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Resolving an apparent discrepancy between
theory and experiment: spin-spin coupling
constants for FCCF

Janet E. Del Bene,?* Patricio F. Provasi,? Ibon Alkortac and José Elguero®

Ab initio equation of motion coupled cluster singles and doubles (EOM-CCSD) and second-order polarization propagator
approximation (SOPPA) calculations have been performed to evaluate spin-spin coupling constants for FCCF (difluoroethyne).
The computed EOM-CCSD value of 3J(F-F) obtained at the experimental geometry of this molecule supports the previously
reported experimental value of 2.1 Hz, thereby resolving an apparent discrepancy between theory and experiment. This
coupling constant exhibits a strong dependence on the C-C and C-F distances, and its small positive value results from a
sensitive balance of paramagnetic spin-orbit (PSO) and spin-dipole (SD) terms. The three other unique FCCF coupling constants
1J(C-C), 'J(C-F), and 2J(C-F) have also been reported and compared with experimental data. While 'J(C-F) is in agreement
with experiment, the computed value of 2J(C-F) is larger than our estimate of the experimental coupling constant. Copyright

(© 2008 John Wiley & Sons, Ltd.
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Introduction

Previous theoretical studies of spin-spin coupling constants for
FCCF (difluoroethyne) have reported significantly different val-
ues of 3J(F-F). These range from —85.4 Hz from semiempirical
calculations,!” —43.72 and —21.5 Hz®®) from second-order po-
larization propagator approximation (SOPPA) calculations, and
—25.4Hz from an earlier equation of motion coupled cluster
singles and doubles (EOM-CCSD) calculation.” The computed
results prompted the authors of Ref. [2] to question the assign-
ment of the experimental spectrum of FCCF, which yielded a
value of 2.1 Hz for 3J(F-F),"® although the sign of this coupling
constant was not determined. In an effort to resolve this discrep-
ancy, we have reinvestigated spin-spin coupling in FCCF, with
emphasis on 3J(F-F). We have recently reported a systematic
study of spin—spin coupling constants in a series of singly bonded
molecules H,X-YH,, with X,Y = C, N, O, F, and selected fluoro-
derivatives.® In that study, we noted that computed EOM-CCSD
coupling constants are in better agreement with experimental
values than SOPPA coupling constants, and that the SOPPA values
could be significantly in error for couplings involving O and F.
In the course of that study, we also noted that there can be a
significant geometry dependence of some computed coupling
constants. In the present study, we investigate both the method
and geometry dependence of spin—spin coupling constants for
FCCF.

Methods

Coupling constants were computed for FCCF using the
EOM-CCSD method in the configuration interaction (Cl)-like
approximation” 1% with all electrons correlated, and the SOPPA
method,""~"%! employing the Ahlrichs qzp basis set!'® on '3C
and '°F. Both EOM-CCSD and SOPPA explicitly include electron

correlation effects, which have increased importance for coupling
involving the more electronegative atoms, with EOM-CCSD pro-
viding a higher level of treatment. These calculations were initially
carried out on the optimized geometries of FCCF obtained at
second-order Moller-Plesset perturbation theory (MP2)''7 2% with
the 6-314G(d,p),'2" =% 6-3114++G(d,p),'*>! and aug-cc-pVTZ[26:27]
basis sets, and at the coupled cluster singles and doubles with
noniterative inclusion of triples [CCSD(T)]1282%) geometry using the
aug-cc-pVTZ basis set. In addition, to minimize the effect of the ne-
glect of zero-point motion for such structures, we have performed
these same calculations at the experimental FCCF geometry.l3”
All terms which contribute to the total coupling constant, namely,
the paramagnetic spin-orbit (PSO), diamagnetic spin-orbit (DSO),
Fermi-contact (FC), and spin-dipole (SD), have been evaluated.
We have also investigated in detail the distance dependence of
3J(F-F) and its components at EOM-CCSD, and have computed a
two-dimensional EOM-CCSD grid of 3J(F-F) values by changing
the experimental C-C distance of 1.1865 A by 40.04 A in steps
of 0.02 A, and the two C-F distances of 1.2832 A by +0.02 A in
steps of 0.01 A. These increments were chosen so that each step
along the C-Cand C-F axes changes the F-F distance by the same
amount, 0.02 A. Structure optimizations were done with Gaussian
03.B" The EOM-CCSD calculations were done with ACES 1132 on
the Itanium Cluster at the Ohio Supercomputer Center, while the
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Table 1. Optimized and experimental C—C and C—F distances (A) for
FCCF

Method? R(C-Q) R(C-F) R(F-F)
MP2/6-31+G(d,p) 1.2026 1.3050 3.8126
MP2/6-3114+4G(d,p) 1.1973 1.2867 3.7707
MP2/aug-cc-pVTZ 1.1946 1.2870 3.7686
CCSD(T)/aug-cc-pVTZ 1.1928 1.2895 3.7718
Experimental® 1.1865 1.2832 3.7529
@ The basis sets are listed in order of increasing size.

b Ref. [30].

SOPPA calculations were performed using Dalton 2133 on IQM
computers.

Results and Discussion

Table 1 presents the optimized MP2/6-31+G(d,p), MP2/6-
3114+4G(d,p), MP2/aug-cc-pVTZ, and CCSD(T)/aug-cc-pVTZ ge-
ometries and the experimental geometry of FCCF. From Table 1 it
can be seen that the computed C-C and C-F distances at all levels
of theory overestimate the experimental distances, with the largest
discrepancies found at MP2/6-31+G(d,p). Since the computed dis-
tances are too long, applying zero-point vibrational corrections
would not improve agreement with experiment. Table 2 presents
values of 'J(C-C), 'J(C-F), 2J(C-F), and 3J(F-F) computed at these
geometries, as well as the experimental coupling constants.

3J(F-F)

From Table 2 it can bee seen that 3J(F-F) is large and negative
at the computed geometries, but as the C-C and C-F distances
(and therefore the F-F distance) decrease and approach the
experimental distances, 3J(F~F) increases (becomes less negative).
The SOPPA values at the computed geometries are —42.7, —18.4,
—17.5, and —19.6 Hz at MP2/6-314-G(d,p), MP2/6-311+4G(d,p),
MP2/aug-cc-pVTZ, and CCSD(T)/aug-cc-pVTZ, respectively. The
EOM-CCSD coupling constants are consistently smaller in
absolute value at —25.3, —5.3, —4.8, and —6.8 Hz, respectively. At
the experimental geometry of FCCF, the computed SOPPA value
of 3J(F-F) is —9.5 Hz, while the EOM-CCSD coupling constant
changes sign and is equal to +1.4 Hz. This value is in good
agreement with the experimental value of 2.1 Hz. Thus, the
EOM-CCSD calculation at the experimental geometry of FCCF
supports the original experimental assignment of this coupling
constant given in Ref. [5]. Moreover, we have also reevaluated this
coupling constant from the experimental spectrum and obtained
a value of 2.2 Hz. The sign of this coupling constant has not
been determined. Although the agreement between the SOPPA
value of 3J(F-F) and the experimental value is improved when
the experimental geometry is used for the calculation, it is not
as good as the agreement between the EOM-CCSD and the
experimental coupling constant. As noted previously,® describing
couplingsinvolving F requires the use of amethod that provides an
improved description of electron correlation effects if agreement
with experiment is to be achieved.

It is apparent from Table 2 that 3J(F-F) is sensitive to changes
in C-Cand C-F distances, so we have investigated this sensitivity
in detail at EOM-CCSD. Figure 1 illustrates the dependence of

Table 2. Spin-spin coupling constants (Hz) for FCCF at various
geometries?
J(C-Q) J(C-F)
EOM- EOM-
Geometry SOPPA CCsSD SOPPA CCSD
MP2/6-31+G(d,p) 436.3 422.9 —357.1 —-311.2
MP2/6-3114++G(d,p) 4321 418.8 —3319 —289.2
MP2/aug-cc-pVTZ 431.9 418.8 —329.8 2875
CCSD(T)/aug-cc-pVTZ 432.2 419.2 —331.2 —288.9
Experimental geometry® 430.2 417.5 —-3183  =2777
Experimental J - - - —287.3¢
2J(C-F) 3J(F-F)
EOM- EOM-
Geometry SOPPA CCsD SOPPA CCsD
MP2/6-314+-G(d,p) 313 331 —42.7 —25.3
MP2/6-3114++G(d,p) 38.0 39.9 —18.4 —-53
MP2/aug-cc-pVTZ 375 39.5 —17.5 —4.8
CCSD(T)/aug-cc-pVTZ 36.2 38.3 —19.6 —6.8
Experimental geometry® 379 40.2 —9.5 1.4
Experimental J - 28.74 - 2.1¢
@ The listing is in order of increasing size of the basis set.
b Experimental geometry from Ref. [30].
 Ref. [5].
4 Our value.

3J(F-F) and its PSO, FC, and SD components on the C-C distance,
with the C-F distances fixed at the experimental value. The DSO
term is nearly constant and has a value of approximately —2 Hz.
The sign and magnitude of 3J(F-F) are determined as a result
of a competition between a large and positive SD term which
remains nearly constant with distance, and a negative PSO term
which decreases (has a larger negative value) as the C-C distance
increases. At short distances the SD term dominates, while at
longer distances the PSO term is the dominant one. The FC term
is relatively small and positive, and remains nearly constant with
distance. The dependence of 3J(F-F) on the C-F distances with
the C-C distance fixed at its experimental value is illustrated in
Fig. 2. As the C-F distances increase, the F-F distance increases,
and the negative PSO term decreases faster than the positive SD
term. Thus, 3J(F-F) is positive at shorter distances and negative
at longer distances. The experimental value of 2.1 Hz for 3J(F-F)
results from a sensitive balance of PSO and SD terms.

Shown in Fig. 3 is the 3J(F-F) coupling surface constructed on
a 25-point grid. This surface was constructed assuming a linear
dependence on each distance and including a cross-term. The
color coding presents a pictorial description of the curvature of
this surface. Atthe center of the grid is the value of 1.4 Hzcomputed
at the experimental geometry. Going from left to right across a
grid line increases each C-F distance by 0.04 A, thereby increasing
the F—F distance by 0.08 A. As the C-F distance increases 3J(F-F)
decreases by 35.0,37.0,39.2, 41.4, and 43.8 Hz at C-C distances of
1.1465, 1.1665, 1.1865, 1.2065, and 1.2265 A, respectively. Along
this coordinate, the F-F distance increases from 3.7129t03.7929 A
in steps of 0.02 A. At all C-C distances, 3J(F-F) changes sign as the
C-F distance increases. Going from the back to the front of the
grid at a given C-F distance increases the C-C and F-F distances
by 0.08 A, and 3J(F-F) decreases by 19.1, 21.3, 23.5, 25.7, and
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Figure 1. EOM-CCSD values of the PSO (a), FC (#), and SD (@) terms and
3J(F-F) (M) versus the C—C distance at the experimental C-F distance.
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Figure 2. EOM-CCSD values of the PSO (a), FC (¢), and SD (@) terms and
3J(F-F) (M) versus the C—F distance at the experimental C-C distance.
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Figure 3. 3J(F-F) coupling surface as a function of C—C and C-F distances.

27.9 Hz at C-F distances of 1.2632, 1.2732, 1.2832, 1.2932, and
1.3032 A, respectively, and again the F—F distance increases from
3.7129t03.7929 A. At the shortest C-F distance, >J(F-F) decreases
with increasing C-C distance but does not change sign. However,
as the C-F distances increase, a change of sign is observed for
3J(F-F).
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Figure 4. The '”F NMR spectrum of FCCF from Ref. [5], with notations
added.

The largest change in the F-F distance (0.16 A) occurs along the
diagonal going from the bottom left of the grid to the top right
as both the C-C and C-F distances increase. Not surprisingly, the
largest decrease in 3J(F-F) of 62.9 Hz is found along this diagonal.
In contrast, going along the diagonal from top left to bottom
right increases the C-F distances but decreases the C-C distance
while keeping the F-F distance constant. Nevertheless, 3J(F-F)
decreases by 15.9 Hz, indicating that this coupling constant is
more sensitive to the C-F than C-C distance.

1J(C-C), "J(C-F), and 2J(C-F)

There are three other unique coupling constants for FCCF, ' J(C-C),
1J(C-F), and 2J(C-F), and these are reported in Table 2. 'J(C-C)
changes only slightly with geometry, varying from 436.3 to
430.2 Hz at SOPPA, and from 422.9 to 417.5 Hz at EOM-CCSD. The
computed SOPPA values are always greater than the EOM-CCSD
values. There is no experimental value available for this coupling
constant.

1J(C-F) shows a much greater dependence on geometry. At
SOPPA, itvariesfrom —357.1 HzatMP2/6-31+G(d,p)to —318.3 Hz
at the experimental geometry. At EOM-CCSD, 'J(C~F) varies from
—311.2 to —277.7 Hz. The value at the experimental geometry
is in agreement with the experimental coupling constant of
—287.3Hz ™

Not surprisingly, 2J(C-F) is also sensitive to the C-C and C-F
distances, but it tends to increase as these distances decrease. It
varies from 31.3 to 38.0 Hz at SOPPA, and from 33.1 to 40.2 Hz
at EOM-CCSD. Since no experimental value for 2J(C—F) has been
reported, we have estimated this coupling constant from Fig. 4 and
obtained a value of +-28.7 Hz. Thus, at the experimental geometry,
the computed SOPPA and EOM-CCSD values overestimate the
experimental coupling constant by approximately 10 Hz.

Conclusions

The computed EOM-CCSD F-F coupling constant 3J(F-F) for
FCCF obtained at the experimental geometry of this molecule
supports the experimental value of 2.1 Hz, thereby resolving what
appeared to be a discrepancy between theory and experiment.
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This coupling constant exhibits a strong dependence on the
C-C and C-F distances, and also on the level of treatment of
electron correlation effects. The small positive value of 3J(F-F)
at EOM-CCSD results from a sensitive balance of a negative
PSO and a positive SD term, with the former dominating at
longer distances, and the latter at shorter distances. Three other
unique FCCF coupling constants 'J(C-C), 'J(C-F), and 2J(C-F)
are reported, and an estimate of 2J(C-F) has been made on the
basis of its experimental NMR spectrum. The EOM-CCSD value
of 'J(C-F) is in agreement with experiment, but the computed
value of 2J(C-F) overestimates the estimated experimental value.
Why this is the case is a subject for future study. No experimental
data are available for ' J(C-C). For comparison purposes, results of
corresponding SOPPA calculations on FCCF are also included.

Experimental Measurements

Burger et al. reported the following data for FCCFP): 1 J(19F-13C) =
287.3 Hz; 3J('°F-"°F) = 2.1 Hz (sign not determined); isotope
effect ASTF('2C) = §"F('2C) — §'°F('3C) = 0.08 ppm. Biirger
and Eugen (personal communication, May 2008) confirmed
these values after adjusting the isotope effect to 0.076 ppm.
From the spectrum reported in Ref. [5], we have measured
3J(°F-"F) = 2.2 Hz. Assuming that the isotope effect on the
other fluorine atom is much lower than 0.076 ppm, we have
estimated a value of 2J(C—F) of 28.7 Hz, as indicated in Fig. 4. Using
these values of the three coupling constants (irrespective of their
sign), we have produced a simulated spectrum, which matches
the experimental spectrum.
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