has been demonstrated before [22] that for the *J(HH) couplings
in the moleculea under study the results obtained with and without geometry relaxation are close
to each other. The nitrogen coupling constants are given for isotope N. All calculations have
been carried out in the IGLO-III basis [29]. Although not large, this basis should be sufficient for
a qualitative prediction of spin—spin coupling constants, at least for the DFT calculations. How-
ever, for the MCSCF and in particular the CCSD calculations, in which dynamical correlation is
described by means of virtual excitations, this basis is certainly not sufficiently large to recover the
full effects of electron correlation. We therefore expect the CCSD calculations to be further away
from the basis-set limit than are the DFT calculations. In addition, we have ignored the effect of
triple excitations in the MCSCF and coupled-cluster calculations. Although we do not claim that
the presented MCSCF and CCSD spin—spin couplings are close to the true nonrelativistic results,
they are representative of the best spin—spin calculations that can nowadays be carried out for
molecules of this size.

3 Results and discussion

Our discussion of the results is divided into three subsections, treating separately the one-bond,
geminal and vicinal couplings. However, before examining the calculated and experimental con-
stants in detail, we note that in no case do we expect a perfect agreement with experiment. First,
the experimental spectra have been recorded for solvated molecules [30-32]. Although the sol-
vent effects are probably small for the apolar solvents in these experiments, they are certainly
not zero. Second, the IGLO-III [29] basis used here, although suitable for spin—spin coupling
constants Refs. [5,33], is far from complete. Third and perhaps most important, we have ne-
glected the rovibrational contributions to the spin—spin coupling constants. Such contributions
may be substantial for spin—spin coupling constants, which are sensitive to small changes in the
geometry [21,22, 34, 35].

3.1 One-bond coupling constants

The total one-bond coupling constants calculated at the DFT, MCSCF and CCSD levels are
compared with the experimental values in Table 1. The DFT !'J(CH) coupling constants are in
agreement with the MCSCF results but not with the CCSD ones. As previously observed [36],
MCSCF and DFT give ' J(CH) couplings closer to experiment than does CCSD. However, a better
description of electron correlation in the MCSCF wave function reduces 'J(CH) couplings [21, 22],
shifting the values closer to the CCSD ones. The good agreement of the MCSCF and DFT values
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Table 1: Comparison of the total one-bond coupling constants calculated at the DFT, RASSCF*
and CCSD levels with experiment.”

DFT RASSCF CCSD exp.
CHsCH; 'J(CH) 1226 120.3  114.1 125.19 — 125.238
CH;NH, lJ(CH) 1295 128.3 1209  132.2 (0.2)
CH;OH !J(CH) 135.1 1342 1263 141
CHsNH, 'J(NH) —633  —65.0 —61.7  —65.0 (0.2)
CH;OH !J(OH) —687  —785 —T75.9 —85 (10)
CHsCH; 'J(CC) 326 384 341 34.498 — 34.558
CH;NH, lJ(CN) —23 —65 —51  —4.5(0.5)
CH;OH !J(CO)  19.9 111 124 -

@ The SD term obtained at the RAS-0 level, the remaining ones at the RAS-I level.
b Experimental results from Refs. [30-32] for CH3CHj3, CH3NH, and CH3OH, respectively.

with experiment may therefore be coincidental. By the same argument, the difference between
CCSD and experimental results may in part arise from rovibrational effects. For example, zero-
point vibrational corrections have been found to increase 'J(CH) in CH,, HCN, and HCCH [35]
by approximately 5 Hz. This would bring CCSD values from Table 1 closer to the experimental
numbers. The performance of DFT is poorer for the coupling constants of 17O and N. However,
the DFT 'J(NH) coupling in CH3NH, agrees much better with CCSD, MCSCF and experiment
than does its counterpart '.J(OH) in CH30H. The latter coupling is close to the experimental value
when calculated at the CCSD or MCSCF levels, whereas DFT underestimates the coupling. Also,
a large discrepancy between the DFT and CCSD (and also MCSCF) results is observed for the
1J(CO) and ' J(CN) couplings in methanol and methylamine, respectively. In the case of *.J(CN),
the CCSD value is supported by experiment. These observations agree with the conclusions of
Refs. [12, 14]—namely, that the performance of DFT deteriorates for couplings between nuclei with
lone pairs. A better understanding of the performance of DFT method is gained by comparing
the individual contributions to the one-bond coupling constants—see Table 2. As expected, the
differences in the calculated ' J(CH) couplings arise mostly from differences in the treatment of the
FC contribution, which dominates the total couplings. For the SD, PSO, and DSO contributions,
the MCSCF and CCSD values are close to each other. We further note that DFT gives 'J(CN) and
1J(CO) FC contributions in poor agreement with CCSD although, for ' J(CN), also the MCSCF
result disagrees with CCSD. For the SD contributions to the one-bond couplings, DF'T performs
surprisingly well—in many cases better (relative to CCSD) than does MCSCF. The discrepancies
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Table 2: Comparison of individual contributions to the one-bond coupling constants calculated at
the DFT, RASSCF* and CCSD levels.
Fermi contact Spin-dipole Paramagnetic SO Diamagnetic SO

DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD

CH3CH3 'J(CH) 1209 1189 112.6 —0.1 —0.2 —-0.2 1.3 1.2 1.2 05 0.5 0.5
CH3NH, 'J(CH) 128.3 127.3 119.9 —0.1 —0.3 —-0.2 08 0.7 0.7 05 0.5 0.6
CH30H 'J(CH) 134.2 133.6 1255 —0.1 —0.3 —-0.2 04 0.3 0.3 0.6 0.6 0.6
CH3NH, 'J(NH) —60.0 —62.1 —58.7 —0.2 —0.1 —0.1 —-2.9 -2.7 -2.6 —0.2 -0.2 —0.2
CH3;0H 'J(OH) —55.9 —66.9 —64.2 —0.6 —0.3 —0.5 —12.0 —11.2 —11.0 —0.2 —0.2 —0.3
CH3CH3 'J(CC) 31.3 37.1 327 1.1 1.0 1.0 00 0.1 02 0.1 0.1 0.1
CH3NH, 'J(CN) -1.2 -52 -3.9 -08 —-0.7 -0.7 —-03 —-0.5 —-0.5—-0.1 —0.1 —0.1
CH30H 'J(CO) 235 14.7 161 -19-1.7 -1.7 —-1.7 -19 -20 -0.1 -0.1 -0.1

@ The SD term obtained at the RAS-0 level, the remaining ones at the RAS-I level.

between DFT and the wave-function methods are larger for the PSO contributions. Predictably,
the DSO contribution depends little on the computational level. In short, DF'T peforms very well
for '.J(CH), 'J(CC) and 'J(NH)—perhaps the most important one-bond coupling constants in
chemistry. On the other hand, the DFT results should be treated with caution in the case of the
one-bond oxygen couplings and the 'J(CN) couplings.

3.2 Geminal coupling constants

The DFT, MCSCF, and CCSD results for the geminal (i.e, two-bond) coupling constants in
CH3CHj3, CH3NH; and CH30H are compared with experiment in Table 3, while Table 4 con-
tains the calculated individual contributions to the couplings. In comparing with experiment,
we note that the geminal proton—proton couplings have been measured as proton—deuteron cou-
plings for partially deuterated compounds and then rescaled with the appropriate gyromagnetic
ratios, neglecting vibrational isotope effects. These effects are ignored in our calculations since
we neglect vibrational corrections altogether. For CH3CHj3, CH3NH; and CH3OH, all geminal
spin—spin couplings are negative. We also note that, in magnitude, the coupled-cluster 2.J(CH)
and 2J(HH) couplings are bracketed by the smaller DFT couplings and by the larger RASSCF
couplings. Concerning DFT, it performs in general very well for the >.J(HH) coupling constants.
In particular, its performance appears to be better than that of MCSCF, where large active spaces
are needed to bring the calculated geminal coupling constants, especially 2J(HH), into agreeement
with experiment [21,22]. For the 2J(CH) couplings, the discrepancies between DFT and CCSD
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Table 3: Comparison of the total geminal coupling constants calculated at the DF'T, RASSCF*
and CCSD levels with experiment.”

DFT RASSCF CCSD exp.
CH;CH; 2J(CH) —3.0 —55 —44 —4.655 - —4.661
CH;NH, 2J(CH) —19 —44  -33 -
CH;OH 2J(CH) —24 42  -34 -
CH;CH; 2J(HH) —113  —144 —121 -
CH;NH, 2J(HH)® —10.1  —133 —11.1 -
CH;NH, 2J(HH)? -76  —-108 —93 -
CH;OH 2J(HH) -92  —124 -—10.2 ~10.8
CH;NH, 2J(NH)  —3.0 —0.7  —09  —1.0(0.1)
CH;OH 2J(OH) —6.2 —5.0 —4.9 ~75

@ RASSCF results for the SD term obtained at the RAS-0 level, for the remaining ones at the
RAS-T level.

b Experimental results from Refs. [30-32] for CH3CHs, CH3NH, and CH3OH, respectively.

¢ H-C-H coupling.

¢ H-N-H coupling.

are somewhat larger. Surprisingly, 2J(OH) calculated at the DFT level is in better agreement
with experiment than are the CCSD and MCSCEF results, in spite of the usual poor performance
of DFT for couplings to lone-pair atoms. However, in this case, the rather old experimental value
may not be realiable, considering the difficulties associated with the measurement of couplings of
highly quadrupolar nuclei such as 17O. Indeed, the experimental value of 2J(NH) in CH3NH, is
much better reproduced by CCSD and MCSCF than by DFT, confirming this hypothesis. The
individual contributions to the geminal coupling constants in Table 4 follow the same trends as
for the one-bond coupling constants. Again, in all cases where a discrepancy between DFT and
CCSD occurs, it is caused by the difficulties experienced by DFT in reproducing the dominant FC
term——see, in particular, the contributions to 2J(OH) and 2J(NH). It is also interesting to note
that, for the remaining (much smaller) contributions to the couplings, DFT performs much better
than it does for FC. In particular, the DFT SD terms are consistent with the CCSD results, the
differences being smaller than between CCSD and MCSCF. Furthermore, the DF'T PSO contri-
butions to the geminal couplings are in acceptable agreement with the CCSD results, although in
this case MCSCF performs better. The calculated DSO terms are fairly independent on the level
of the calculations.
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Table 4: Comparison of individual contributions to the geminal coupling constants calculated at
the DFT, RASSCF* and CCSD levels.

Fermi contact Spin-dipole ~ Paramagnetic SO Diamagnetic SO
DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD
CH3CH3 2J(CH) -3.1 =56 —45 0.1 0.1 0.1 04 04 04 -03-03 -0.3
CH3NH, ¢J(CH) —-2.1 —-4.6 -3.5 0.1 0.1 0.1 0.7 07 07 -06-06 -—0.6
CH30H 2J(CH) -2.6 —-45 -3.6 0.0 0.1 0.0 09 09 09 —-0.7 -0.7 —-0.7
CH;CH; ?J(HH) —11.9 —15.0 —12.6 04 04 04 3.0 3.0 3.0 -29-29 -29
CH3NH, 2J(HH) —10.6 —13.8 —11.5 0.4 0.5 04 29 28 28 —2.8 —=2.8 —-2.8

%)
S

<
anpas

CH3NH, 2J(HH)” —-9.1 —12.2 —10.6 0.6 0.7 06 56 5.4 54 —48 —4.8 —4.8
CH3;OH 2J(HH) -9.7-129 —106 0.5 0.5 0.5 29 28 28 =29 -29 =28
CH3NH, 2J(NH) -2.8 -06 -0.8 0.0 0.0 0.0 -0.3-0.3 —-0.3 0.1 0.2 0.2
CH3;OH 2J(OH) —-5.6 —45 —43 0.1 0.2 0.1 -1.0 -09 —-09 02 0.2 0.2

@ The SD term obtained at the RAS-0 level, the remaining ones at the RAS-I level.
® H-C-H coupling.
¢ H-N-H coupling.

3.3 Vicinal coupling constants

The averaged total vicinal proton—proton coupling constants and their individual contributions
are presented in Tables 5 and 6, respectively. Comparing the values in Table 5, we observe the
same behaviour as for the 'J(CH) coupling constants. Thus, CCSD underestimates the experi-
mental couplings, whereas the DFT couplings are quite close to experiment (except for 3.J(HH)
in CH30H). Also, the MCSCEF results are bracketed by DFT and CCSD results. Bearing in mind
the good CCSD performance for the other coupling constants (and for 3J(HH) in CH30H), it is
tempting to attribute this particular discrepancy to rovibrational effects rather than to the failure
of CCSD. Still, because of the rather small number of correlating orbitals in the basis set and
the neglect of triples in the coupled-cluster calculations, we should be very careful in treating the
CCSD results as benchmarks for MCSCF and DFT. The vicinal FC terms calculated at the DF'T
level are substantially larger than the CCSD results but close to the MCSCF values. None of
the remaining contributions to the 3J(HH) couplings vary significantly with the computational
level. The calculated dependence of the vicinal coupling constant 3.J(HH) on the dihedral angle is
illustrated in Figs. 1, 2, and 3 for ethane, methylamine, and methanol, respectively. The MCSCF
values have been obtained at the RAS-0 level. For comparison, the figures also contain empiri-
cal curves [3]. For CH3NH; and CH30H, the empirical curves have been obtained from a set of
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Table 5: Comparison of the total vicinal coupling constants calculated at the DFT, RASSCF*
and CCSD levels with experiment.”

DFT RASSCF CCSD exp.
CH3CH3 S3J(HH) 7.8 7.3 6.7  7.992 — 8.005
CH;NH, 3J(HH) 6.9 6.3 5.8 7.1 (0.1)
CH;0H 3J(HH) 5.9 5.1 48 5.0

@ The SD term obtained at the RAS-0 level, the remaining ones at the RAS-I level.
b Experimental results from Refs. [30-32] for CH3CHj3, CH3NH, and CH30H, respectively.

Table 6: Comparison of individual contributions to the vicinal coupling constants calculated at
the DFT, RASSCF* and CCSD levels.
Fermi contact Spin-dipole ~ Paramagnetic SO Diamagnetic SO
DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD DFT RAS CCSD
CH3CH3 3J(HH) 7.8 7.3 6.7 01 0.1 0.1 16 1.6 1.5 -1.6 -1.6 —1.6
CH3NH, 3J(HH) 69 64 59 0.0 0.1 0.1 21 20 2.0 —-21-21 =21
CH30H 3J(HH) 59 5.1 49 0.1 0.1 0.1 25 24 24 —-25-25 =25

@ The SD term obtained at the RAS-0 level, the remaining ones at the RAS-I level.

compounds containing the -CH,OH and —-CHNH, groups, respectively; for CH3CHjs, they have
been generated from couplings in substituted cyclohexanones (curve labeled exp*) and in ethane
derivatives (curve labeled exp**). As for the torsionally averaged 3J(HH) couplings, the DFT
3J(HH) constants are, for all dihedral angles, larger than those obtained by CCSD; the MCSCF
values usually fall between. However, unlike for the averaged ®*J(HH) couplings, the larger DFT
values are in poorer agreement with experiment, especially for angles close to 0° or 180°. Clearly,
a comparison with empirical curves determined for different compounds has only a limited value.
The overestimation of DF'T relative to CCSD is approximately constant for all angles, varying from
15% for CH3CH;3 to 20% for CH3OH. An interesting point is that 3J(HH) transmitted through
H-C-O-H bonds seems to become negative when the dihedral angle approaches 90°, at all compu-
tational levels. It would be worthwhile to verify this experimentally, although appropriate model
compounds would be difficult to find.
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Figure 1: Comparison of the Karplus curve for ethane calculated at the DFT level, the MCSCF
level (RAS-0 results from Ref. [21]) and the CCSD level with an empirical curve [3].

4 Summary and conclusions

The performance of DF'T for the calculation of spin—spin coupling constants has been examined on
the basis of the couplings in CH3CHj3, CH3NH,, and CH30H. In particular, BSLYP results have
been compared with experimental results and with high-level MCSCF and CCSD wave-function
calculations. It is rewarding that DFT gives the important one-bond coupling constants of carbon
such as 'J(CH) and 'J(CC) close to experiment, although it is possible that, in a few cases, the
good agreement arises from error cancellation. DFT works well also for the important class of
LJ(NH) one-bond coupling constants, but notably not for *.J(OH). The '.J(CN) couplings should
also be viewed with caution, considering the relatively large difference between DF'T and CCSD in
CH3NH,. Although the *.J(CO) coupling in CH3OH is apparently also inaccurately calculated by
DFT, this is less important since, unlike ' J(CN), this coupling is unlikely to be used as a structural
parameter. DFT performs satisfactorily for the geminal proton—proton couplings, which are very
challenging for the MCSCF method. The agreement with CCSD is slightly worse for 2J(CH)
and deteriorates substantially for ?J(NH) and 2J(OH). In the case of the vicinal proton-proton
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Figure 2: Comparison of the Karplus curve for methylamine obtained at the DFT level the MCSCF
level (RAS-0 results from Ref. [22]) and the CCSD level with an empirical curve [3].

coupling constants—the most important couplings in structural investigations—DFT is reliable,
although the total values tend to be overestimated in comparison with MCSCF and CCSD (and,
in one case, with experiment). The analysis of the dependence of >J(HH) on the dihedral angle
show that the overestimation of the CCSD values by DFT is approximately 15-20% for all three
molecules. Obviously, it should be taken into account that the comparison with experiment
is limited. First, the employed basis set is relatively small. Second and more important, the
vibrational corrections, which for spin—spin coupling constants may be substantial, have not been
taken into account. Finally, solvent effects have been neglected. We therefore believe that, in
this case, it is more useful to compare DFT with CCSD and MCSCF than with experiment, but
note that our coupled-cluster calculations suffer from a small basis and the neglect of triples. In
all cases where a discrepancy occurs between the DFT spin—spin coupling and the CCSD and
MCSCF couplings, it can be traced to the FC term. However, this occurs mainly because of the
dominance of this term in the couplings under study. In many cases, a large difference between
DFT and CCSD (and MCSCF) results is observed for the PSO term. The small SD terms are
rendered adequately by DFT, as are the DSO terms.
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Figure 3: Comparison of the Karplus curve for methanol obtained at the DFT level the MCSCF
level (RAS-0 results from Ref. [22]) and the CCSD level with an empirical curve [3].
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