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Large long-range indirect nuclear spin coupling constants are of great interest for quantum computers. But
they are rarely observed and are usually considered very small, unless the coupled nuclear spins are proximate
in space. Looking for counterexamples, we have calculated F-F couplings in four different series of acyclic
hydrocarbons (alkanes, conjugated polyenes, conjugated polyynes, and cumulenes) where the coupled fluorine
nuclei are separated by up to 11 bonds or 1.4 nm. The calculations were carried out at the level of the
second-order polarization propagator approximation using locally dense basis sets. This approach has, in
recent years, been shown to be particularly successful in reproducing indirect nuclear spin-spin couplings in
organic molecules. We find that the F-F couplings in saturated alkanes diminish very quickly with the number
of bonds between the coupled fluorine atoms, whereas in the conjugated polyenes and in particular polyynes
the F-F couplings can be transmitted over much longer distances. We predict that the F-F coupling over 9
bonds or 1.1 nm is 12 Hz in (1E,3E,5E,7E)-1,8-difluoroocta-1,3,5,7-tetraene and the coupling over 11 bonds
or 1.4 nm is 7 Hz in difluorodecapentayne. Analyzing the four Ramsey contributions, we find that the F-F
couplings in the polyenes are dominated by the spin-dipolar term, which is known to be favored byπ-electronic
systems, whereas in the case of the polyynes the orbital paramagnetic terms make the largest contributions,
although the spin-dipolar and the Fermi contact contributions are also significant.

Introduction

The search for a quantum computer has been the motivation
for many research projects in recent years. Some years ago it
was proposed to use nuclear magnetic resonance (NMR) of
molecules in solution at room temperature for quantum com-
putations.1 Many groups took up this idea, and several quantum
algorithms have been realized using NMR in solution.2 In these
nuclear magnetic resonance quantum computers (NMR-QC),
nuclear spins of molecules take the role of quantum bits which
are coupled to each other by indirect, i.e., electron-mediated,
nuclear spin-spin coupling constants,J. One of the difficulties
in this approach is the need for nonvanishing long-range indirect
nuclear spin-spin coupling constants in molecules of reasonable
size.1 Often, nuclear spins of fluorine atoms are used as quantum
bits in NMR-QC experiments.3

Unusually large F-F couplings are found in unsaturated
compounds. Peralta et al.4 have reported that the4JF-F couplings
in some 1,8-difluoronaphthalenes remain appreciable due to a
through-space transmission which occurs thanks to the proximity
in space of fluorine substituents and the overlap of their lone
pairs. Schaefer et al.,5 on the other hand, have reported a9JF-F

coupling of 1.3 Hz in fluorinated derivatives of biphenyl, which
was assigned to the conjugative effect between the two phenyl
rings.6 Other examples are the5JF-F couplings in 1,4-difluoro-
benzene and 1,1,4,4-tetrafluorobuta-1,3-diene,7 where the through-
bond coupling is favored byπ-conjugation. Recent calculations
show that, for both saturated and unsaturated compounds, the

F-F couplings are dominated by noncontact contributions.8,9

F-F couplings in conjugated systems are therefore good
candidates for nonvanishing long-range indirect nuclear spin-
spin couplings.

To test this hypothesis, we have calculatedn+1JF-F couplings
in four series of molecules: (1) 1,n-difluoroalkanes, (2)
conjugated 1,n-difluoropolyenes, (3) 1,n-difluorocumulenes, and
(4) conjugated 1,n-difluoropolyynes (Chart 1).

Experimental fluorine-fluorine couplings are known for 1,2-
difluoroethane,10,11 (E)-1,2-difluoroethene,11-14 1,1,4,4-tetra-
fluorobuta-1,3-diene,15 and difluoroethyne.16 Several other
compounds have been synthesized, but their F-F couplings have
not been measured yet: 1,4-difluorobutane,17 1,5-difluorohex-
ane,17 (1E,3E)-1,4-difluorobuta-1,3-diene,18 1,3-difluoropropa-
1,2-diene,19 difluorobutadiyne,20 and difluorohexatriyne.21 Sub-
stituted conjugated 1,n-difluoropolyenes such as derivatives of,
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CHART 1: Structures of the Model Compounds in the
Four Series
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e.g., (1E,3E,5E)-1,6-difluorohexa-1,3,5-triene22 and (1E,3E,5E,7E)-
1,8-difluoroocta-1,3,5,7-tetraene have also been synthesized, but
their F-F couplings were not reported either. The longer
members of series 3 are probably not stable without further
stabilizing substituents. However, the purpose of the present
study is not to predict the F-F couplings of a particular
molecule but to investigate whether large long-range couplings
are, in principle, possible and what kind of electronic system is
necessary for that. Therefore, we have calculated the F-F
couplings for all molecules in series 1, 2, and 3 without any
other substituents.

In particular, we have studied the importance of the four
Ramsey contributions, orbital diamagnetic (OD), orbital para-
magnetic (OP), spin-dipolar (SD), and Fermi contact (FC), and
their dependence on the length of the coupling pathway. The
calculations have been carried out at the level of the second-
order polarization propagator approximation (SOPPA)23-25 using
locally dense basis sets.26 In recent years, SOPPA has been
shown to give very reliable one-bond and long-range spin-
spin coupling constants not only in small molecules9,24-32 but
also in a wide range of carbocyclic compounds.33

One should also note the growing interest in the chemistry
and NMR spectroscopy of fluorinated organic compounds due
to their important biological activity. Furthermore, fluorine has
been incorporated intoR-helices,34 proteins,35 and bioactive
small molecules36 as NMR probes for aggregation, micro-
environmental structure, and binding site interactions.

Methods of Calculation

The usual way of describing the different nonrelativistic
contributions to the total indirect nuclear spin-spin coupling
constants is by splitting them up into four terms, first suggested
by Ramsey:37

where the orbital diamagnetic (OD) contribution is a ground-
state average value,

although it can also be expressed in a form which involves
excited states.38

The last three contributions can be expressed as sums over
excited states as

where A) OP, SD, and FC, with the following explicit operator
expressions:

The magnetogyric ratio of nucleusM is γM, rbiM ) rbi - RBM is
the difference of the position vectors of electroni and nucleus
M, sbi is the electroni spin operator,lBiM ) lBi(RBM) is the orbital
angular momentum operator of electroni with respect to the
position of nucleusM (in SI units), δ(x) is the Dirac delta
function, and all other symbols in eqs 1-6 have their usual
meaning.39

The coupling is transmitted by two basic mechanisms: (a)
the interaction of the nuclear spins with the spins of the electrons
expressed in the Fermi contact (FC) and spin-dipolar (SD)
contributions and (b) the interaction of the nuclear spins with
the orbital angular momentum of the electrons, which gives rise
to the orbital paramagnetic (OP) and orbital diamagnetic (OD)
contributions. Due to the interaction with the electron spin, the
FC and SD terms arise from admixtures of excited triplet states
|Ψn〉 to the singlet ground state|Ψ0〉, whereas the OP term
involves excited states|Ψn〉 of the same spin symmetry as the
ground state|Ψ0〉. Using polarization propagator40,41 or linear
response function methods,42 all contributions to the coupling
constants can be evaluated without explicit calculation of the
excited states involved.43 The response of the electronic
framework considered at the SOPPA level23,25 is defined by
considering the corresponding singlet or triplet double excita-
tions added to single excitations considered at the level of the
random phase approximation (RPA).44-46 Further details on
propagator polarization schemes based on the Møller-Plesset
perturbation theory (MP)47 can be found elsewhere.23,25,46

Replacement of the MP2 correlation coefficient in the SOPPA
equations with the coupled cluster single and double (CCSD)
amplitudes yields the SOPPA(CCSD) scheme.48

In the present work we have calculated the four contri-
butions tonJF-F with n ) 3, 5, 7, 9, and 11 (the number of
bonds between the coupled fluorine nuclei) within the series of
1,(n - 1)-difluoroalkanes (series 1), conjugated 1,(n - 1)-
difluoropolyenes (series 2), 1,(n - 1)-difluorocumulenes (series
3), and conjugated 1,(n - 1)-difluoropolyynes (series 4) at both
the SOPPA and SOPPA(CCSD) levels of theory (see Table 1
and Figure 1).

Locally dense basis sets (LDBS)26 were employed in order
to keep the size of the basis sets within the current limitations
of the SOPPA implementation in the Dalton program. The aug-
cc-pVTZ-J basis set31,49 was used for fluorine, which ensures
the proper cusp behavior of the wave function at the position
of the fluorine nuclei, whereas the cc-pVDZ basis set50 was
employed for carbon and hydrogen. In the following we report
only the SOPPA results because at the SOPPA(CCSD) level
we obtained similar results for all calculated couplings.

In the calculation of the spin-spin couplings, a local version
of the Dalton 1.2 program package51 was used, whereas the
molecular geometries were optimized with the Gaussian 9852

program package at the MP2/6-31G** level of approximation
using the very tight optimization option. Geometrical parameters
are available on request.

Results and Discussion

General Trends in the Series.In Table 1 and Figure 1, the
total F-F coupling constants for series 1, 2, and 4 are shown
as a function of the number of bonds,n, between the coupled
fluorine atoms. For all the series, the total values ofnJF-F follow
the same pattern. They start, atn ) 3, with a large negative
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value, in agreement with the experimental values fortrans-1,2-
difluoroethane,10 3JF-F ) -30 Hz (estimated), and for (E)-1,2-
difluoroethene,11-14 where 3JF-F is in the range between
-130.20 and-133.79 Hz, depending on the solvent and the
type of measurement. Fromn ) 3 to n ) 5, the total couplings
rise to a positive value, and for all larger values ofn the total
couplings stay positive but fall off asymptotically. In the
saturated compounds, the couplings decrease very rapidly. The
F-F coupling over seven bonds or 0.86 nm in 1,6-difluoro-
hexane is already less than 1 Hz, whereas the corresponding
7JF-F values in (1E,3E,5E)-1,6-difluorohexa-1,3,5-triene and
difluorohexatriyne are∼13.5 and∼30 Hz, respectively. For the
difluoropolyynes we predict a sizable F-F coupling constant
(11JF-F ) 7.3 Hz) over a distance of 1.4 nm, and the
corresponding couplings in the polyene series are only slightly
smaller. Connecting the F atoms with a conjugatedπ-electronic
system is obviously a very efficient way of transmitting the F-F
spin-spin coupling over large distances. The even larger

coupling in the polyynes with two orthogonalπ-electronic
systems indicates that the fluorine atoms couple via their two
orthogonal lone pairs to theπ-electronic system.

Although we are not aware of an experimental value for any
of the five or more bond couplings, we can at least compare
with the value for5JF-F ) 35.7 Hz in 1,1,4,4-tetrafluorobuta-
1,3-diene.15 These results support our previous findings9 that
SOPPA calculations with locally dense basis sets are capable
of reproducing fluorine-fluorine couplings in organic mol-
ecules. We are therefore puzzled by the apparently large
disagreement between our calculated value for3JF-F ) -43.67
Hz and the only available experimental result (3JF-F ) 2.1 Hz)
for difluoroethyne16 measured at low temperature. Earlier
semiempirical calculations53 predict3JF-F ) -85.4 Hz, which
supports our results. One might wonder whether the assignment
of the spectrum was correct.

Triplet Instabilities and Quasi-instabilities. The expression
“triplet instability” (or quasi-instability)54 describes the sit-
uation in which the triplet principal propagator55 or Hessian
matrix of a restricted wave function has at least one negative
(or positive but very small) eigenvalue, which means that at
least one of the triplet excitation energies of the molecule is
negative (or positive but very small).56e,59This problem arises
typically for restricted Hartree-Fock or semiempirical wave
functions56,57 and in particular for molecules withπ-electronic
systems.25,28,31,32,58In this way, the theoretically calculated
electronic response of such a molecule will be described
incorrectly, and the triplet contributions to the coupling constant,
i.e., Fermi contact and spin-dipolar contributions, will be either
too large or too small, depending on the sign of the transition
moments.

However, this problem can easily be detected by calculating
the few lowest eigenvalues of the Hessian matrix, i.e., the few
lowest triplet excitation energies. Triplet instabilities or quasi-
instabilities can be overcome (a) by removing or adding electron
correlation25,28,31,32,56e,57or (b) by eliminating one or both of
the two two-electron integrals of the corresponding matrix

TABLE 1: Trans nJF-F Couplings (in Hertz) Calculated at the SOPPA Level Using Locally Dense Basis Setsa

n D(F-F) (nm) JOD JOP JSD JFC J exptl

1,(n - 1)-Difluoroalkaneb

3 0.355 -1.52 -39.97 15.02 -9.88 -36.34 -3010,c

5 0.607 -0.71 -0.20 1.70 4.39 5.18
7 0.861 -0.38 0.49 0.22 0.43 0.76

1,(n - 1)-Difluoropolyened

3 0.354 -1.76 -141.39 23.14 -9.51 -129.52 -132.70,12

-131.88,-132.4314

(-130.20,-133.79)13,e

5 0.601 -0.76 16.73 25.15 7.28 48.40 35.715,f

7 0.847 -0.40 -2.75 12.89 3.61 13.35
9 1.094 -0.24 0.68 9.46 2.40 12.29

1,(n - 1)-Difluorocumuleneg

5 0.583 -0.70 -59.33 39.36 32.35 11.69
7 0.829 -0.35 -40.63 h h
9 1.079 -0.20 -28.95 i i

11 1.332 -0.13 -21.68 i i

1,(n - 1)-Difluoropolyynej

3 0.380 -1.74 -73.68 24.11 7.63 -43.67 2.116

5 0.640 -0.70 47.36 26.67 7.23 80.55
7 0.899 -0.36 15.42 11.14 3.69 29.89
9 1.158 -0.22 7.22 5.60 2.02 14.62

11 1.418 -0.14 3.42 2.92 1.15 7.34

a Basis set: aug-cc-pVTZ-J31,49on F; cc-pVDZ50 on C and H.b 1,2-Difluorethane, 1,4-difluorobutane, and 1,6-difluorohexane.c Estimated.d (1E)-
1,2-Difluoroethene, (1E,3E)-1,4-difluorobuta-1,3-diene, (1E,3E,5E)-1,6-difluorohexa-1,3,5-triene, and (1E,3E,5E,7E)-1,8-difluoroocta-1,3,5,7-tetraene.
e Range of couplings measured for various solvents.f In 1,1,4,4-tetrafluorobuta-1,3-diene.g (1E)-1,4-Difluorobuta-1,2,3-triene, (1E)-1,6-difluorohexa-
1,2,3,4,5-pentaene, (1E)-1,8-difluoroocta-1,2,3,4,5,6,7-heptaene, and (1E)-1,10-difluorodeca-1,2,3,4,5,6,7,8,9-nonaene.h Triplet quasi-instability.i Triplet
instability. j Difluoroethyne, difluorobutadiyne, difluorohexatriyne, difluorooctatetrayne, and difluorodecapentayne.

Figure 1. Total indirect nuclear spin-spin coupling constants,nJF-F,
at the SOPPA level for 1,(n - 1)-difluoroalkanes, conjugated 1,(n -
1)-difluoropolyenes, and conjugated 1,(n - 1)-difluoropolyynes.
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element59 in an RPA calculation. Some cases were reported
where these problems still remain at the correlated SOPPA
level.25,28

For series 3, we find a triplet quasi-instability for (1E)-1,6-
difluorohexa-1,2,3,4,5-pentaene and triplet instabilities for (1E)-
1,8-difluoroocta-1,2,3,4,5,6,7-heptaene and (1E)-1,10-difluoro-
deca-1,2,3,4,5,6,7,8,9-nonaene at the RPA, SOPPA, and
SOPPA(CCSD) levels. The corresponding results are therefore
not included in Table 1.

Trends of the Four Contributions. In Table 1 and Figures
2-4, the four Ramsey contributions to the couplings are shown
as a function of the number of bonds between the coupled
fluorine atoms. Overall we notice that the orbital diamagnetic
term is always negative and is almost independent of the type
of molecule but decreases monotonically with the length of the
molecules. Nothing general can be said about the sign of the
orbital paramagnetic contribution. The spin-dipolar term, on
the other hand, is always positive. The Fermi contact contribu-
tion is also positive in all molecules except 1,2-difluoroethane
and (E)-1,2-difluoroethene. This behavior does not agree with
the Dirac vector model.60 This model, though basic, is still a
useful tool for understandingJ couplings and predicts that the
coupling between two identical atoms (with the same mag-
netogyric ratio) has the same (opposite) sign for couplings over
an odd (even) number of bonds. Hence, the Dirac vector model
sequence is followed only by the Fermi contact term in the
polyyne series.

The vicinal couplings3JF-F are dominated by a large and
negative orbital paramagnetic term in all series. The spin-
dipolar term is positive and much less important, and the Fermi
contact term is even smaller. This distinguishes clearly the
fluorine-fluorine couplings from the corresponding proton-
proton couplings in the unsubstituted molecules, where the main
contribution is the Fermi contact term.32,61The OP contribution
in (E)-1,2-difluoroethene is almost twice as large as that in
difluoroethyne and is about 3.5 times the OP term in 1,2-
difluoroethane. It is very interesting to note that the Fermi
contact term has different signs in 1,2-difluoroethene and
difluoroethyne.

The most interesting changes in the couplings are observed
when going from the vicinal to the five-bond couplings. In the
alkanes, all four terms become much smaller and the FC term
changes sign. In the case of the polyenes and polyynes, the OP
term changes dramatically. It increases from a large negative
value to a reasonable large positive value by∆JF-F

OP ) 158.12
and 121.04 Hz, respectively. The SD term, on the other hand,
increases slightly when the single, double, or triple bond is
replaced by two conjugatedπ-bonds. This shows clearly that
the noncontact OP and SD contributions are most influenced
by changes in theπ-electronic system and benefit most from a
conjugateπ-system, as reported previously7 for 1,4-difluoro-
benzene and 1,1,4,4-tetrafluorobuta-1,3-diene.

In the longer alkanes, we observed the usual pattern: the FC
term is larger than the SD term and both die off quickly with
increasing length of the coupling pathway. The OP term, on
the other hand, oscillates. The spin-dipolar contribution shows
the same trend in the conjugated polyenes and polyynes. In both
series, the SD term is about 3-4 times the corresponding FC
term, with an increasing (decreasing) factor along the series of
polyenes (polyynes). In the conjugated polyenes, the SD term
is also the largest contribution, as the OP term exhibits an
oscillatory behavior and even changes sign along the series. In
the conjugated polyynes, on the other hand, the OP term is the
largest contribution and dies off monotonically. The OD term
is negligible for both series. The largest OP terms are found
for the cumulenes. Furthermore, the OP term decreases only
slowly with the number of bonds in the cumulenes.

Although the Fermi contact contribution is always less
important than the spin-dipolar and orbital paramagnetic
contributions in the conjugated systems, it is remarkable that
both triplet properties, i.e., the FC and SD terms, change much
less along the two series than the orbital paramagnetic contribu-
tion. Consequently, there is still a nonvanishing Fermi contact

Figure 2. Total indirect nuclear spin-spin coupling constants and the
four contributions tonJF-F at the SOPPA level for 1,(n - 1)-difluoro-
alkanes.

Figure 3. Total indirect nuclear spin-spin coupling constants and
the four contributions tonJF-F at the SOPPA level for conjugated
1,(n - 1)-difluoropolyenes.

Figure 4. Total indirect nuclear spin-spin coupling constants and
the four contributions tonJF-F at the SOPPA level for conjugated
1,(n - 1)-difluoropolyynes.
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interaction over 1.4 nm in difluorodecapentayne. Furthermore,
the FC term is almost the same in difluoroethyne and difluoro-
butadiyne. This shows that the spin polarization due to the
contact interaction between the fluorine nucleus and the
s-electrons around this nucleus can also be transmitted over long
distances through theπ-system.

Concluding Remarks

We have calculated all four Ramsey contributions to the
indirect F-F couplings for some 1,n-difluoroalkanes, conjugated
1,n-difluoropolyenes, conjugated 1,n-difluoropolyynes, and 1,n-
difluorocumulenes at the ab initio SOPPA level using locally
dense basis sets. The agreement with the few measured F-F
couplings in these molecules is quite good, apart from di-
fluoroethyne. For this molecule we find a large disagreement
between our results and earlier calculations and the published
value from a single measurement.

Analyzing the four Ramsey contributions to the F-F cou-
plings, we can draw the following conclusions:

(1) The total three-bond couplings are negative in all series
and are dominated by a negative orbital paramagnetic term,
whereas the total couplings in all longer molecules are positive.

(2) The absolute values of the couplings decrease along the
series, with the exception of difluorobutadiyne, where|5JF-F|
is almost twice as large as|3JF-F| in difluoroethyne due to the
change in sign of the orbital paramagnetic term.

(3) The couplings die off very quickly with the number of
bonds in the saturated 1,n-difluoroalkanes. In the conjugated
polyenes and polyynes, the F-F couplings can be transmitted
over much longer distances. For difluorodecapentayne we
predict a F-F coupling of∼7 Hz over a distance of 1.4 nm or
11 bonds.

(4) The F-F couplings in molecules with conjugated
π-systems are dominated by the noncontact OP and SD
contributions. In both cases, the overall behavior of the OP and
SD contributions is similar, though they have different relative
values. In the polyynes, the OP term is always larger but also
decreases faster than the SD term. In the conjugated polyenes,
on the other hand, the spin-dipolar term is the dominating
contribution. This feature is completely unusual for other types
of couplings. In 1,4-difluorobuta-1,3-diene the OP term is still
larger than the FC term, whereas in the longer molecules of
this series the FC term is more important than the OP term. In
general, also the Fermi contact term is still important for
couplings over a nanometer or 11 bonds.

(5) We find triplet instabilities or quasi-instabilities for the
longer 1,n-difluorocumulenes.

But our most important conclusion is that there should be
measurable couplings between fluorine nuclear spins separated
by distances of a few nanometers. Our results suggest that one
could find F-F coupling constants of a few hertz in 1,n-
difluoropolyens or 1,n-difluoropolyynes over even longer
distances. From the asymptotic behavior of the calculated
couplings in the 1,n-difluoropolyynes, we can estimate couplings
of JF-F ≈ 3.6 Hz over 13 bonds or a distance of∼1.6 nm and
of JF-F ≈ 1.8 Hz over 15 bonds or a distance of∼2 nm.
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