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Ab initio calculation of the NMR shielding and indirect spin±spin
coupling constants of ¯uoroethylene
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The spin-Hamiltonian parameters that characterize the high-resolution NMR spectrum of
C2H3F (i.e., the full set of six nuclear shielding constants and 15 indirect nuclear spin±spin
coupling constants) have been calculated using multicon®gurational self-consistent ®eld
(MCSCF) wavefunctions. The dependence of the parameters on the basis set and on the
correlation treatment is investigated. Although convergence is di"cult to achieve, for most
parameters a systematic improvement is found with extension of the atomic orbital basis and
the MCSCF con®guration space. All the ®nal results are in satisfactory agreement with
available experimental data.

1. Introduction
In Volume 1 of Molecular Physics from 1958 there is

a paper by J. A. Pople on the theoretical interpretation
of indirect nuclear spin±spin coupling constants in
NMR [1]. In this paper, the relationship between the
shielding constants and the orbital contribution to the
coupling constants is discussed. For the largest calcu-
lated constant, the J(HF) coupling in the HF molecule,
for which the best modern treatments give a value
of about 180Hz for the orbital contribution, Pople
obtained 150Hz. Nearly forty years later the application
of ab initio methods to the calculation of the funda-
mental parameters characterizing high-resolution
NMR spectra, i.e., the nuclear shielding constants in
particular and also the indirect nuclear spin±spin coup-
ling constants, is becoming increasingly popular. The
reason for this development is simple: the accuracy
and reliability of modern ab initio methods often are
su"cient to help in the interpretation and understanding
of experimental data. Nevertheless, although the calcu-
lation of nuclear shieldings now may be considered rou-
tine, this is far from true for the indirect nuclear spin±
spin coupling constants. On this occasion, therefore, we
thought it appropriate to apply modern ab initio
methods to the study of the NMR parameters of one
of the molecules considered by Pople forty years ago,
namely C2H3F. We shall be concerned in particular
with the calculation of the indirect spin±spin coupling
constants of this molecule, keeping in mind that the

theoretical calculation and prediction of these constants
are still far from routine.

The theory for the calculation of the indirect nuclear
spin±spin coupling constants is well known since
Ramsey’s work, and one may in principle apply any
standard perturbational scheme for their computation
[2]. In practice, one needs to use large atomic basis
sets and at the same time to consider carefully the e#ects
of electron correlation in order to obtain results that are
in good agreement with experiment. In particular, since
the spin±spin interactions are mediated largely by triplet
perturbations of the electronic system, the (restricted)
Hartree±Fock method is inadequate and gives results
that usually bear little relationship to the true couplings.
The severe requirements on the quality and ¯exibility of
the wavefunction for the accurate calculation of spin±
spin coupling constants make it di"cult to establish
de®nite values of these constants for all but the smallest
molecules.

In this work, we have applied multicon®gurational
self consistent ®eld (MCSCF) response theory to the
calculation of the nuclear shielding and indirect spin±
spin coupling constants of C2H3F. For a general
description of MCSCF response theory, see, e.g. [3±6].
Our implementation of MCSCF response theory is
described in [7] for the shieldings and in [8] for the
indirect spin±spin couplings. At this point, we would
also like to draw attention to important recent work
on the calculation of NMR parameters at the coupled-
cluster level of theory: for the calculation of shielding
constants at the coupled-cluster singles and doubles
(CCSD) level [9]; for the calculation of shieldings at
the CCSD level with perturbative triples corrections
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[CCSD(T)] [10]; and for the coupled-cluster calculation
of spin±spin couplings [11, 12].

Our MCSCF shielding implementation uses London
atomic orbitals, also known as gauge invariant atomic
orbitals (GIAOs), which ensure gauge-origin indepen-
dence and fast basis set convergence of the calculated
shieldings. The use of London orbitals is essential for
the reliable calculation of any property that describes
interactions with an external magnetic ®eld [13±15].
Since the spin±spin couplings do not involve any
external ®eld, there are no problems associated with
the proper choice of gauge origin for this particular
property. The problems that arise in the calculation of
spin±spin coupling constants are instead related to the
large number of linear equations that must be solved
for a full calculation of an NMR spectrum (3N singlet
equations and 6N triplet equations for a system of N
paramagnetic nuclei) and to the severe demands that
an accurate description of the coupling of the nuclear
spins and the electrons puts on the quality and ¯exibility
of the wavefunction. In contrast, for the calculation of
the full set of nuclear shielding constants, only three
singlet equations need to be solved, irrespective of the
size of the molecule.

The MCSCF response approach used in this paper
has been used previously to compute the shielding con-
stants and the spin±spin coupling constants for a variety
of molecules, see, e.g. [16±24]. Our present calculations
are similar to those for vinyllithium [19], but the greater
number of electrons in C2H3F makes the calculations
more di"cult.

2. Computational details
The calculations presented in this paper have been

carried out using the `Dalton’ program system [25] at
the experimental geometry taken from [26]. In the pre-
sent section, we describe the basis sets and MCSCF
con®guration spaces employed in these calculations.
First, however, we give an overview over the four dif-
ferent contributions to the spin±spin coupling constants,
with emphasis on the computational aspects.

2.1. The contributions to the spin±spin coupling
constants

Concerning the evaluation of the indirect spin±spin
coupling constants, we note that although there are
several physically distinct contributions to the coupling
constants, their computational cost and importance
di#er considerably, as discussed in this section. When
reading the following short description of the various
contributions to the coupling constants, the reader
may wish to refer to table 2 below, where our ®nal
values for the various contributions to the coupling con-
stants are listed.

(1) The indirect nuclear spin±spin coupling constants
are usually (in particular for the one-bond cou-
plings) dominated by the triplet Fermi-contact
(FC)contribution. There is only one independent
FC perturbation operator associated with each
paramagnetic nucleus in the molecule. The calcu-
lation of the full set of FC couplings therefore
requires the solution of N sets of linear equa-
tions, where N is the number of paramagnetic
nuclei.

(2) The singlet paramagnetic spin±orbit (PSO)
operator couples the nuclear spins to the orbital
motion of the electrons, and usually makes the
second largest contribution to the spin±spin
couplings. Since there are three components of
this operator for each nucleus, the evaluation of
the PSO contribution to the spin±spin coupling
constants is considerably more expensive than
the evaluation of the FC contribution, requiring
the solution of 3N linear equations. However, in
most cases, the PSOcontribution is much smaller
than the FC contribution and also it depends less
critically on the quality of the basis set and on the
correlation treatment.

(3) The singlet diamagnetic spin±orbit (DSO) opera-
tor usually makes a contribution to the spin±spin
coupling that is slightly smaller than the con-
tribution from the PSO operator. The DSO
operator is bilinear in the nuclear spins and its
evaluation therefore is trivial, requiring only
the calculation of N(N + 1) /2 one-electron
expectation values and no solution of linear
equations.

(4) The triplet spin±dipole (SD)operator couples the
nuclear and electron spins by a classical dipole±
dipole mechanism. There are as many as 6 inde-
pendent components of this operator for each
nucleus, making the solution of the full set of
6N linear equations for this particular interaction
very expensive indeed. The SD coupling usually
(but not invariably) makes a very small contribu-
tion to the spin±spin coupling constants, as can
be con®rmed by an inspection of table 2.

Ideally, we would like to calculate these four contri-
butions to the indirect spin±spin coupling constants
from the same wavefunction. However, considering the
high cost of the evaluation of the full set of contribu-
tions, i.e., the iterative solution of 10N linear response
equations (9N if the FC and SD responses are combined
and solved for simultaneously), a more practical
approach is to treat each contribution separately, calcu-
lating the dominant FC contributions with the most
accurate wavefunction and the remaining (smaller but
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more expensive) contributions with less ¯exible wave-
functions. This approach becomes especially attractive
since the basis set and correlation requirements for the
various contributions to the nuclear spin±spin couplings
are di#erent. For these reasons, we have opted here to
use di#erent levels of approximation for the di#erent
contributions to the couplings. On the other hand,
since we are interested in the full set of spin±spin coup-
lings that characterizes the high resolution NMR spec-
trum of C2H3F, we have consistently used the same level
of approximation for the coupling of all pairs of nuclei
in the molecule.

Of course, the approach described above, i.e., the use
of di#erent wavefunctions for the di#erent contributions
to the coupling constants, can be applied only if it is
possible to establish reliably the relative magnitude of
the di#erent contributions fromlow-level wavefunctions.
In this context, we recall that, in general, the restricted
Hartree±Fock approximation gives (because of its
instabilities with respect to triplet excitations) totally
unreliable results for spin±spin coupling constants. For
example, for the 1J(CF) coupling in C2H3F, for which
our best calculations give about - 245Hz, the 6±31G*
Hartree±Fock value is - 32000Hz, with both the FC
and the SD terms being unphysical. Fortunately, this
problem is solved with the use of a small MCSCF wave-
function; even with fairly modest MCSCF active spaces,
we obtain reasonable values for all the constants and
all their contributions. The individual contributions
obtained at these inexpensive MCSCF levels may then
be used to estimate the importance of the various con-
tributions, and thus help in the design of the more
expensive and accurate wavefunctions.

2.2. Basis sets
All basis sets were constructed from the unpolarized

quadruple-zeta [6s4p/3s] contraction of the (11s7p/7s)
primitive set of Ahlrichs and coworkers [27, 28], see
table 1. The smallest [6s4p2d/3s2p] basis used by us
contains 111 contracted Gaussian-type orbitals
(CGTOs) and was generated by adding to the unpolar-

ized basis two sets of polarization functions taken from
[29]. The next basis [7s4p2d1f/5s2p1d], which comprises
a total of 156 CGTOs, was obtained by decontracting
the outermost contracted s and p functions (recalling
that the NMR parameters depend strongly on the elec-
tronic distribution in the immediate vicinity of the
nuclei) and by adding a (2d/2p) set of polarization func-
tions (for carbon and hydrogen, respectively) taken
from Gauss [30] as well as a (1f/1d) set from the
cc-pVTZ basis of Dunning [31]. Next, by decontracting
the s functions fully, we arrive at the [11s5p2d1f/7s2p1d]
basis, which contains a total of 183 CGTOs. Finally, we
add one tight s orbital to each atom, using a geometric
progression for the exponents. The resulting [12s5p2d1f/
8s2p1d]basis contains 189 CGTOs, contracted from the
marginally larger (12s7p2d1f/8s2p1d) set of primitive
GTOs.

2.3. Active spaces
The MCSCF wavefunctions employed here were all of

the restricted active space (RAS) SCF type. In the RAS
model, the molecular orbital space is partitioned into
®ve subspaces: the inactive space, the RAS1 space, the
RAS2 space, the RAS3 space, and the secondary space.
We here use the notation (nÂinact,nÂÂinact /nÂRAS1,nÂÂRAS1 /
nÂRAS2,nÂÂRAS2 /nÂRAS3,nÂÂRAS3), where the numbers corre-
spond to the number of orbitals of each symmetry for
the various subspaces. In table 1, the MCSCF wavefunc-
tions WF1±WF7 employed in this study are listed,
characterized by the number of orbitals in each orbital
space and the number of determinants in the wavefunc-
tion. For quick reference, a schematic representation of
the relationships between the di#erent MCSCF wave-
functions is given in ®gure 1. In the following, we give
a short description of each subspace with particular
reference to the orbital spaces used in this study.

(1) The inactive space contains the molecular orbi-
tals that are doubly occupied in all con®gura-
tions. In our calculations, the inactive space
contains the three 1s carbon and 1s ¯uorine
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Table 1. Basis sets and active spaces.

Contracted Number of Active Number of
basis set CGTOs space determinants

WF1 [6s4p2d/3s2p] 111 (4, 0/0, 0/6, 2/6, 2) 3057
WF2 [6s4p2d/3s2p] 111 (3, 0/0, 0/7, 2/10, 4) 11909
WF3 [7s4p2d1f/5s2p1d] 156 (3, 0/0, 0/7, 2/15, 8) 31492
WF4 [11s5p2d1f/7s2p1d] 183 (3, 0/0, 0/7, 2/21, 10) 57868

WF5 [7s4p2d1f/5s2p1d] 156 (3, 0/0, 0/7, 3/15, 7) 776920
WF6 [11s5p2d1f/7s2p1d] 183 (3, 0/0, 0/7, 2/15, 8) 31492
WF7 [12s5p2d1f/8s2p1d] 189 (3, 0/0, 0/7, 2/15, 8) 31492



core orbitals except for the small WF1 wavefunc-
tion, where we have also included the 2s ¯uorine
orbital in the inactive space.

(2) The RAS1 space contains orbitals out of which
only a restricted (maximum) number of electrons
is allowed to be excited in any given con®gura-
tion. This space is empty in our calculations.

(3) In the fully active RAS2 space, there are no
restrictions on the occupation numbers whatso-
ever. In our calculations, this space contains all
occupied orbitals except those that are contained
in the inactive space. The WF5 wavefunction,
however, contains an additional orbital of AÂÂ
symmetry (the carbon±carbon p* orbital) in the
RAS2 space.

(4) The RAS3 space contains orbitals into which
only a restricted (maximum) number of electrons
is allowed to be excited in any given con®gura-
tion. In our calculations, we allow up to two
electrons to be excited into the RAS3 space in
any given con®guration. As seen from table 1,
the size of the RAS3 singles and doubles space
varies considerably among our wavefunctions.
The WF1 function, for example, contains only
eight orbitals in the RAS3 space whereas the
WF4 function contains as many as 23 RAS3
orbitals. The selection of virtual orbitals for the
RAS3 space is based on the occupation numbers
of the MP2 natural orbitals; all virtual orbitals
with occupation numbers larger than a given
threshold are included in the RAS3 space.

(5) Finally, the secondary space contains orbitals of
zero occupation in all con®gurations. In other
words, the secondary space comprises all virtual
orbitals not included in the RAS3 space.

In short, the wavefunctions employed (table 1) are
basically singles and doubles wavefunctions with a
frozen 1s core and with a virtual space containing
from 8 to 23 variationally optimized orbitals. In addi-
tion, WF5 contains the most important quadruple exci-
tations. Except for the WF1 and WF5 wavefunctions,
the MCSCF expansions di#er only in the number of
orbitals included in the RAS3 space.

From the MP2 occupation numbers (not given here),
we have estimated that over 90% of the electronic
charge transferred from the occupied to the unoccupied
space in the preliminary MP2 calculation, has been
transferred to the RAS3 subspace in the ®nal RAS cal-
culation. It should also be noted that, once a set of
orbitals has been selected for inclusion in the RAS3
space, these orbitals are then optimized variationally
for maximum correlation in the subsequent MCSCF
calculation.

2.4. Solvent e!ects
We have also investigated the importance of solvent

e#ects on the calculated coupling constants by per-
forming some calculations of the Fermi-contact contri-
bution to the spin±spin couplings, employing the
dielectric-continuum model described in [32]. The sol-
vent e#ects were modelled by placing the molecule in a
spherical cavity immersed in a linear, homogeneous,
polarizable dielectric medium characterized by its dielec-
tric constant. The radius of the cavity was chosen as the
distance from the centre of mass to the most distant
atom plus the van der Waals radius of this atom,
giving a cavity radius of 3.42AÊ . We used a dielectric
constant of 20, corresponding to acetone as solvent.

3. Results and discussion
Since the four contributions to the spin±spin coupling

constants have been calculated using di#erent wavefunc-
tions, the contributions are discussed separately. The
`best’ results for each contribution are collected in
table 2.

3.1. The diamagnetic spin±orbit contributions
The DSO contributions to the nuclear spin±spin

coupling constants are practically the same for all wave-
functions. In fact, none of the DSO contributions
obtained in the smallest calculation di#ers by more
than 0.1Hz from the value obtained in the largest calcu-
lation. The DSO contributions are important primarily
for the H$H couplings, where they nearly cancel the
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Figure 1. Relationships among the wavefunctions.



PSO contributions. The numerical values quoted in
table 3 are those obtained with WF4.

3.2. The paramagnetic spin±orbit contributions
For the PSO contributions, the `best’ results have

been calculated using the WF3 function. Comparing
the WF2 and WF3 numbers, we ®nd that the largest
di#erence is 1.2Hz [obtained for 2J(CF)]; the remaining
PSO contributions di#er by about 0.3Hz or less. Since
both the basis set and the active space are di#erent for
WF2 and WF3, the convergence of the PSO contribu-
tions appears to be reasonably well established. In addi-
tion, we have carried out a calculation using a di#erent

basis set with a primitive set taken from [33], and none
of the PSO contributions changed by more than 0.5Hz.

3.3. The spin±dipole contributions
Our ®nal results for the (expensive but usually very

small) SD contributions are obtained using WF2. The
largest di#erences between these values and the WF1
results are 1.0Hz for 1J(CF) and 0.4Hz for 2J(CF).
These di#erences should be compared with the total
calculated values for these constants, which are
- 247.6Hz and 20.6Hz, respectively. The remaining
di#erences in the WF1 and WF2 contributions are
0.2Hz or less.
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Table 2. The individual contributions to the total spin±spin coupling constants (in Hz). The contributions are calculated using
di#erent wavefunctions, see text. The estimated correction to the FC term is ¢FC, and the total coupling including this
correction is given in the last column.

Coupling DSO PSO SD FC Total ¢FC Final
1J(CF) 0.5 - 4.8 - 0.4 - 241.0 - 245.6 - 2.0 - 247.6
2J(CF) - 0.4 - 20.2 11.0 33.1 23.5 - 2.9 20.6
2J(FHgem) - 1.9 4.3 - 3.3 84.3 83.4 0.3 83.7
3J(FHtrans) - 2.5 - 2.3 0.6 41.6 37.4 5.2 42.5
3J(FHcis) - 0.6 - 3.5 - 0.7 14.1 9.3 3.8 13.1
1J(CC) 0.2 - 8.8 4.8 97.8 94.0 - 1.1 93.0
1J(CHgem) 0.9 - 0.2 0.1 197.8 198.5 3.9 202.3
2J(CHtrans) - 0.4 - 1.2 0.0 3.8 2.2 2.6 4.7
2J(CHcis) - 0.5 - 1.2 0.0 - 12.2 - 13.9 2.0 - 12.0
2J(CHgem) - 0.7 - 0.4 0.1 11.8 10.8 2.9 13.7
1J(CHtrans) 0.5 0.8 - 0.1 159.7 160.9 3.3 164.2
1J(CHcis) 0.6 0.7 - 0.1 162.0 163.1 3.3 166.4
3J(HgemHtrans) - 1.1 0.8 - 0.2 7.0 6.5 - 1.1 5.5
3J(HgemHcis) - 3.4 2.7 0.4 14.9 14.6 - 0.7 13.9
2J(HtransHcis) - 3.9 3.8 0.1 - 6.9 - 6.8 1.2 - 5.6

Table 3. Fermi-contact contributions to the spin±spin couplings (in Hz). For a description of the wavefunctions, see table 1 and
the text. The results obtained with WF5, WF6, and WF7 are used only to estimate corrections to the values obtained with WF4.

Coupling WF1 WF2 WF3 WF4 WF5 WF6 WF7
1J(CF) - 235.4 - 248.9 - 245.8 - 241.0 - 241.1 - 241.9 - 248.6
2J(CF) 46.9 39.8 30.3 33.1 26.5 32.2 33.1
2J(FHgem) 99.8 98.9 85.6 84.3 82.6 85.6 88.9
3J(FHtrans) 39.8 44.5 43.4 41.6 46.9 43.3 44.9
3J(FHcis) 11.7 15.1 14.9 14.1 18.2 14.5 15.0
1J(CC) 115.7 109.9 100.8 97.8 96.8 99.3 102.2
1J(CHgem) 212.0 216.3 203.5 197.8 199.5 201.1 209.0
2J(CHtrans) 0.3 2.4 3.3 3.8 5.7 3.2 3.3
2J(CHcis) - 15.6 - 14.9 - 13.6 - 12.2 - 11.1 - 13.6 - 14.1
2J(CHgem) 10.4 11.4 11.3 11.8 13.6 11.1 11.6
1J(CHtrans) 172.0 168.9 163.6 159.7 160.6 161.7 168.0
1J(CHcis) 174.7 171.0 167.5 162.0 164.2 165.6 172.1
3J(HgemHtrans) 8.4 8.0 7.3 7.0 5.8 7.3 7.7
3J(HgemHcis) 15.5 15.4 15.5 14.9 14.0 15.6 16.4
2J(HtransHcis) - 11.8 - 10.2 - 8.4 - 6.9 - 6.8 - 8.3 - 8.7



The WF1 and WF2 wavefunctions both employ the
[6s4p2d/3s2p] basis, di#ering only in the active spaces.
We note, however, that in other calculations with
smaller basis sets and smaller active spaces the SD con-
tributions are found to be similar. Since, for most of the
coupling constants, the PSO and especially the FC con-
tributions are much larger, we assume that the WF2
level is su"cient for the SD contributions.

3.4. The Fermi-contact contributions
Since most of the coupling constants are dominated

by the FC contribution, its evaluation requires careful
consideration. Most of our computational e#orts there-
fore have been directed towards a proper description
of this contribution. In table 3, we have listed the FC
contact terms for all wavefunctions WF1±WF7. The
dominance of this contribution is illustrated by the
observation that, among the wavefunctions in table 3,
the di!erences among the FC terms often are larger than
the combined contribution from all the non-contact
(DSO, PSO and SD) terms.

The di#erences between the FC contributions
obtained with WF3 and WF4 usually are smaller than
those among the more approximate wavefunctions
WF1, WF2 and WF3. The results obtained with the
WF4 wavefunction are considered the most accurate
of these numbers. To investigate the convergence of
the WF4 results further, we have carried out a series
of calculations using wavefunctions (WF5, WF6 and
WF7) designed to explore separately the importance of
higher excitations and of a more ¯exible representation
of the inner valence regions. From these wavefunctions
we obtain two corrections to the WF4 results: one
correction for the lack of higher order excitations
and one correction for basis set incompleteness.

(1) The WF5 wavefunction di#ers from WF3 in that
we have moved the carbon±carbon p* orbital
from the singles and doubles space RAS3 to
the fully active space RAS2. The di#erence
between the results obtained with WF5 and
WF3 should therefore give a rough indication
of the importance of quadruple excitations for
the FC terms. As can be seen from table 3,
the e#ect of this modi®cation to the MCSCF
wavefunction is quite dramatic for some of the
smaller coupling constants. Thus, the FC contri-
bution to the 3J(FHcis) coupling changes from
14.9Hz to 18.2Hz when the con®guration space
is extended. Although the larger couplings are
more stable than the smaller ones, this result
indicates clearly that there is some uncertainty
in the WF4 numbers.

(2) The WF6 and WF7 functions di#er only in that
WF7 contains more tight s functions. We note
that the addition of tight s functions in all cases
increases the magnitude of the coupling con-
stant. The largest e#ect is observed for the
1J(CF) coupling, which changes from
- 241.9Hz in WF6 to - 248.6Hz in WF7. For
the remaining couplings, in particular the
smaller ones, the e#ect is usually much smaller.
Since the WF4 wavefunction is constructed from
the same orbital basis as WF6, we may use the
di#erence between the results from WF7 and
WF6 as an estimate of the e#ect of basis set
extension for WF4.

In table 2, the above two FC corrections (obtained
from the numbers in table 3) have been added and
listed as ¢FC. Strictly speaking, these corrections or esti-
mates are not additive but, taken together, they should
improve on the calculated numbers and at least serve as
indicators of the lack of convergence in our results. For
comparison with experiment, we shall therefore use as
our `®nal’ results the coupling constants obtained by
adding the corrections ¢FC to the coupling constants
calculated from the wavefunction WF4 for the FC and
DSO contributions, from WF3 for the PSO contribu-
tions, and from WF2 for the SD contributions.

In addition, we also have investigated the importance
of the core orbitals. The di#erences between the FC
contributions obtained in a calculation with the core
orbitals in the active space and a calculation that
treats these orbitals as inactive were smaller than
0.3Hz except for 1J(CF), where we observed a change
of - 1.3Hz.

3.5. Nuclear shieldings
The dependence of the shielding constants on the

approximation for the wavefunction is shown in table
4. For comparison with experiment we are interested
mainly in the chemical shifts. Since the di#erence
between the two values for s(C) and the relative shifts
for s(H) are su"ciently well converged at the WF3
level, we have not investigated the convergence of the
shielding constants further.
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Table 4. Shielding constants (in ppm). For a description of
the wavefunctions, see table 1 and the text.

F C(F) C Hgem Htrans Hcis

WF1 353.4 43.8 104.7 25.6 27.9 27.2
WF2 343.6 35.5 101.6 25.3 27.5 26.7
WF3 336.2 34.1 98.9 25.0 27.3 26.6



3.6. Comparison with experiment
The calculated and experimental NMR parameters

are listed in table 5. In those cases where direct experi-
mental measurements have not been carried out, esti-
mates based on results for related systems are given in
parentheses.

For the shielding constants, there is good agreement
with the experimental and theoretical numbers for the
hydrogen shieldings. For the ¯uorine and carbon shield-
ings, the agreement is less satisfactory, but we note
that there are large uncertainties (10ppm) in the
experimental numbers for these constants. The largest
di#erence between theory and experiment is observed
for s(F) and probably arises both from the approxima-
tions made in the electronic wavefunction (according to
table 4, the value for this particular shielding is not
converged) and from the neglect of rovibrational and
solvent e#ects in the calculations.

Most of the indirect spin±spin couplings agree fairly
well with the experimental data or estimates. In absolute
terms, the largest discrepancies are observed for
the couplings to ¯uorine. Thus, the calculated 1J(CF)
coupling of - 248Hz di#ers from the experimental esti-
mate of - 236Hz by as much as 12Hz, and the calcu-
lated vicinal couplings 3J(FHtrans) (43Hz) and 3J(FHcis)
(13Hz) underestimate the experimental numbers by
9Hz and 6Hz, respectively. We note also that the
calculated value of 166Hz for the 1J(CHcis) coupling
overestimates the experimental coupling constant by
7Hz. The remaining di#erences are smaller than 3Hz.
In relative terms, the largest discrepancies are found for
2J(CHtrans) and 2J(HH), for which the calculated values

of 4.7Hz and - 5.6Hz, respectively, di#er considerably
from the experimental numbers of 7.6Hz and - 3.1Hz.
It should be noted, however, that the experimental
number of 7.6Hz for the C$H coupling is only an
estimate.

For the four coupling constants 3J(FHtrans),
3J(FHcis), 2J(CHtrans), and 2J(CHgem), the discrepancies
with experiment can be explained partly by observing
that the two corrections we have made for the FC
contributions have the same sign. Further extensions
of the basis set and of the active space presumably there-
fore would increase the magnitude of the correction
¢FC, and thus lead to better agreement for all these
constants. For the remaining constants the corrections
di#er in sign, and it is di"cult to say which e#ect is
dominant.

The solvent e#ect on the Fermi-contact contributions
was investigated using the WF3 wavefunction. For
many of the constants, the calculated solvent e#ect is
similar to or even larger than the di#erences among
the FC contributions for the various wavefunction
approximations. In particular, for all the F$X coup-
lings, the solvent e#ect is 1Hz or larger. Except for
one F$X constant, the solvent correction improves
the agreement with experiment, with the largest change
observed for 3J(FHtrans) (+2.9Hz). For 2J(CF), the
solvent e#ect is - 1.1Hz, but again the experimental
number is only an estimate. The solvent e#ect is also
noticeable for 1J(CC) (- 1.0Hz) and for the one-bond
C$H couplings 1J(CHgem) (+1.3 Hz), 1J(CHtrans)
(+2.0Hz) and 1J(CHcis) (- 1.2 Hz). The remaining
corrections are smaller than 0.3Hz.
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Table 5. Calculated and experimental NMR parameters for C2H3F. The diagonal ele-
ments correspond to the shieldings (in ppm) and the o#-diagonal elements to the
spin±spin couplings (in Hz). Experimental data are printed in italics.a

F C(F) C Hgem Htrans Hcis

F 336.2 - 247.6 20.6 83.7 42.5 13.1
303610 (- 236.2) (20.5) 84.56 51.60 19.46

C(F) 34.1 93.0 202.3 4.7 - 12.0
46610 (90) 200.2 (7.6) (- 13.4)

C 98.9 13.7 164.2 166.4
105610 14.3 162.2 159.2

Hgem 25.0 5.5 13.9
25.05 4.70 12.68

Htrans 27.3 - 5.6
27.40 - 3.06

Hcis 26.6
26.84

a The experimental shielding constants s(F) and s(C) have been recomputed to absolute
values in [36]; the data of [37]and s(H) = 31.53ppm in TMS [12]have been used to obtain
the absolute values of s(H). For the spin±spin couplings, the values in parentheses are
estimates, based on evaluated increments for 1J(CC) [38, 39]and 2J(CH) [40]and based
on results for a substituted molecule for 1J(CF) and 2J(CF), see [41], p. 186. For the
remaining C$H constants, see [42]; for the H$H and F$H coupling constants, see [37].



We have not analysed the variation of the calculated
NMR parameters with the molecular geometry. From
other studies, it appears that rovibrational e#ects can be
important for the ¯uorine shielding. For example, in the
HF molecule, the rovibrational e#ects are larger than
10ppm [34, 35]. However, a systematic study of the rovi-
brational e#ects for all NMR parameters of a six-atom
molecule at a su"ciently high level would be too
demanding.

4. Conclusion
Our calculations have shown that for most of the

indirect spin±spin coupling constants two opposing
e#ects are observed when the basis set and the
MCSCF active space are extended. When tight s orbitals
are added to the basis sets, the FC contributions
increase in magnitude since such an extension increases
the probability of ®nding an electron close to the
nucleus. On the other hand, the inclusion of many
(weakly occupied) orbitals in the active space increases
the likelihood of ®nding electrons far away from the
nuclei. Thus, the calculated FC values become smaller
with the addition of extra orbitals to the active space (or
if we allow for multiple excitations). It is not easy to
reach convergence, and it appears that the best results
are obtained when a balance is maintained between
these two e#ects. Although we believe that, for most
of the constants, we are close to convergence, it appears
di"cult to establish de®nite values, and discrepancies of
a few Hz are still observed.

Concerning the various contributions to the indirect
nuclear spin±spin coupling constants, we note that all
the one-bond coupling constants are dominated by the
FC contributions with the possible exception of the
carbon±carbon double bond, where the 1J(CC) constant
of 93Hz contains signi®cant contributions of opposite
signs from the PSO (- 8.8Hz) and SD (+4.8Hz) cou-
pling mechanisms. For the geminal and vicinal cou-
plings, the FC contributions is usually less dominant.
For 2J(CF), in particular, there are large contributions
from the FC coupling (22Hz), from the PSO coupling
(- 20Hz), and from the SD coupling (11Hz). It is inter-
esting to note that, except for three of the coupling
constants, the contribution from the computationally
very expensive SD coupling mechanism is less than
1Hz. Finally, we note that, for the H$H coupling con-
stants, the DSO and PSO contributions nearly cancel
but that this is not so for the remaining constants. As
is usually the case for H$H coupling constants, the
geminal coupling is negative and the vicinal couplings
positive (and larger).

In summary, we have in this work attempted to
calculate the full set of 21 parameters that de®ne the
high-resolution spin-Hamiltonian for ¯uoroethylene: 6

shielding constants and 15 spin±spin coupling constants.
The indirect spin±spin coupling constants contain four
distinct contributions. Ideally, we would like to calculate
all these constants from a single wavefunction in one
straightforward calculation. Indeed, this is what we
have done for our simpler wavefunctions, and the results
are reasonable for most of the parameters. For higher
accuracy, this approach is not feasible. Larger basis sets
and better correlation treatments can only be applied
when the di#erent contributions to the spin±spin coup-
lings are evaluated at di#erent levels of approximation.
Further improvements are observed when we analyse the
role of various approximations in the wavefunction and
estimate the corresponding corrections to the spin±spin
coupling constants.
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