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Abstract: The angular dependence of the vicinal fluorine—fluorine coupling constant, 3Jgr, for
1,2-difluoroethane has been investigated with several polarization propagator methods. 3Jgr
and its four Ramsey contributions were calculated using the random phase approximation (RPA),
its multiconfigurational generalization, and both second-order polarization propagator approxima-
tions (SOPPA and SOPPA(CCSD)), using locally dense basis sets. The geometries were
optimized for each dihedral angle at the level of density functional theory using the B3LYP
functional and fourth-order Mgller—Plesset perturbation theory. The resulting coupling constant
curves were fitted to a cosine series with 8 coefficients. Our results are compared with those
obtained previously and values estimated from experiment. It is found that the inclusion of electron
correlation in the calculation of 3Jgr reduces the absolute values. This is mainly due to changes
in the FC contribution, which for dihedral angles around the trans conformation even changes
its sign. This sign change is responsible for the breakdown of the Karplus-like curve.

1. Introduction Coupling constants involving fluorine atoms have recently
The sensitivity of indirect spiaspin coupling constantsJ) attracted much intereét}? due to the important biological
to structural changes is a powerful tool for determination of activity of fluorinated organic compoundtheir use in
molecular structures and conformations. As an example wemedicine for NMR imaging techniqué$their possible use
can mention the dependencelasn bond or dihedral angles  in quantum computer$,and their unusual behavior such as
which has been the object of many studies (see e.g., thee.g. long-range through-botfdand through-space coup-
review by Contreras and Perdltand references therein). In  lings>? Another example for the unusual behavior of
particular, the study of the dependence of coupling constantsfluorine coupling constants is the dependence of vicinal
on torsion angles became an important issue after Karplusfluorine—fluorine coupling constarile on the dihedral angle
presented his already classical equafitmrecent years some  in 1,2-difluoroethan&®*¢which differs greatly from the usual
new attempts were made to explain the origin of this Karplus curve as found e.g. for the vicinal protgproton

behavior coupling in ethané’1®
Kurtkaya et al. have calculatedJrr using density func-
* Corresponding author e-mail: patricio@unne.edu.ar. tional theory (DFT)® with the B3LYP functional and the

T Present address: Max-Planck-Instituitr fi{ohlenforschung, ~ 6-311G(d,p) basis sét.Their geometries were optimized at
Kaiser Wilhelm-Platz 1, D-45470 Mubeim an der Ruhr, the same level of theory for each fixed-E—C—F dihedral
Germany. angle. They analyzed the dominating Fermi contact contribu-
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tion to 3Jrr in 1,2-difluoroethane in terms of the carben The paper is organized as follows: the next section gives
fluorine bond orbitals and the lone pairs orbitals of fluorine. a short review of the theory of spirspin coupling constants
However, their calculated vicinal coupling for the trans and the quantum chemical methods for the calculatioh of
conformation is not in agreement with the known experi- The details of our calculations are explained in section 3.
mental value, which is not surprising since the B3LYP as Section 4 is devoted to the presentation and discussion of
well as most of the current functionals were sh&ffh!822 our results, and finally in section 5 our conclusions are
to have problems reproducing coupling constants that involve presented.
at least one fluorine atom.

More recently, San Fahiaand Westra Hoekzerhare- 2. Theory
sented Karplus curves 83 in 1,2-difluoroethane calcu- Ramsey’ has explained the total nonrelativistic indirect
lated with the multiconfigurational random phase approxi- Nuclear spir-spin coupling constant between nuclei M and
mation (MCRPAJ324 with various restricted active space N as the sum of fourc_ontr|bL_1t|ons. They are the dlamagngtlc
self-consistent field (RASSCF) wave functidlishe second- ~ nuclear spirrelectronic orbital (DSO), the paramagnetic
order polarization propagator approximation (SOPP&], ~ nuclear spir-electronic orbital (PSO), nuclear spin
and DFT using the BLYP functional. Their geometries were €l€ctronic spin dipolar (SD), and the Fermi contact (FC)
either optimized at the B3LYP level using the cc-pVTZ basis contributions
seffor a fixed F~C—C—F dihedral angle or were kept fixed
during rotation at the values of a standarg¢ € bond length
and tetrahedral bond angles. They fitted their curves to
truncated Fourier series in the torsion anglend found that
the number of Fourier coefficients necessary for a proper
representation of the Karplus curve is too large for an
empirical parametrization based on experimental coupling
constants. They conclude that the missing data have to be

B = Ja” + 7+ kT €

where the FC and SD terms account for the interaction of
the nuclear spin with the spins of the electrons, and the PSO
and DSO terms account for the interaction of the nuclear
spin with the orbital angular momentum of the electrons.
The DSO contribution is a ground-state average value

provided by high accuracy calculations. With respect to the 1 vurnf o \2e22

: : . 550 MYN[Ho|"eh
different correlated methods, they find that SOPPA gives in Jy3° = — ——
general the best agreement with experimental values, but that 3 h \4r| m, o5y,
important differences remain in particular for some of the T i — (T (T o)

. - . . iN " iM iN/a\ " iM/a
Fourier coefficients and for the trans coupling, for which O‘Z Wl ((2)
|

the largest differences between the various calculations are T3Pl
observed. Furthermore equally large changes in the Fourier

coefficients are observed between the SOPPA calculationsalthough it can also be expressed in a form which involves
with standard and optimized geometries, and the authorsexcited state®

concluded that good geometries must be used in the The last three contributions can be expressed as a sum

calculation of these couplings. over excited states in the following way

Several years ago a modification of the SOPPA method 6’* 2 5
was introduced in which the MgllePlesset correlation A EVWN (W ol (Oh) ol ¥ MW (O Woll
coefficients are replaced by the corresponding coupled cluster “MN b3 h & E,— E,

singles and doubles amplitudes in the SOPPA equations. This

second-order polarization propagator approximation with where A= PSO, SD, FC. The explicit expressions of the
coupled cluster singles and doubles amplittt®®PPA- above operators are

(CCSD¥*—called method was shown to give more accurate

coupling constants than SOPPA(:273%33 Fyrthermore tiny ~ o e (e
. . PS
changes in the coupling constants such as temperature (Ou c)a=4__ 3 4)
dependence and isotope effects, which originate in the T 1y
geometry dependence of the coupling constants, could
quantitatively be reproduced by SOPPA(CCSD) calcula- to 4G eh

tions 3234 O = P am. Z(gi)aé(?iM) (%)

I
In the present work we have therefore studied the large

corrgla‘uon aqd getometry.effects on the V|c_|nal quorrne_ N o Gttt (5T in) (Firn)e — riMz(gi)a
fluorine couplings in 1,2-difluoroethene and its four contri- thlI =

butions using SOPPA(CCSD). Geometries optimized at the 4 2m, 4 riM5

level of DFT/B3LYP and fourth-order MgllerPlesset

perturbation theory (MP4j using the 6-311G(d,p) basis set The gyromagnetic ratio of nucleus Mygy, Tiy =T — Ty iS
were employed in the calculations. In addition, calculations the difference of the position vectors of electiand nucleus
at the level of the random phase approximation (RBA)e M, § is the spin operator of electranliy = Ii(Ry) is the
MCRPA with various RASSCF wave functions, and SOPPA orbital angular momentum operator of electramith respect
were performed. to the position of nucleus M (in Sl units}(x) is the
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Dirac delta function, and all other symbols in egs6Lhave F b H
their usual meaningf. . H
The FC and SD contributions, that account for the C—
interaction with the spin of the electrons, arise from the H / AN
admixture of excited triplet stat¢¥’,[to the singlet ground H F

state|Wol] whereas the OP term only involves excited states
|W,Oof the same spin symmetry as the ground stdfgll

Using polarization propagat8ror linear response function
method$* all contributions to the coupling constants can be
evaluated without explicit calculation of the excited states
involved™

—1

Figure 1. The optimization of structures was performed with
the dihedral angle ¢ (OF—C—C—F) fixed at 0°, 15°, 30°, 45°,
60°, 80°, 90°, 100°, 115°, 135°, 150°, 165°, and 180° [see ref
1.

Fourier series in the dihedral angbe

~

- A .
Tty = = ( (Po | [(Onr)ashil | Yo) 3310 (¢) = C, + C,cosgp) + C,cos(2) + C,cos(3) +
C,cos(4p) + C,cos() + Cicos(@p) + C,cos(#) + -
(8)
Truncation of this series after th&cos(2) term gives the
original equation by Karplus.

(Wo! [, [H, hy]l| ¥o)

3. Details of Calculations

Geometry Optimizations. All geometry optimizations were
performed with the Gaussian 98 progrérat the Hartree
Fock (HF), DFT-B3LYP2 MP2/? MP3, and full MP4°
whereH is the electronic Hamiltonian of the system, and levels of theory using the 6-311G(d,p) basis Z¢n all

{h} is a complete set of operators. Different approximate structures the dihedral anglegF—C—C—F was fixed to the
propagator methods can then be derived by truncating thevalues given in Figure 1 [see also ref 7]. The C and F 1s
set of operator§h} and approximating the exact ground- orbitals were kept frozen in the correlated calculations. The
state wave functioW’, using either variational or perturba- dihedral angle in the gauche conformation, i.e. the gauche
tional approaches. Examples for the former are the randomangle, and the energy of the gauche conformation were
phase approximatidhor self-consistent field (SCF) linear obtained by fitting the rotamer energy curves with second-
response functidf and its multiconfigurational generaliza- order splines.

tion MCRPAZ324 where either only the molecular orbital J-Calculations. All J calculations were performed with

LoonA
(Wo | [hy, ((_)NM | o) (7)

coefficients or the molecular orbital coefficients and the
determinant expansion coefficients are variationally opti-
mized in the wave functiodf,. The set of operator§h}

consists then correspondingly of either only orbital rotation

the 1.2 version of the Dalton program packdg&ocally
dense basis sets (LDBS¥®were employed in order to keep
the basis set size within the current limitations of the SOPPA
implementation in the program. Hence, the aug-cc-pVTZ-

operators or orbital rotation operators and state transferF!#°basis set, which ensures a very good description of the
operators. To treat dynamic correlation properly with MCPRA FC term [see ref 31 and therein cited references], was used
very large determinant expansions have to be included infor the fluorine and carbon atoms which define the coupling
the wave function, which makes high accuracy MCRPA pathway, whereas the cc-pV#basis set was employed for
calculations prohibitively expensive. all hydrogen atoms.

Alternatively, dynamic correlation can be treated by In the MCRPA calculations we tested two different
methods based on MgllePlesset perturbatidéh such as RASSCF wave functions (RAS-A and RAS-B), which differ
SOPPA25:27 From the viewpoint of the perturbation theory in the number of orbitals included in RAS3. In all cases the
the polarization propagator, eq 7, is evaluated to the first 1smolecular orbitals of carbon and fluorine were kept frozen,
order in the fluctuation potentilin RPA. Furthermore a  and the remaining occupied HartreBock orbitals were
closer analysis of the terms entering the RPA matffces included in RAS2. Single and double excitations were
shows that the ground state in RPA is correlated by the allowed from RAS2 into RAS3. The RASSCF wave func-
inclusion of doubly excited determinants. For this reason tions could therefore be described as truncated configuration
RPA or coupled HartreeFock is sometimes considered to interaction singles and doubles (CISD) wave functions with
be a correlated methéttontrary to the uncoupled Hartree  optimized orbitals. The nomenclature used for the RAS wave
Fock approach. In SOPPA the matrix elements in eq 7 arefunctions is pasy ‘RAShas, Whereinactive, RAS1, RAS2,
evaluated through second order in the fluctuation potential. and RAS3 are the total numbers of orbitals in these spaces,
If the Maller—Plesset perturbation theory correlation coef- as all RASSCF calculations were run without the use of
ficients in the SOPPA equations are replaced with coupled symmetry. The precise details of the two RASSCF wave
cluster single and double (CCSD) amplitudes, one obtainsfunctions are given in Table 1. Compared with the active
the SOPPA(CCSD) methad. spaces employed by San Fabind Westra Hoekzerhave

The dihedral angle dependence of the vicinal fluotine can see that our RAS-A is the same as R30, whereas RAS-B
fluorine coupling constant is best represented by a truncatedis larger than R45.
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Table 1: Description of the RASSCF Wave Functions

label active space®? Nsp®
RAS-A ‘RAST 14535
RAS-B “RAS3; 81810

aThe nomenclature for the active spaces is RaVeRASRASZ

where inactive, RAS1, RAS2, and RAS3 are the total numbers of
orbitals in these spaces, as all RASSCF calculations were run without
the use of symmetry. © Only single and double excitations are allowed

Provasi and Sauer

in agreement with the spectroscopic findifg%’ whereas

at the Hartree Fock level the trans conformation is slightly
lower in energy. B3LYP overestimates the relative energy
of the trans conformation relative to the MP4 calculations,
whereas both methods agree very well on the relative energy
of the cis conformation. MP2, on the other hand, overesti-
mates the relative energies of both rotamers. The shape of
the rotamer potential energy curves are thus different in the

(0 = 2). “Number of determinants in the wave function. various methods. This is also reflected in the predicted

gauche angle which varies from 714t B3LYP to 69.4 at
MP4, i.e. by more than°2 Compared with the uncorrelated
HF calculation B3LYP predicts a larger angle, whereas all
MP methods give smaller gauche angles.

4.2. Dependence otJgr on the Optimized Geometries.
Vicinal fluorine—fluorine coupling constant curveéSeH(¢)
have been calculated at the optimized MP4 and/or B3LYP

Table 2: Relative Energies in kJ/mol of the Cis, Trans,
and Gauche Conformations of 1,2-Difluoroethane and the
Dihedral Angle in the Gauche Conformation Obtained at
the HF, DFT-B3LYP, MP2, MP3, and MP4 Levels of
Theory with the 6-311G(d,p) Basis Set

relative energies in kJ/mol

method cis trans gauche dihedral angle gauche ) .
geometries using RPA, RAS-A MCRPA, RAS-B MCRPA,
HF 831l -066 00 69.962° SOPPA, and SOPPA(CCSD). The total coupling constants
3';2‘83"YP 2421?2 iig 8'8 ;;'Zigo at both series of geometries obtained with the RAS-B wave
MP3 31:31 0:77 0:0 69:5230 function and at the SOPPA(CCSD) level are shown in _Table
VP4 3256 0.76 0.0 69 442° 3. In the last three columns of Table 3 the changes in the

total coupling constants and in the FC contribution (only at
SOPPA(CCSD) level) due to the changes in the optimized
4. Results and Discussion geometries are given as well. Tables with the results for all
In this section, we first discuss the energies of the three four Ramsey components obtained with the four methods

conformations obtained at the HF, DFT-B3LYP, MP2, and are given in the Supporting Informatish.
MP4 levels. We discuss then the dependence ofiihe The effect of the changes in the geometry is largest around
curves on the optimization of the geometries and the level the cis conformation with~1.5 Hz, whereas it becomes
of correlation included in the calculations. Finally, we negligible for dihedral angles around Tl&nd somewhere
compare our results with previous results and experimentalbetween 45and 60. Close to the gauche conformation the
values. differences become actually negative and go through a
4.1. Rotamer EnergiesA complete list of the HF, DFT-  second maximum about 150Ve have to conclude therefore
B3LYP, MP2, MP3, and MP4 energies for the optimized that the shape of the calculated Karplus curve depends on
geometries is included in the Supporting Informati®mn the method employed in the geometry optimization as can
Table 2 we have collected the relative energies of the cis, also be seen from the coefficients D the Fourier series
trans, and gauche conformations of 1,2-difluoroethane as wellrepresentation of the curves given in the Supporting Informa-
as the values of the dihedral angle in the optimized gauchetion.5° From the last two columns in Table 3 we can see
conformation, i.e. the gauche angle. All correlated methods that for most dihedral angles the geometry induced changes
predict the gauche conformation to be the absolute miminum are mainly due to the FC term, whereas around the gauche

Table 3: Calculated 3Js Karplus Curves as a Function of the Method and Optimized Geometry Used in the Calculations?
A MP4-B3LYP geometry?

B3LYP-geometry MP4-geometry

RAS-B SOPPA- RPA RAS-A RAS-B SOPPA SOPPA(CCSD) RAS-B M

o1 B (CCSD)E e e e e e e e
0 36.50 30.28 54.16 44.11 38.03 32.98 31.84 1.53 1.23 1.56
15 30.05 24.60 46.16 37.29 31.49 26.93 26.07 1.44 1.13 1.47
30 14.30 10.98 26.17 20.46 15.65 12.50 12.31 1.35 117 1.33
45 —2.12 —2.58 3.13 1.56 —1.35 —2.36 —1.87 0.77 0.82 0.71
60 —10.71 —8.96 —12.46 —10.21 —10.85 —9.94 —9.12 —0.14 0.05 —0.16
80 —10.01 —8.25 —15.89 —11.52 —10.56 —9.51 —8.77 —0.55 —-0.29 —0.52
90 —8.39 —7.78 —13.52 —-9.71 —8.89 —8.94 —8.26 —0.50 —0.18 —0.48
100 —7.50 —8.57 —10.21 —7.99 —7.82 —9.60 —8.91 —0.32 0.01 —0.34
115 —7.66 —12.18 —4.10 —6.13 —7.61 —13.13 —12.21 0.05 0.36 —0.03
135 —10.22 —20.54 4.51 —5.46 —9.67 —21.74 —20.11 0.55 0.81 0.43
150 —13.07 —27.45 9.42 —6.43 —12.39 —29.17 —26.86 0.68 0.98 0.59
165 —14.95 —32.24 12.89 —7.30 —14.33 —34.49 —31.67 0.62 1.01 0.57
180 —16.69 —33.83 14.29 —7.56 —16.15 —36.35 —33.34 0.54 1.02 0.49

aBasis set: F and C, aug-cc-pVTZ-J; H, cc-pVTZ. b Difference between the 3Js calculated at the geometries optimized with DFT-B3LYP
and MP4 with the 6-311G(d,p) basis set.
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Figure 2. DSO, PSO, SD, and FC contributions to 3Js at RPA, RAS-B, and SOPPA(CCSD) levels of approximation.
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Figure 3. Total indirect nuclear spin—spin coupling constant 3Jgr at RPA, RAS-B, and SOPPA(CCSD) levels of approximation.

conformation the smaller changes in the PSO term becometwo triplet contributions, SD and FC, and thus for the total
dominant due to vanishing changes in the FC term. indirect coupling constant, if the FC term is the dominant
4.3. Dependence otJer on Electron Correlation. The contribution. 1t is therefore not surprising that all four
total vicinal fluorine-fluorine coupling constants calculated —contributions tc®J-=(¢) exhibit a very different dependence
with RPA, RAS-A MCRPA, RAS-B MCRPA, SOPPA, and on electron correlation as shown in Figure 2. The DSO term
SOPPA(CCSD) at the MP4 geometries are also presenteds completely insensitive to electron correlation, while the
in Table 3. The four contributions &J=¢(¢) and3Jf2(¢) at PSO term changes only slightly around the trans conforma-
the RPA, RAS-B MCRPA, and SOPPA(CCSD) levels are tion, where the RPA method underestimates the SOPPA-
furthermore shown in Figures 2 and 3. Tables with all the (CCSD) value of-35.55 Hz by 2.05 Hz, i.e~5.8%.
results for both sets of geometries are available from the Larger changes, on the other hand, are observed for the
Supporting InformatioR? two triplet contributions SD and FC. The effect of electron
It is a well-known fact’-30:545%hat the electron correlation  correlation on the SD contribution is recovered similarly by
is often irrelevant for the two singlet contributions, DSO and the RAS-B MCRPA and SOPPA(CCSD) calculations for the
PSO, and very important for quantitative reproduction of the whole range of conformations. RPA overestimates the SD
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Figure 4. DSO, PSO, SD, and FC contributions to 3J at SOPPA(CCSD) level of approximation.

term compared to SOPPA(CCSD) and RAS-B MCRPA. The calculations to SOPPA(CCSD), i.e. with a better and better
RPA values are about a factor of 1.3 too large. In absolute description of dynamic correlation.

values thi§ becomes most prominent for the cis and trans Noteworthy is the fact that the change in the sign of the
conformations, where the RAS-B MCRPA and SOPPA- £c contribution for the near-trans conformations at SOPPA-
(CCSD) results differ from RPA by about 3.3 Hz fors- (CCSD) level does not agree with the Dirac vector méélel,

1.2-difluoroethane and 5.6 Hz ftrans-1,2-difluoroethane. \ynich predicts a positive three bond FF coupling. Further-

However, it is important to point.ogt that for all dihedral more, around the gauche conformations the Dirac vector
angles between 4@nd 133 the deviation of the RPAresults 40| is not fulfilled for all level of approximations.

from SOPPA(CCSD) is smaller than 1.0 Hz. Hence, we can 6 )
conclude that for most conformers of 1,2-difluoroethane the _ 4-4- Dependence ofJe: on the Dihedral Angle. In
Figures 2 and 4 one can see that all four contributions exhibit

SD term is almost not affected by electron correlation. ) X
The largest effect of the electron correlation can be also a very different dependence on the dihedral angle. We
observed fgor the FC contribution. It is changed for all values 2" furthermore see that the total vicinal coupling constant
of the dihedral angle, but thé changeg for near-trans is dominated by the FC contribution in the range of dihedral
' angles from the cis to the gauche conformation. The always

conformations are much larger than those for near-cis or near- tive PSO tribution is al ¢ led by th iti
gauche conformations. For the near-trans conformations,nega Ve mS5) contribution 1S aimost canceled by the positive
SD contribution in this range leading to a shift of abett

electron correlation reduces the FC term until it even changes ith h ithi dth
sign. The corresponding changes in the FC term are ashz wit re§pect to the FC term. Wit HSS_O aroundt e.trans ,
follows: ~27.6 Hz from RPA (33.53 Hz) to RAS-B (5.94 conformation, however, the total coupling constant is domi-

Hz) and~16.5 Hz from RAS-B to SOPPA(CCSDY-(0.54 nated by the PSO term, because here the positive SD
Hz). For cis-1,2-difluoroethane, on the other hand, the contribution is almost compensated by the negative FC term,

reduction in the FC term is less pronounced: 12.66 Hz from SO that the curve is shifted by about 4 Hz compared to the
RPA (33.53 Hz) to RAS-B (5.94 Hz) and 5.88 Hz from PSO curve. This corresponds guqhtauvely to the findings
RAS-B to SOPPA(CCSD) (35.76 Hz). Thus, the Karplus- by Kurtkaya et al.although quantitatively their B3LYP curve
like shape of the curve found at the RPA level of approxima- differs greatly from our SOPPA(CCSD) curve.
tion is broken when the electron correlation is added in the  The Fourier analysis according to eq 8 of the dihedral
calculation of the FC term. angle dependence ofJ shows that for all levels of
Overall we find that the shape of the RAS-B MCRPA FC calculation the first five coefficients are larger than 1 Hz
curve is more similar to the RPA curve than to the SOPPA and are necessary for fitting the curves, see Table 4. At the
curve. RAS-B overestimates also slightly the FC contribution SOPPA(CCSD) level the FC contribution follows the same
around the cis and gauche conformations and predicts alsoscheme as the total coupling constant, and five coefficients
the wrong sign of FC around the trans conformation. This are also necessary to fit the FC curve as well. For the SD
holds even more for the RAS-A MCRPA curve. We observe and PSO contributions, on the other hand, only the first three
thus a continuous change in the coupling constant curve onand the fifth coefficients are necessary for fitting the curves.
going from RPA through increasingly larger MCRPA This is very much in contrast to the vicinal proteproton
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Table 4: Coefficients of the Cosine Series (in Hz) of 3Jgr in 1,2-Difluoroethane at Various Levels of Approximation

method contribution Co C C Cs Cs Cs Cs C;
RPA 3gr 6.999 9.702 24.204 10.118 3.277 0.318 —0.365 —-0.279
RAS-A 3 1.111 15.609 14.294 10.053 3.123 0.362 —0.335 —0.259
RAS-B 3 —2.207 16.536 10.337 9.895 3.301 0.623 —0.393 -0.131
SOPPA 3 -8.695 24.396 3.760 9.854 3.369 0.609 —0.160 —0.251
SOPPA(CCSD) EVAL -7.761 22.945 3.887 9.245 3.241 0.588 —0.155 —0.242
3o —0.675 0.859 0.028 —0.001 —0.010 —0.003 0.001 0.001
30 -14.610 11.170 —10.799 —0.049 0.981 0.312 0.318 —0.036
30 5.615 —2.747 6.410 —0.144 —0.606 0.086 0.030 0.014
sJE 1.909 13.664 8.248 9.440 2.876 0.193 —0.504 —-0.221
Table 5: Calculated Gauche Angle and Corresponding couplings studied so f&#273%34 and for the Karplus curve
3Jrr at RPA, RAS-B MCRPA, and SOPPA(CCSD) Levels? of the vicinal protor-proton couplings in etharié. We
geometry angle [°] level Jrotal [Hz] expect therefore that the SOPPA(CCSD) Karplus curve for
DFT 21683 RPA _15.68 the vicinal FF couplings. in 1,2-difluoroethane is also
RAS-B 1192 superior to a corresponding SOPPA curve. The largest
SOPPA _987 differences between the SOPPA and SOPPA(CCSD) results
SOPPA(CCSD) —9.07 are observed for the near-trans conformations with deviations
MP4 69.442 RPA ~16.10 of about 3.0 Hz in favor of the latter.
RAS-B -11.96
SOPPA —10.59 5. Summary
SOPPA(CCSD) —9.77

We have optimized the geometry of 1,2-difluoroethane for
aVaIues_ were obtained fitting the calculated curves using second different dihedral anglesIF—C—C—F at two levels of
degree splines. approximation, DFT-B3LYP and MP4, using the 6-311G-
(p,d) basis set. The calculated energies were interpolated with
second-order splines in order to obtain the dihedral angle of

4.5. Comparison with Previous ResultsThe couplings ~ the gauche conformation. For every optimized geonStry

for the trans and gauche conformations have been estimated?@S calculated at different levels of theory: RPA, MCRPA
by Abraham and Kenﬁg to be =30 Hz and—10.9 HZ, (RAS-A and RAS-B), SOPPA, and SOPPA(CCSD) The

obtained coupling constant curves were fitted to Fourier

couplings in ethane where only the three original Karplus
coefficients are necessary (see e.g. ref 17).

respectively. Later on refs 51 and 52, the dihedral angle in

the gauche conformation of 1,2-difluoroethane was estimated¢0Sine series.
to be 71.0—-71.2. We find that the form of the Karplus curve depends on

Using second degree splines to fit the calculated energythe method chosen in the geometry optimization because the
curves for the geometries optimized at the DFT-B3LYP and changes are largest for the cis conformation. With the
MP4 levels with the 6-311G(p,d) basis set, we found that exception of dihedral angles close to the gauche angle it is
the best estimate of the gauche angle is obtained at the DFTMostly the FC term which is influenced by the changes in
B3LYP level with a value of-71.7, Table 5, which agrees ~ the geometry.
with the results reported by Kurtkaya et’abf ~72.0 Hz. Electron correlation affects also mostly the FC contribu-
However, the best estimate of the vicinal coupling in the tion. However, these changes are larger for near-trans
gauche conformation occurs at the SOPPA level with a value conformations than for near-cis or near-gauche conforma-
of ~10.6 Hz for the MP4-geometry, whereas RAS-B tions. For the near-trans conformations even the sign of the
underestimates it and SOPPA(CCSD) overestimates it. FC term is changed by electron correlation. The SD
Finally, for the trans conformation the best estimate comes contribution, on the other hand, is affected almost equally
from the SOPPA(CCSD) calculations which predists-33.8 ~ for all dihedral angles, and the DSO and PSO terms are
Hz for the DFT-geometry and- —33.3 Hz for the MP4- almost not affected by electron correlation at all. Hence, one

geometry, whereas for this conformer SOPPA underestimatescan attribute the capricious form of the-F Karplus curve
the coupling by—3.01 Hz and the RAS-B method overes- in 1,2-difluoroethane to electron correlation effects on the
timates it by 17.19 Hz. FC contribution.

The3Jrx(¢) curve calculated at the DFT-D3LYP level by For dihedral angles in the range from the cis to the gauche
Kurtkaya et af and of course also the SOPPA curve by San conformation the total vicinal coupling constant is dominated
Fabian and Westra Hoekzerhare similar to our SOPPA- by the FC contribution, whereas around the trans conforma-
(CCSD) curve. However, the SOPPA(CCSD) couplings are tion it is dominated by the PSO term.
smaller in absolute value than the DFT-D3LYP and SOPPA  Comparison with previous DFT-B3LYP and SOPPA
results. Previous experience with-F coupling constant  calculations shows that these follow the same trend as our
calculation&!® showed that the SOPPA(CCSD) results are SOPPA(CCSD) curve. However, along the whole range of
in general in better agreement with experimental couplings dihedral angles the SOPPA(CCSD) couplings are smaller in
than SOPPA results, as it is the case also for most otherabsolute values than the results of the other two methods by
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~10 Hz (in the cis conformation) to 25 Hz (in the trans
conformation) for B3LYP and by 1 Hz (in the cis confor-
mation) to 3 Hz (in the trans conformation) for SOPPA
calculations with the MP4 geometry of this work.

Finally we note that the positive value fai-S predicted
by the Dirac vector model is not reproduced by all our

calculated values around the gauche conformations and at

the SOPPA(CCSD) level already from dihedral angles from
~45° on.
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