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Spin — Spin Coupling Tensors in Fluoromethanes

Perttu Lantto, Jaakko Kaski, Juha Vaara, and Jukka Jokisaari*?!

Abstract: All spin—spin coupling ten-
sors J of the fluoromethanes CH;F,
CH,F,, and CHF; are obtained theoret-
ically by multiconfiguration self-consis-
tent field linear response (MCSCF LR)
ab initio calculations. Furthermore the
principal values and the orientation of
the principal axis systems of each theo-
retical J tensor are specified. Experi-
mental liquid crystal NMR (LC NMR)
data on the tensorial properties of the
CF spin-spin coupling in CH,F and
CH,F,, and the FF spin-spin coupling
in CHF; are also reported. In the

pling, YJmiso is detected as the differ-
ence between D and the calculated
dipolar coupling, D The extracted
indirect contributions, ¥4/*"s° are in fair
agreement with the ab initio results. All
relative (experimental and theoretical)
CF and FF indirect contributions, YaJamiso/
De**, are negative and under 1.7% in
magnitude, when the observed molec-
ular orientations are used. Therefore, in
the one bond CF couplings and in the
two bond FF couplings, the indirect
contribution can normally be ignored
without introducing serious error to the
determination of molecular orientation

and/or structure. However, a more ac-
curate method is to partially correct for
the indirect contribution by utilising the
transferability of the spin—spin coupling
tensors in related molecules. This is due
to the fact that even small contributions
may be significant, if the order param-
eter of the internuclear direction is
negligibly small, leading to dominating
indirect contributions. The very good
agreement of the experimental values
with the calculated coupling constants
and the reasonable agreement in the
anisotropic properties, which are exper-

analysis of the experiments, the contri-
butions from molecular vibrations, as
well as that of the correlation of vibra-
tional and rotational motion to the
experimental anisotropic  couplings,
De® are taken into account. The infor-

. . L lings
mation of the anisotropic indirect cou- [

Introduction

In nuclear magnetic resonance (NMR) experiments per-
formed in anisotropic liquid crystal (LC) phases or in the solid
state, a contribution Ji"*° due to the anisotropic indirect
nuclear spin—spin coupling tensor J; appears combined with
the direct dipolar coupling, Dy, in the observable D®
coupling between the nuclei i and ;. As information on the
molecular structure and orientation of the internuclear r;
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imentally much more difficult to define,
indicates that the MCSCF LR method is
capable of producing reliable J tensors
for these systems, contrary to the case of
density-functional theory.

vectors with respect to the magnetic field of the spectrometer
is included in the D; couplings, the Ji"** contribution should
be small or known, when accurate structural or orientational
data are wanted. For example, the recently introduced
method of obtaining the direct *C-13C couplings at natural
abundance for LC molecules using two-dimensional double-
quantum experiments relies on the smallness of the Jims
contribution.”! For the carbon-carbon couplings, J¥&° has
been shown to be negligible regardless of the hybridisation of
the carbon atoms.”# For the '"H-'H and “C-'H couplings
the same has been known to hold for already a long time.[']
Recent LC NMR experiments and ab initio calculations
indicate non-negligible contributions to Dy and several
types of DEP couplings in para-difluorobenzene.”! An exper-
imental study for the coupling anisotropy, AlJ¢p, in CH;F by
applying solid-state NMR, gave only a coarse estimate for the
quantity, because the information is masked by the broad lines
of the spectrum.®]

YF is an important spin-¥2 NMR nucleus due to its 100 %
natural abundance and high sensitivity, which make it easy to
observe. Similarly to hydrogen, it is singly bonded in
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molecules, which enables these two atoms to be exchanged.
The *C-"YF and YF-"F dipolar couplings are easily resolved
by 'H irradiation. This is a frequently used method in case of
large molecules, for which the 'H spectra are too complicated
to be analyzed.® However, J3" is likely to be bigger in
couplings involving fluorine than in the proton couplings, due
to more complicated electronic structure of the former.l!l At
the same time, electronic structure calculations are signifi-
cantly more demanding for fluorine-containing molecules
than for simple hydrocarbons.

CH5F is frequently investigated with the LC NMR meth-
0d."" In the determination of dipolar couplings, the knowl-
edge of the significance of using an accurate molecular
geometry of the right type, appropriate liquid crystal solvents
in the determination of dipolar couplings, vibrational correc-
tions,l'> 13l and a model that takes into account the effects
arising from orientation-dependent deformation!' of the
molecule, have made possible the accurate determination of J
tensors with LC NMR method.'! In addition to this, CH;F
has been a subject for numerous theoretical investiga-
tions.'?] The coupling constants and especially the aniso-
tropies of J tensors are relatively far from the experimental

Abstract in Finnish: Fluorimetaanien CH;F, CH,F, ja CH;F
spin—spin — kytkentdtensorit J on mdidritetty teoreettisesti kiyt-
tien multikonfigurationaalisen aaltofunktion lineaarista vas-
tetta (nk. MCSCF LR-menetelmid). Tensoreiden piikompo-
nentit ja pidakselisysteemit ilmoitetaan. Raportoimme myds
nestekide-NM R-menetelmdlld suoritettuja mittauksia C- ja
F-ytimien vilisen kytkenndn tensoriominaisuuksille mono- ja
difluorimetaaneissa, sekd F-ytimien viilisen kytkenndn vastaa-
via ominaisuuksia trifluorimetaanissa. Koetulosten kdsittelyssd
on otettu huomioon molekyylin virihdysliikkeen sekd sen ja
rotaatioliikkeen kytkeytymisen vaikutus kokeellisiin aniso-
trooppisiin  kytkentoihin D®?. Epdsuoran anisotrooppisen
kytkenndin Y2J"s° vaikutus on mdiritetty kokeellisen ja lasketun
dipolikytkenniin erotuksesta D*? — D Tuloksena saatavat
epdsuorat kontribuutiot sopivat verrattain hyvin yhteen lasket-
tujen ab initio -tulosten kanssa. Kokeellisesti ja teoreettisesti
mddritetyt CF- ja FF-kytkentojen suhteelliset epdsuorat kont-
ribuutiot AJ°/D*P ovat negatiivisia ja suuruudeltaan alle
1.7 %, kun kdiytetddn hyviksi mitattuja orientaatioparametreja.
Siten yhden sidoksen CF- ja kahden sidoksen FF-kytkentojen
tapauksissa epdsuoran kontribuution huomiotta jittiminen on
varsin pieni virhelihde molekyylin orientaation ja/tai raken-
teen mddrityksessd. Tarkempi ldhestymistapa on suorittaa
osittainen korjaus kdyttimilld hyviksi tietoa samankaltaisten
molekyylien vastaavista spin — spin — kytkentditensoreista. Tdamda
johtuu siitd, ettd pienetkin epdsuorat kontribuutiot voivat
dominoida tilanteessa, jossa ytimien vilisen vektorin jirjestys-
parametri ldhestyy nollaa. Kokeellisten ja laskettujen kytken-
tivakioiden tapauksessa erinomainen ja—kokeellisesti huo-
mattavasti vaikeampien— anisotrooppisten ominaisuuksien ta-
pauksessa kohtuullisen hyvi yhteensopivuus osoittaa MCSCF
LR-menetelmin kiyttokelpoisuuden kytkentitensorien laskus-
sa ndille molekyyleille, vastoin tiheysfunktionaaliteorian kdiy-
tostd saatuja kokemuksia.
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values in previous semi-empirical and coupled Hartree-Fock
(CHF) level studies. Modern ab initio methods take into
account all physical contributions to J tensor and the triplet
instability problem that occurs for some of the contributions,
can be avoided using correlated wave functions. It is also
possible to approach the basis set limit in these properties as
proper basis sets are accessible with present computing
facilities. These methodological developments allow one to
revisit the classic problem using state-of-the-art experimental
and theoretical methods. The trend in Ji™° in fluorine
couplings when the number of fluorine substituents increases
is a subject of additional interest.

To establish the significance of the anisotropic fluorine
spin—spin couplings in simple model systems, this paper
reports multiconfiguration self-consistent field linear re-
sponse (MCSCF LR) ab initio calculations®? of the spin-
spin coupling tensors in the CH,F,_, (n=1, 2, 3) series of
molecules. We put special emphasis on obtaining reliable
estimates for the J¢p, Jyp, and Jg tensors, which, as fluorine
has lone pairs, are known to be difficult for methods based on
density-functional theory (DFT).?% 2!l Furthermore, LC NMR
experiments were carried out by dissolving the molecules in
selected nematic solvents in order to obtain the experimental
information for comparison. In the latter process, the coupling
corrections corresponding to the harmonic and anharmonic
rovibrational motion as well as the deformational contribu-
tions arising from the correlation between vibrational and
reorientational motions, were taken into account.

Theory

The NMR spin Hamiltonian appropriate for spin-%2 nuclei in
molecules partially oriented in uniaxial LC solvents can be
written in the high field approximation as

H=-By2nYy_y,(1=0)f, +>_ J;5-3,+> " (Dy+ 1) 3L 1, —~1-1) (1)

i<j i<j

where B, is the magnetic field of the spectrometer (in the z
direction of the laboratory-fixed frame), y;, I, and o, are the
gyromagnetic ratio, dimensionless spin operator, and nuclear
shielding (sum of the isotropic and anisotropic contributions),
of nucleus i, respectively. The dipolar coupling D is defined as
, = — Py(cost) 1T ‘f;;’y’ <i> @

v

D,

where y, and / have their usual meanings, r; is the length of
the internuclear vector r;, and s? is related to the order
parameter (see below) of r; with respect to LC director, n. P,
is the second-order Legendre polynomial, and 6 the angle
between B, and n.

The experimentally observable anisotropic couplings can
be partitioned as
DEP =D+ I3 = DS D DD T i 3)
where D corresponds to the equilibrium geometry of the
molecule, and D} and D" are the contributions from the
harmonicl'? and anharmonic!™® vibrations. D§ is the defor-
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mation contribution arising from the correlation between
molecular vibration and rotation.¥ The experimental }4/ 3
is given by the difference between the experimental D and
the calculated D; = D#+D}+D§"+D§ couplings. For the
C,, symmetry (e.g., difluoromethane) it can be decomposed as

Juise = %P, (cosO)[AT SD+Va(J . — ) (S2 — SD)] “)

where z axis is parallel with the molecular symmetry axis. In
the case of C; or higher symmetry point group (CH;F and
CHF;) only the anisotropy, AJ =/, — ¥:(J,+J,,), contributes
to Equation (4).

S = (s&s) = %(3cosh, , cosby , — ) 5)

In the Equation, SZ; is the Saupe orientation tensor of the
molecule. The angular brackets denote time averaging, 6, , is
the angle between the director n of the LC phase and the a
axis of the molecule-fixed frame (x, y, z).

If the D*** couplings are determined in a narrow temper-
ature range, they can be analyzed to a good accuracy based on
the same average molecular geometry, r,. However, when
performing experiments within a wide temperature range the
r, geometry appears slightly temperature-dependent and,
thus, the anharmonicity of the vibrational potential has to be
considered in analyzing the NMR spectra. The information on
the anisotropic properties of the J tensors is combined with
the molecular orientation tensor through Equation (4). Jams
can be determined only if sufficient number of experimental
couplings with known J*° is available to produce the
necessary orientation information for the D, D" D and
D¢ terms in Equation (3) of the interesting coupling. Each
adjustable parameter of the equilibrium geometry requires at
least one coupling. In addition, at least one coupling is needed
in order to determine the anisotropy, AA4;, of the traceless
interaction tensors, A, for each type of chemical bond of the
molecule." In the case of a strongly asymmetric A;;, another
coupling is required for the asymmetry parameter of the
tensor. In the present study we obtain information particularly
on the Jqr and 2Jg: tensors, and similar features of these
couplings in different molecules are discussed.

Using non-relativistic electronic structure theory, the spin—
spin coupling tensor J; is calculated as due to perturbations
caused by nuclear magnetic moments (proportional to nuclear
spins I;). There are five different contributions arising from
the terms of the perturbation Hamiltonian®! that are linear
both in I; and I,

i= J1[/)80+JSSO+J§;D+J5C+J,'S,'D/FC (6)

The diamagnetic spin-orbit tensor (DSO) is a reference
state expectation value and thereby easy to calculate. The
paramagnetic spin-orbit (PSO), spin—dipole (SD), Fermi
contact (FC), and spin —dipole/Fermi contact cross term (SD/
FC) tensors involve, in the Rayleigh - Schrodinger perturba-
tion theory picture, sums over singlet (PSO) or triplet (SD,
FC, SD/FC) excited states.'l In terms of the response
theory,”®l they can be expressed as linear response functions.
Usually the main contribution to the anisotropic parts of the
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J; tensor arises from the fully anisotropic SD/FC term, but the
PSO and SD contributions cannot generally be neglected. The
FC term is fully isotropic.

Besides that a reliable calculation of the SD, FC, and SD/FC
tensors requires a reference state that is stable against triplet
excitations, such as that provided by MCSCF or coupled
cluster (CC) wave functions, the one-particle basis set has to
be sufficiently flexible to enable good description of the
atomic core region due to the r=3 or even d(r) (Dirac delta
function) dependence of the relevant perturbation operators
on the distance r between nucleus and electron. Systematic
investigations of the rather stringent basis set requirements
posed by the calculations of the spin—spin coupling were
reported recently.?” 21 Using the MCSCF method, the active
space containing the correlated molecular orbitals (MOs)
must be large enough so that dynamical correlation effects are
sufficiently taken into account; a small active space typically
leads to an overshoot of the correlation effects, similarly as
observed in the second-order Mgller—Plesset (MP2) pertur-
bation theory calculations of nuclear shieldings.?’! In the
realm of the MCSCF method, large restricted active space
(RAS) wave functions are required for remedy.

Calculations and Experiments

ab initio Calculations: MCSCF linear response calculations of the spin—
spin coupling tensors, initially described by Vahtras etal., were
performed applying the DALTON software.””! We refer to the original
paper and a recent review? for details.

In this work we have used basis sets originally due to Huzinagal®'! and
further developed by Kutzelnigg and co-workers.’”l They are reasonably
well-converged for spin—spin couplings, particularly when the size of the
set is taken into account.’”) These so-called HII and HIII basis sets are
shown in Table 1. Especially the HIII basis set is sufficient for good quality
spin —spin couplings.

Table 1. Basis sets used in the MCSCEF calculations.

Basis Element Gaussian functions
HII H [5s1p/3slp]

CF [9s5p1d/5sdpld]
HIII H [6s2p/4s2p]

CF [11s7p2d/7s6p1d]

[a] Spherical Gaussians are used throughout. Only the innermost primi-
tives of a given type are contracted.

We have used two balanced RAS type wave functions for each molecule,
listed in Table 2. The active spaces were chosen by inspection of the MP2
natural orbital occupation numbers. The MP2 orbitals were used also as the
starting point of the optimisation of the MCSCF wave function.™ Since all
the three molecules have only single bonds, no large static correlation
effects are expected (at the equilibrium geometry) and therefore one
anticipates little benefit from using multireference wave functions. Thus,
we allowed only single and double excitations from all the occupied (in the
SCF picture) valence molecular orbitals (MOs) to the virtual MOs.

We kept core MOs consisting of 1s atomic orbitals (AO) of carbon and
fluorine inactive in the calculations. Therefore, there were two, three, and
four inactive MOs in CH;F, CH,F,, and CHF;, respectively. For CH;F,
64.2% and 94.5% of all virtual MP2 particles were included in the MOs
contained in the active space of RAS-I and RAS-II calculations,
respectively. The RAS-I calculation was performed using both HII and
HIII basis sets to monitor the basis set convergence. All (small) SD
contributions, except for 'J.y, were carried over to the RAS-I/HIII
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Table 2. MCSCF wave function used in the ab initio calculations.?]

Molecule Identifier Wave function!®! nsp
CH,F RAS-I WRASE 1742
RAS-II WRASE, 22042
CH,F, RAS-I 2R AS32! 3663
RAS-II AR AL, 30755
CHF; RAS-1 IRASE 23925
RAS-II SRASE,, 96193

[a] The identifier of the wave function and the number of the contained
Slater determinants ngp, are shown. [b] The nomenclature "R ASRAE is
used.[* CH;F and CHF; are calculated in the Abelian C; point group, and
the two numbers in each category express the number of orbitals belonging
to A’ and A” symmetry species. CH,F, is calculated in the C,, point group
and the four numbers express orbitals belonging to A, B,, B;, and A,
symmetry species, respectively. For CH;F, the SCF wave function has seven
and two orbitals occupied in the A" and A” symmetries, respectively. The
corresponding numbers for CHF; are 13 and 4. For CH,F,, the SCF wave
function has six, four, two, and one orbitals in the A;, B,, A,, and B,
symmetries.

calculation from the RAS-I/HII calculation; the SD contribution to Jcy
was obtained from RAS-I/HIII calculation. The RAS-II calculation was
performed with the HIII basis set to obtain reliable spin-spin coupling
tensors.

The active spaces of the RAS-I and RAS-II calculations for CH,F, contain
68.0% and 94.5% of the virtual MP2 particles, respectively. The use of
basis sets was similar to the case of CH;F. The SD contributions to all
couplings were calculated in RAS-I level with the HII basis set.

Due to the number of the heavier atoms, the electronic structure of CHF; is
complicated and the MP2 particles are distributed to several virtual
orbitals, which made it more difficult than in the previous cases to find a
large balanced active space. The RAS-I calculation employs an active space
containing 69.7 % of the virtual MP2 particles, while in RAS-II we utilise an
active space that recovers 90.9 % of the MP2 particles. Similar monitoring
of the basis set convergence as in previous cases was not possible for CHF;,
since the active space in RAS-II increased the computational effort
considerably. This forced us to apply the HIII basis set only for the
dominating contributions such as the FC and SD/FC terms. All contribu-
tions were calculated using both RAS-I and RAS-II active spaces for
CHF;.

Finally, we list the equilibrium geometries of the molecules used in the
calculations in Table 3. The geometry of difluoromethane (CH,F,) was
theoretically optimised using the QCISD method®! with the 6-311G(d,p)
basis set in the Gaussian 94 program.*]

NMR experiments: Gas-phase experiments were performed at the
pressures of 0.8 atm, 5.0 atm, and 5.0 atm near room temperature for

Table 3. Molecular r, geometries of CH;F, CH,F,, and CHF;.l?!

Molecule  Annotation®™ 7y Ter XHCH <XHCF
CH,F ZLI1132 1.086141 1.391 - 108.66
Ref. [35] 1.086 1.383 - 108.8
CH,F, ZLI1132 1.082 1.3508! 112.78 109.15
ZL11167 1.085 1.3508!4 112.60 109.21
Phase V 1.066 1.35081! 113.67 108.72
Ref. [36] 1.084 1.3508 112.8 108.87
Theor.[¢¢] 1.092 1.354 112.9 108.8
CHF; ZLI1132 1.09581dI 1.333114 - 110.92
ZLI1167 1.0958ld! 1.333114 - 110.66
Ref. [37]1 1.0958 1.3331 - 110.32
Ref. [37] 1.0861 1.3309 - 110.28

[a] Bond lengths in A and angles in degrees. [b] The LC solvent is given
for the present experimental results, whereas a reference is given for
geometries taken from the literature. [c] Used in the present ab initio
calculations of J tensors. [d] Fixed. [e] Theoretical geometry from a
QCISD/6-311G(d,p) calculation. [f] Experimental geometry tabulated in
the reference.
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BCH,F (99% “C-enrichment), CH,F,, and CHF;, respectively. In the
LC NMR investigation, 'H, *C, and "F-NMR spectra of di- and trifluoro-
methane, both at 8atm, and monofluoromethane at 0.6 atm were
measured. CHF; was dissolved in the thermotropic liquid crystals
ZLI 1132 and ZLI 1167, CH,F, in ZLI 1132, ZLI 1167, and Phase V, and
CH,F in ZLI 1132. The liquid crystals are products of Merck. The spectra
were recorded on Bruker Avance DSX 300 and DRX 500 spectrometers
and analysed with the PERCH software,*”! by using total line-shape
analysis, which is assumed to be the most accurate method for simple
spectra. The isotropic J coupling constants were determined at elevated
temperatures where the LC solvents appear in the isotropic phase, and they
were kept fixed in the analysis of the spectra taken from anisotropic phase
at several temperatures.

In the least-squares fit of the molecular shape, A;; tensors, and the studied J
tensor to the experimental data, the effects on dipolar couplings arising
from the anharmonic and harmonic vibrations, and solvent-induced
deformation were taken into account. This was performed by utilising the
MASTERM and the AVIBRI™ programs. However, the former was used
as a FMEX (Fortran—Matlab-Extension) subroutine in the Matlab
program! and the latter was a version modified to include also the
centrifugal distortion. For CH;F, the harmonic and anharmonic force fields
were taken from references [43] and [44], respectively. For CH,F, and
CHF;, we employed partial anharmonic force fields (containing the all-
diagonal stretching force constants) estimated on the basis of harmonic
force field with f,, = —3af,, where a =2 A-1%! The harmonic force fields
for these molecules were adopted from reference [43].

Results and Discussion

ab initio Spin-spin coupling tensors: The calculated spin—
spin coupling constants and the anisotropies of the corre-
sponding tensors for all the present molecules, along with the

combination J,, — J,, for CH,F,, are given in Tables 4, 5, and 6.

Monofluoromethane: With the RAS-I calculation, the change
in the spin—spin couplings and anisotropies when improving
the basis set from HII to HIII is mostly within the range 0.4 to
8%, except 20% for AlJcy. Although this does not justify
concluding that the basis set were converged, earlier applica-
tion calculations and the recent systematic studies* 8! imply
that the use of the HIII set gives reasonably good results. The
deviation in the spin—spin coupling constants and anisotro-
pies between RAS-I and RAS-II calculations is below 7%
except 10% for ' and, for 2/yy, even 23 %. These changes
are not surprising because the RAS3 orbital subspace is much
larger in the RAS-II calculation than in the RAS-I calcu-
lation. The largest relative changes appear in the small
couplings and anisotropies and so the absolute changes are
reasonably small. With these observations and the earlier
experience pointing out that the quite large RAS3 active
space, such as the one in the RAS-II calculation, is sufficient
for treating correlation for spin-spin coupling, we can say
that the RAS-II approximation should be reliable. When
improving the correlation treatment, the magnitude of the J
couplings and anisotropies decreases in all cases except for
epand AU qy.

Generally, FC is distinctly the most significant contribution
in the coupling constants, whereas the SD/FC dominates the
coupling anisotropies in monofluoromethane (Table 4). Can-
cellation of the DSO and PSO contributions occurs in all
other parameters but /i, Y, and Al where the PSO
gives a fairly large contribution. Also the DSO and SD
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Table 4. Results of the MCSCF calculations for the spin—spin coupling tensors in CH;F.l?)
Method/Basis Mechanism E+139 Uer AU Uen Ay 2r A yr 2Jam Ay
RAS-II/HIIP DSO 0.42 23.49 0.65 —7.64 -1.87 15.46 -3.02 —8.06
PSO 35.20 —75.41 -0.15 7.70 11.79 -17.03 2.96 5.85
SD 20.21 3232 -0.24 0.16 -3.02 —-3.09 0.38 -023
FC —212.39 - 141.22 - 41.88 = —11.84 -
SD/FC - 227.44 - 5.89 - — 52,08 - —8.09
RAS-I/HII  total —0.271962 —154.01 220.56 148.84 7.16 51.08 —60.18 —15.99 —10.68
RAS-I/HIIIF —0.295151 —141.90 218.31 148.26 5.72 52.33 —59.06 —14.96 —11.01
RAS-II/HIIP! —0.443911 —156.56 207.84 141.49 6.10 48.78 —56.73 —11.52 —10.53
RAS-II/HIIW —151.48 207.00 - - - - - -
EOM-CCSDU —174.48 - 138.38 - 46.48 - —-10.70 -
EOM-CCSD!" —169.56/ —172.16 - 137.15/137.89 - 49.00/49.94 - -9.82/-10.03 -
DFT —258.500el/ —268.1201  — 141.871 - 33.24lel - — 276k -
CHEFU! -975 263.6 172.8 4.7 66.6 -107.5 -30.0 -89
CNDO/2U! -51.2 120.0 73.5 -10.8 8.9 —13.6 4.4 -
INDOHM -97 261 145 -19 - -9 - -
INDOM -96.0 114.2 752 —11 73 - - -

[a] Calculations performed at the r, geometry.* The anisotropy is defined as A J=J,, — Y4(J,,+J,,) with the CF bond in the z direction. Results in Hz. The total
energies of the calculations are also shown (in Ha). [b] The contributions of different physical mechanisms to the calculated tensors are indicated for the RAS-1I/
HIII calculation. The SD contribution to the 2Jyy tensor is taken from the RAS-I/HII calculation. [c] All SD contributions except for Jq are from RAS-I/HII
calculation. [d] Estimate of vibrationally corrected values. [e] Ref.[23]. [f] Ref.[22]. [g] Ref. [21]. [h] Ref.[20]. [i] Ref. [19]. [j] Ref. [16]. [k] Ref. [17].

[1] Ref. [18].

Table 5. Results of the MCSCF calculations for the spin-spin coupling tensors in CH,F,.l?!

Property DSOM  PSOM! SDM FCPl  SD/FCP  RAS-I/HII RAS-I/HIIIY  RAS-IVHIIIPS  DFT INDOF
E+238 ~0.270338 ~ 0307872 ~0.498176

e 0.76 —48 1236 —229.01 —215.08 —202.00 —220.72 34311  —1037
AV 0.54 46.46 —0.85 —35.76 9.50 10.94 10.39 6.9
Verw— eryy  —1606  —4988  —10.02 20437  —280.47 —283.96 ~280.33

e 113 —0.84 —0.17 175.56 183.43 183.30 175.67

Ay —-125 —045 0.33 —5.65 —6.65 —732 —7.02

Vet — Yoty 14.68 ~9.99 —0.59 -1637  —1533 ~12.30 —1226

i ~153 227 —351 54.65 54.03 55.57 51.88

Ay 7.49 425 222 —17.47 —455 —4.69 —351

CY A T . -122 627 —0.99 53.20 44.89 46.98 4471

Lo —2.61 2.57 0.50 —1.16 —432 —2.96 —0.69

Ay —10.24 8.57 0.88 6.86 3.88 5.98 6.06

ittt — ity 1527  —11.01 0.71 11.67 16.98 16.94 16.65

e ~1.09 132.75 74.54 140.03 346.02 350.73 346.23 92
A —17.08 —267.66 —328 2583 —251.56 —245.97 —262.19 — 1194
Uppee—pryy  —3220 44013  —113.45 —43404  —196.31 —210.99 —139.55

[a] All calculations performed at the r, geometry. The anisotropy is defined as AJ =J,, — %(J,,+J,,) so that the z direction bisects the FCF angle with the
fluorine atoms in the xz plane. Results in Hz. The total energies of the calculations are also shown (in Ha). [b] The contributions of different physical
mechanisms to the calculated tensors are indicated for the RAS-II calculation. [c] The SD contributions from the RAS-I/HII calculation. [d] Ref. [20].

[e] Ref. [18].

Table 6. Results of the MCSCF calculations for the spin—spin coupling tensors in CHF;.[2

Property DSOMW! PSOMW SDII FClI SD/FCl! RAS-I RAS-II DFTU
E+337 —0.273433 —0.519782

Uer 1.19 —25.35 7.67 —225.58 —242.45 —242.07 —390.72
Acp —7.85 —35.01 —1.94 —128.54 —173.41 —173.34

Yen 1.72 —-1.23 0.30 236.00 234.52 236.79

Alcy 20.41 —-9.75 —-0.82 —41.03 —34.92 -31.19

2 yr -1.20 —0.09 —3.08 83.68 77.74 79.32

A Jyr 13.03 —823 —-3.99 39.77 37.65 40.57

2gr —0.80 —13.40 40.65 125.93 182.68 152.38

A g —16.78 —28.29 —2427 —162.79 —235.47 —232.14

[a] Calculations performed with the HII basis set at the r, geometry.*” The anisotropy is defined as AJ =J,, — ¥4(J,,+J/,,) with the CH bond in the z direction.
Results in Hz. The total energies of the calculations are also shown (in Ha). [b] SD/FC and FC contributions calculated with the HIII basis set. The
contributions of different physical mechanisms to the calculated tensors are indicated for the RAS-II calculation. [c] Ref. [20].
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contributions are noteworthy in Jor coupling. In 2Jyy, the
cancellation of the nuclear spin-electron orbit mechanisms is
not complete and the DSO gives a considerable contribution
to A% yy.

The effect of vibrational motion on Jq at 300 K was
roughly estimated for CH;F. A more complete method of
treating the effects of the rovibrational motion on the
isotropic and anisotropic properties was used in reference
[46] in the case of the water molecule. The coupling and
anisotropy of the 'Jo tensor were approximated by the

truncated Taylor series:
2

(P) ~ Pt (2) <rcr—’ecr>3“““+‘/2(§ ; ) {(ree — rie) 2y ™

Orer/. TCr/e

of the desired property P in terms of the associated rr bond
length only. The average linear and quadratic bond length
extension at 300 K was obtained using the program AVIBR[!
with the same full cubic anharmonic force field as in reference
[47]. This force field was also used in the analysis of the
present experimental data. The vibrationally corrected values
are listed in Table 4. Although the method is very approx-
imate, it allows assessing the need of performing rovibrational
corrections to achieve sufficient accuracy. The corresponding
changes from equilibrium values in 'Jzand Al are —3.2%
and — 0.4 %, respectively. These changes are of the same order
of magnitude as the difference due to using different basis set
and correlation treatment. As a conclusion, the vibrational
motion does not seem to have any dramatic effect on the
comparison of the theoretical and experimental values in the
case of J tensor.

Table 7 compares our best calculations of the coupling
constants with the experiment. It can be seen that the RAS-II/
HIII calculation underestimates both the CF and CH cou-
plings over one bond by about 4 % and the HF coupling over
two bonds by 5 %, when comparing with the experimental gas
phase spin —spin coupling constants. It is justified to claim the

Table 7. Theoretical and experimental spin —spin coupling constants for CH;F,

CH,F,, and CHF;.

Molecule Method Uer Uen 2Jur 2Jee Jun

CH,F  RAS-IVHIIT —156.6 1415
RAS-IVHIITY —151.48
LC/ZLI 113201 —161.30(4) 149.19(3)  46.34(3)

GASE —163.002) 147.25(2) 46.47(2)
GAS — 1602 46.61¢1
PURE LIQ —160.8 14915 463
SOLID — 158

CH,F, RAS-IVHIII —220.7 175.7 51.9 3462 —07
LC/ZLI 11670 —236.01(5) 183.95(5) 50.26(4)
LC/ZLI 11320 —236.065(2) 184.049(2) 50.3013(12)
LC/Phase VIl —236.186(6) 184.024(7) 50.253(5)
GAS/Satm  —233.91(11) 180.38(4) 49.06(13)
GAS — 23271 50.09%¢1

CHF,  RAS-IVHIIT —242.1 236.8 79.3 1524 -

LC/ZLI 11678 —276.801(9) 242.65(2) 79.300(7)
LCO/ZLI 113200 —277.03(2) 242.13(9)  79.292(9)
GASM —272.18(7) 23526(9) 79.56(2)
GAS — 272414 79.751¢1

48.8 - —115

[a] Vibrationally corrected value. [b] Present experiments at 350 K. [c] Pres-
ent experiments. [d] Ref. [48]. [e] Ref. [49]. [f] Ref. [10]. [g] Ref. [6]. [h] Pres-
ent experiments at 345 K. [i] Present experiments at 330 K. [j] Present
experiments at 340 K. [k] Present experiments at 349 K. [I] Present experi-

ments at 345 K.
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agreement to be excellent, although we note that the ab initio
calculations should be performed at the r, geometry instead of
r. geometry (as done presently) to be fully comparable with
the experiments. As a conclusion, the high accuracy of the
coupling constants allows also the anisotropies to be consid-
ered reliable.

There are many theoretical calculations of J tensors for
fluoromethanes, especially for CH;F, but our values of the
anisotropic parts are unique among the modern work. For
monofluoromethane the spin—spin couplings constants have
been calculated at the first principles level by CHE,!"!
DFT,?* 211 and equation-of-motion coupled cluster singles
and doubles (EOM-CCSD)?> 231 methods. Both these and the
semi-empirical results are collected to Table 4. One should
notice that DFT has problems in describing other than the CH
coupling (141.87 Hz).PU Tt clearly overestimates the magni-
tude of the CF coupling (—258.50 Hz) and underestimates the
HF (33.24 Hz) and HH (—2.76 Hz) couplings. This is very
different from the case of hydrocarbons where the DFT
method has been shown to be very successful.P” This
controversial behavior has already been discussed by Malkina
et al.;% it appears that the deficiencies of the exchange-
correlation functionals deteriorate the performance of the
DFT in couplings involving atoms with lone pairs such as
fluorine. The EOM-CCSD method, on the other hand, works
very well and the values are close to experimental ones,
although the present values are slightly closer for the CF and
CH couplings. The literature reports one CHF levell’” and a
few semi-empiricall'™'®l calculations concerning the aniso-
tropic properties of the J tensors of monofluoromethane. As
the CHF calculations give coupling constants that are far away
from the experimental couplings, the good agreement of the
anisotropies with the present results is likely to be coinciden-
tal, especially as the CHF method does not take the electron
correlation into account and the modest basis set used can not
describe the core region correctly. The semi-empirical cou-
pling constants are far from the experimental values and it is
not surprising that the anisotropic properties are even more
incorrect; they give wrong sign for AlJy, and A/ seems to
be even more sensitive to the choice of the parameters. Also
A%y changes from the semi-empirical value of —9 Hz['! to
the CHF value of —107.5 Hz.['"l Our present results for all
couplings seem to be the best available self-supporting data.

Difluoromethane: The basis set convergence was examined at
the RAS-I wave function level. The absolute changes from
HII to HIII are fairly small, which implies that the basis set
convergence is satisfactory. The differences in J tensors
between RAS-I and RAS-II calculations are very similar to
monofluoromethane. In the case of CH,F,, the biggest
changes are 77 % for the generally difficult 2y, 25% for
A’Jyp, and 34 % for %gg,, — 2Jegy,. In the first two couplings
the absolute change in Hz is small but in the last one the
change is considerable, that is 71.44 Hz, and the coupling is
not necessarily fully converged. Nevertheless, the overall
results can be considered quite reliable. The magnitude of
most of the isotropic and anisotropic properties of the J
tensors (with the exceptions Y, A%y, and A%Jgr) decreases
as the wave function is improved.

0947-6539/00/0608-1400 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 8
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Also in the case of difluoromethane, the FC and SD/FC
contributions are the dominant ones for J coupling constants
and anisotropies, respectively. However, for anisotropic
properties of 2Jzz, PSO is the main contribution and %/gp
obtains almost equal contributions from the PSO, SD, and
FC terms. PSO is a significant contribution to anisotropic
properties of 'J¢p, too.

The best calculation, RAS-II/HIII, underestimates the
magnitude of the Ve and Yy about 6% and 3 %, respec-
tively. As also the theoretical 'y is only about 6% bigger
than the experimental result, and the two-bond couplings are
known to be difficult to calculate reliably,?” %! the calculated
tensors for all couplings can be considered to be very
satisfactory.

The only first principles calculation of spin—spin couplings
for difluoromethane is the DFT work by Malkina et al.? The
only reported value, V= — 343.11 Hz, differs by over 100 Hz
from the experimental value. This overestimation, although it
is a rather systematic one, is harmful for detailed molecular
structure determination as it implies also a large error in the
anisotropy of J tensor. In earlier semi-empirical work,
Nakatsuji et al.l'¥ estimated the anisotropies A'Jcr=6.9 Hz
and AlJgz=—119.4 Hz that, despite the correct signs, are
clearly underestimations of the magnitude.

Trifluoromethane: The calculations of trifluoromethane were
very time-consuming. We assume that the basis set conver-
gence is similar to that in CH;F and CH,F,. This means that
the use of the HII set for CHF; is a slight compromise,
although the dominant and most basis set sensitive contribu-
tions, FC and SD/FC, were calculated using the HIII set.
Upon this partial upgrade of the basis, the Jep, AlJqy, and
A%Jpy seem to be the most sensitive quantities: the changes are
6%, 11%, and 8%, respectively. Other quantities differ less
than 2 %. The same arguments as before are valid also in this
case and the best calculation is therefore fairly well converged
for the basis set part.

The changes from the RAS-I active space to RAS-II are
generally below 3% in J couplings and anisotropies, but for
the CF coupling the difference is 6 % and, for FF, 18 %. This
indicates that the couplings between the heavier atoms such as
C and F necessitate a particularly good correlation treatment,
whereas all the molecules in this study imply that couplings to
H are most sensitive to the inadequacies in the basis set. The
anisotropic properties of the J tensors are well-converged and
as the active space is also in this case quite large, it is justified
to claim that the RAS-II correlation treatment for trifluoro-
methane is a good one. The magnitudes of the 'y, 2/, and
A%Jyr increase, while the other J tensor properties decrease as
the wave function is improved.

SD gives a reasonably large contribution to /g, while
AYcy, and Alqg are very dependent on the DSO and PSO
contributions, respectively. The main contributions are still
the FC and SD/FC in all couplings. Trifluoromethane is a good
example of the fact that all contributions have to be taken into
account in the calculations of the spin—spin coupling tensors.

Comparison of the best theoretical calculation, RAS-II/
HIII, with the experimental spin—spin coupling constants
reveals excellent agreement for 1/ and 2/ The calculation

Chem. Eur. J. 2000, 6, No. 8
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underestimates the magnitude of the Y/ by about 11 % but
even that accuracy implies that also the theoretical aniso-
tropies are near the true ones. Previous theoretical calcula-
tions of the J tensors in trifluoromethane are rare. The only
available value, 'Jz=—390.72 Hz, was obtained with the
DFT method.?’]

Tables 8, 9, and 10 list the theoretical principal values and
orientation of the principal axis systems (PAS) of the J tensors
for CH;F, CH,F,, and CHF;, respectively. The molecule-fixed
coordinate frames and the principal axes of the J tensors for
CH,F, CH,F,, and CHF; are presented in Figures 1, 2, and 3,
respectively.

Table 8. Theoretical principal values and the orientation of the principal
axis system of the spin—spin coupling tensors in CH;F.[2)

']33 JZZ ‘111
B L —225.84 —225.84 —18.00
1yl 152.62 149.84 122.00
23 100.76 37.00 8.59
B A C —2041 778 ~6.36

[a] Principal values in Hz. Values have been ordered as |J3; |>|J5 | >y |-
[b] J, is directed along the CF bond direction and J3; is in the FCH plane.
[c] Both J3; and Jy; are in the HCF plane. The direction of J;; makes an
angle of 9.9° with the CH bond direction. [d] Both J3; and J;; are in the
HCF plane. The direction of J;; makes an angle of 9.2° with the CF bond
direction. [e] J;; makes an angle of 7.8° with the HH direction and is
practically in the HCH plane. J;; makes an angle of 33.9° with the HCH
plane and the angle with the HH direction is 96.8°.

Table 9. Theoretical principal values and the orientation of the principal
axis system of the spin—-spin coupling tensors in CH,F,.l!

J33 Iy Jn
[ L —364.34 —261.19 —36.62
Jeyld 186.00 184.15 156.88
2J 4l 87.38 45.38 22.87
R —11.04 5.61 335
2J ] 503.40 363.84 171.43

[a] Principal values in Hz. Values have been ordered as |J3; |>|J5 | >y |-
[b] J,; makes an angle of 8.3° with the CF bond direction. J3; is directed
perpendicular to the FCF plane. [c] Both J;; and J;; are in the HCH plane.
Ji; makes an angle of 12.3° with the CH bond. [d] J;; makes an angle of 1.8°
with the HCF plane towards the other F atom and 44.2° with the HF
direction. J;; makes an angle of 45.9° with the HF direction and 4.8° with
the HCF plane towards the other H. [e] J,, is directed along the HH
direction. J; is directed perpendicularly to the HCH plane. [f] J3; is
directed along the FF direction. J,, is directed perpendicularly to the FCF
plane.

Table 10. Theoretical principal values and the orientation of the principal
axis system of the spin-spin coupling tensors in CHF;.[2!

I3 I Ju
el —387.25 —333.49 547
eyl 247.18 247.18 216.00
23yl 107.11 70.67 60.17
R 417.26 189.61 —14972

[a] Principal values in Hz. Values have been ordered as |J3; |>|J5 [ >y |-
[b] Both J;; and J; are in the HCF plane. J;; makes an angle of 4.1° with the
CF bond direction. [c] J;; is directed along the CH bond direction and J5; is
in the HCF plane. [d] Both J;; and Jy; are in the HCF plane. J;; makes an
angle of 7.2° with the CH bond direction. [e] J; is directed along the FF
direction. J;; makes an angle of 12.3° with the FCF plane in question.
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Figure 1. Principal axis systems of the spin—spin coupling tensors in CH;F.
The 2Jyr and 2y couplings are to the proton in the xz plane (in the
foreground).

T

Figure 2. Principal axis systems of the spin—spin coupling tensors in
CH,F,. The 2J,r coupling is to the proton with the positive x-coordinate
value (in the foreground).

Figure 3. Principal axis systems of the spin —spin coupling tensors in CHF;.
The 2Jr coupling is to the fluorine in the xz plane (in the foreground) while
the 2Jgr coupling is to the fluorine with the positive y-coordinate value (in
the background).

NMR results: Disregarding the possible medium effects, the
experimental J couplings form a good test of the ab initio
calculations, as they can be determined very accurately in
experiments. However, the gas-to-isotropic solution change is
clear in oy and Jer (see Table 7). Jqy increases 1.3% in
CH;F, 2.0% in CH,F,, and 3.2% in CHF,, whereas Jp
changes by about — 1.3, 0.9, and 1.8 %, respectively, indicating
slight changes in molecular geometry and/or electronic
structure. For this reason, we used several measurement
temperatures for each sample instead of measuring several
samples at one temperature. The solvent effects are assumed
to be similar in one solvent. Thus the molecular equilibrium
(r.) geometry was constrained to be the same in analysing the
full data set obtained from one sample. The D** couplings of
the different samples were independently accounted for, but
the AJ values for a molecule in different surroundings were
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assumed to be the same. This is quite a safe approximation
according to ab initio results (AlJ changes only by a few Hz
with an acceptable change in the ro bond length of CH,F).
The experimental dipolar couplings are given in Table 11.

The A; tensors, fitted to the D®? couplings, define the
torques acting on the ij bonds of the molecule. The sum of the
A;’s in the molecule-fixed frame determines the solvent-
induced interaction tensor, Aaﬂ,““] that is a function of the
orientation of the solute molecule with respect to the LC
director. A,z represents the molecular interaction potential
that couples with the molecular vibrational potential; as a
result, the molecular rotation and vibration are correlated
leading to deformational contributions to D couplings.
Simultaneously, the interaction potential leads to non-zero
molecular average orientation and, usually, to the dominant
contribution (D) to DP.

In the bond-additivity model used,!'* one principal compo-
nent, A;; , is assumed to be in the r; direction. In this bond-
fixed basis, the transverse and vertical components, A;r and
A, respectively, are equal for Aqr in CH;F and for Acy in
CHF; due to the local symmetry of the bond. On the contrary,
the asymmetry parameter, n; = (A, — A;v)/A;, is found to
be non-negligible for Ay in CH;F, for Aqy and Aqpin CH,F,,
and for Acr in CHF;. CHF; possesses a particularly large #cp
in the LC solvents used, being due to the small A;; . The »
values are much smaller in CH,F, and CH,F, that is between
—1.7 and 0.2 in the different solvents. The AA-y; and AAp
values range typically from —1 to 1 (in units of 10 2! J) and
from 1 to 2, respectively. As an example, the principal
components of the Acr tensors of the molecules in the
ZLI1132 solvent at 300 K (except for CHF; at 305 K) are
shown in Figure 4, where the transverse components are in the
HCF symmetry plane for CH;F and CHF;, and in the FCF
plane for CH,F,.

The correlation between rotational and vibrational mo-
tions—manifested by deformation contributions to direct
couplings—is surprisingly important in the case of CHF;
dissolved in the ZLI 1132 liquid crystal. The experimental
dipolar couplings change sign at about 321 K, except for !Dqy
that vanishes near 325 K. In Equation (3), the D, D" D,
and Y4J* terms are directly proportional to the orientational
order parameter, S,. =S¢y, of the molecule. Only the D¢ term
can be non-zero with the average orientation S, =0 in
uniaxial anisotropic surroundings. At 321 K, the interpolated
’Dyr, 2Dgr and 'D¢p values are very close to zero, whereas
D¢y is between —25 and — 30 Hz. This non-zero coupling is
due to rovibrational effects that are, for example, also
responsible for the dipolar couplings of methane, for which
the other terms but Dj in Equation (3) are zero due to the
molecular symmetry.['¥ The contribution is remarkable also at
other temperatures, as seen in Table 12, where the dipolar
couplings together with their contributions for each molecule
dissolved into the liquid crystal ZLI 1132 are shown as an
example.

The resolved molecular r, geometries, given in Table 3,
appear slightly solvent-dependent. Probably the “best r,
geometry”, given by the LC NMR method, is obtained by
using the LC solvent mixtures where the Dy coupling of
methane vanishes.P!l Presently, however, the non-disturbed
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Table 11. Experimental dipolar couplings at different temperatures.!?!
Molecule TIK 'Der "Dey 2Dur 2D 2Dy
CH,F 7111132
240 —1119.660(15) 817.47(4) —880.62(4) 1097.40(2)
260 —1029.369(5) 751.713(5) —809.304(5) 1008.496(3)
275 —934.653(4) 682.689(2) —734.523(2) 915.2602(13)
290 —836.420(4) 611.237(3) —657.163(3) 818.8159(14)
300 —767.915(6) 561.254(3) —603.123(3) 751.441(2)
310 —694.083(13) 507.50(2) —545.02(2) 678.993(12)
320 —612.982(10) 448.348(7) —481.185(7) 599.470(4)
330 —513.42(2) 375.795(5) —403.024(5) 502.028(3)
CH,F, ZL11132
260 —449.981(6) 968.277(9) —180.416(7) —457.740(4) 1478.271(6)
270 —439.134(3) 944.378(4) —164.453(6) —465.515(2) 1411.835(3)
280 —423.765(3) 910.403(4) —148.847(4) —464.963(2) 1334.988(3)
290 —403.906(5) 867.060(6) —133.947(4) —455.839(3) 1250.433(4)
300 —377.441(3) 809.698(4) —118.589(4) —436.457(2) 1150.087(3)
310 —342.815(3) 735.104(5) —102.574(2) —404.543(2) 1030.345(3)
320 —291.607(4) 625.12(2) —83.408(3) —350.157(2) 866.009(11)
CH,F, ZLI 1167
295 —450.561(10) 972.41(2) —148.58(2) —509.783(7) 1393.291(10)
300 —432.815(11) 932.68(2) —139.84(2) —494.162(7) 1330.026(10)
305 —416.946(8) 897.70(2) —131.94(2) — 480.546(6) 1273.574(10)
310 —401.113(8) 863.21(2) —124.36(2) —466.480(6) 1218.174(9)
315 —384.250(6) 826.47(2) —116.78(2) —450.569(4) 1160.451(10)
320 —365.941(8) 786.53(2) —109.19(2) —432.301(5) 1099.225(9)
325 —344.84(3) 741.18(2) —101.27(2) —410.120(6) 1031.395(13)
330 —319.57(3) 686.22(3) —92.38(3) —381.78(2) 951.46(2)
335 —287.31(4) 616.34(5) —81.99(4) —344.66(4) 851.88(3)
338 —260.19(4) 559.40(5) —74.03(5) —313.27(2) 771.82(4)
CH,F, Phase V
255 —476.041(4) 1031.620(5) —9.262(4) —775.751(3) 1060.425(4)
265 —450.446(3) 975.330(3) —8.576(2) —733.875(2) 1002.012(2)
275 —423.996(2) 917.346(3) —8.138(2) —690.2379(11) 942.565(2)
285 —395.272(2) 854.574(3) —7.879(2) —642.6221(13) 878.729(2)
290 —379.142(2) 819.714(3) —17.783(2) —615.8315(15) 843.418(2)
295 —362.259(2) 782.708(2) —7712(2) — 587.7905(15) 806.0056(12)
300 —343.705(5) 742.685(5) —7.637(4) —557.018(3) 765.560(3)
CHF; ZL11132
287.5 99.163(2) —464.71(2) 68.55(2) —112.56(2)
305 38.259(2) —196.91(2) 26.47(2) —43.58(2)
315 12.865(2) —83.67(2) 8.81(2) —14.80(2)
325 —6.360(2) 4.16(2) —4.57(2) 7.01(2)
335 —15.026(2) 50.018(10) —10.661(10) 16.86(2)
CHF, ZLI 1167")
300 —23.86(2) 39.604(15) 117.90(2) —34.817(9)
305 —27.92(2) 46.218(9) 143.91(2) —40.670(6)
310 —32.12(2) 53.018(8) 170.76(2) —46.692(7)
315 —35.85(2) 59.038(9) 195.31(3) —52.001(8)
320 —38.88(2) 63.960(8) 215.42(3) —56.366(8)
325 —41.04(2) 67.367(9) 230.30(3) —59.399(8)
330 —42.14(3) 69.043(10) 246.74(3) —60.893(9)
335 —41.78(3) 68.447(12) 238.34(4) —60.370(11)
339 —40.14(3) 65.533(13) 229.63(4) —57.817(11)
342 —37.35(4) 60.998(9) 214.61(5) —53.881(8)

[a] Values in Hz with respect to the LC director. The standard deviations are given (in parenthesis) in units of the last digit. [b] The experimental values are
multiplied by —2, because the director orients perpendicularly to the external magnetic field.

molecular geometry was only our secondary aim and, thus, we
decided to use solvents that contain only certain type of
functional groups (cyanide group both in ZLI1132 and
ZLI11167, and di-azo group in the Phase V solvent), because
the dissolved molecules were expected to be chemically
active.

In the case of CH;F, the RMS minimum is flat but it very
clearly excludes the possibility that the experimental AlJq
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would be over 350 Hz, where RMS increases rapidly. In the
search for the RMS-minimum, Al was systematically
changed and the molecular r, geometry was iterated for
each AlJe value. If we choose the value that gives the
geometry closest to r, given in reference [35], and simulta-
neously require an acceptable RMS value, the result of
A =350 Hz is obtained. The fitted molecular geometry is
given in Table 3.
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Figure 4. Principal components of the Aq tensors of CH;F, CH,F,, and
CHF; in the ZLI 1132 solvent at 300 K, 300 K, and 305 K, respectively. The
terms Ay and A are perpendicular to (A in the local symmetry plane) and
A, parallel with the corresponding C-F bond. See text for details.

Table 12. Contributions to D**? couplings for CH;F, CH,F, and CHF; in
the nematic ZLI 1132 solvent.[?!

Coupling Ded Dh Duh Dd l/zlunisu Dculc Dexp Diff_[b]

CH,F

Do —856.07 —442 1583 —122 945 —836.43 —836.42 0.1
Dy 661.72 —20.74 —2147 —843 0.16 61124 61124 0.00
Dye —67877 214 1899  2.01 —1.53 —657.16 —657.16  0.00
Dun 859.60 —7.87 —2838 —425-028 818.82 818.82 0.00
CH,F,

Do —41098 —1.17 428 —271 6.66 —403.92 —403.91 0.01
D 914.02 —29.58 —24.01 646 0.18 867.07 867.06 —0.01

Dy —13998 292 504 —1.09 —0.83 —133.94 —133.95 — 0.01
D —46028 —1.80 297 242 0.85—455.84 —455.84  0.00
Dim 1307.19 —17.98 —37.14 —1.37 —0.26 1250.44 1250.43 —0.01
CHF,

'Der 7178 —-0.04 —166 —036-112 68.60 6855 —0.05

'Den —444.64 1536 470 —39.99 —0.20 — 464.77 —464.77  0.00
2Dyr —11448 —-0.70 245 0.00 0.26 —112.47 —112.56 —0.09
2Dyr 102.71 032 —-223 -030-129 9921  99.16 —0.05

[a] Valuesin Hz at 290, 290, and 287.5 K for the molecules in the respective
order. [b] D — Dk,

Comparing the resulting molecular geometry for CH,F,
with the microwave r. geometry,® given also in Table 3,
FCF bond angle is smaller in ZLI 1132 and ZLI 1167 solvents,
whereas in Phase V the HCH bond angle is larger. In the
latter case, also the ry bond length differs significantly from
the microwave result. If the large change in the roy bond
length is real, it should be reflected on the value of /. The
Jen coupling values of the molecule in the LC solvents are
184.049(2) Hz, 183.95(5) Hz and 184.024(7) Hz (solvents in
the same order as previously), which are very close to each
other. Thus, the large change in 7y is unlikely and the results
obtained with the Phase V solvent should be treated with
caution. However, the Phase V data did not affect our result
for the indirect CF coupling tensor because the RMS error is
nearly independent of AlJ¢g. The clear minimum in the RMS
of a joint fit to the experimental data in different LC solvents
is seen at A/ =13.5 Hz and Jcg,, — Jcgyy = — 360 Hz, which
are relatively close to ab initio values, 10.39 and —280.33 Hz.
In the iteration of the experimental values, the ratio A'Jg/
(Vg — Ycr,y) was fixed to the corresponding ab initio result,
because there was not enough information for both param-
eters to be determined independently. For the other couplings,
AJ and J,, —J,, were fixed to the ab initio results, which thus
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were used to produce the correction for the indirect contri-
butions that are much smaller than in the D} coupling. The
analysis of the D couplings is rather insensitive to the
corrections due to the small J7 . contributions that, therefore,
do not even have to be very accurate; a partial correction is
enough.

In the case of CHF;, we had to fix two geometry
parameters. The choice between the ZLI 1132 or ZLI 1167
solvents did not have any remarkable effect on the bond
lengths. For this reason, we found it quite safe to fix the roy
and rc bond lengths to the (r.) values given in reference [37].
The resulting geometries corresponding to different solvents
are given in Table 3. The deviation between the bond angle in
the ZLI 1132 solvent and that given in reference [37] is only
0.5%. The RMS error is in this case most sensitive to A%/gp,
even though AlJcg gives a slightly larger relative contribution
to experimental couplings according to ab initio calculations.
For this reason, A%y was allowed to change whereas the
other indirect coupling anisotropies were fixed to the ab initio
values. The resulting experimental value, A%/ = —200 Hz, is
very close to the ab initio result, —232 Hz.

Significance of the anisotropic indirect coupling: In Table 12,
the D contributions from anharmonic vibrations only serve
to transform the molecular geometry from r,(7) to r.. This is
not essential in the studies of large molecules, for which the
knowledge of the average geometry is adequate. The other
contributions are, however, important, because they may lead
to artificial results and poor fit to the data, if ignored. For
example, the uncorrected D**P couplings give the molecular
geometry parameters of rey=2.0615 A and XHCF=
111.88 degrees for CHF; in the ZLI 1132 solvent at 325 K,
whereas the corrected values are 1.0958 A and 110.92°,
respectively. In this example, the dramatic effect is due to
large D¢, contribution, which is seen also at 287.5K in
Table 12. However, it is also apparent that J* gives the
largest contribution to 'D g for each molecule and to 2Dy for
CHF; (excluding the anharmonic corrections from the
comparison).

The experimental and theoretical properties of the ¢
tensor for CH;F and CH,F, and of the 2Jg tensor for CHF,
are given in Table 13. The ratios, %J*°/D are given in
Table 14.

Table 13. Experimental and theoretical properties of the Jcr tensor for
CH,F and CH,F, and of the Jg tensor for CHF;.[2!

Molecule Coupling Jiso AJ o=,y
CH,F Jer

exp. —163.0[] 350

ab initio —156.6 207.8
CH,F, Jer

exp. —233.9[b] 13.5l¢l — 3600

ab initio —220.7 10.4 —280.3
CHF, Iir

exp. Ll —200

ab initio 152.4 —232.1

[a] Values in Hz and J tensors expressed in the molecule-fixed (x,y,z)
frame. See text for details and Tables 8 — 10 for the tensors in their principal
axis systems. [b] Measured in the gas phase. [c] The ratio, AJ/(J,.—J,,), is
fixed to the value taken from ab initio results. [d] Not obtainable.
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Table 14. Experimental and theoretical 2/* contributions relative to the
corresponding direct coupling, D®d.1?]

Molecule Method CF CH HF HH FF

CH,F ab initio -0.7 0.02 0.2 —0.03 -
Exp. -1.1

CH,F," ab initio -1.2 0.02 0.6 —-0.02 —0.02
Exp. -1.6

CHF; ab initio -1.6 0.04 -0.2 - -1.5
Exp. -13

[a] The relative contributions, ¥2/2°/De4, are given in%. [b] The values
are orientation-dependent. The present values correspond to the data
taken from ZLI 1132 solvent at 290 K.

For Dy, the indirect contribution is close to —1 % in each
case. For the corresponding contribution in para-difluoroben-
zene,P! the experimental and theoretical results, —1.2% and
—1.1%, respectively, are very similar to the present values.
According to ab initio calculations, 'J is almost cylindrically
symmetric in the rqe direction, that is, in the (¥, y', 7')
coordinate frame, where z’ is in the bond direction. In this
frame, the 'DgLcoupling is directly proportional to Scg=3S,.
(see Equation (2)), whereas & for CH,F, and CHF;
consists of several terms of the general Equation (8):

Taniso = %P3 (c0s0) [ATSD AVl o =T, )(S2e = S7))

. ®
+(J\y+-lwg) SE))+(J\Z+JZX)S?Z +(Jyz+']zv)s)ll)z]

because the direct and the indirect coupling tensors possess
different principal axis systems. If we break the theoretical
Ljaise coupling into components, the first of which is directly
proportional to S, (similarly to !D) and the second includes
the rest of the coupling, we obtain the contributions denoted
Lyaise and L/, respectively (L refers to “longitudinal” and T
to “transverse”). The former reaches its maximum value when
Scr= 1. For example, /38 = 118.3 Hz and /&2 =21.5 Hz
maximally for CHF;, with the latter value obtained using the
constraint Scg = 0, leading to vanishing dipolar coupling. Thus,
IDEZP can be 21.5 Hz without any contribution from the true
direct Dy coupling. The corresponding values for YL/ and
s are 69.3 and 0 Hz for CH;F, 92.1 and 30.3 Hz for
CH,F,, and 122.9 and 1.9 Hz for para-difluorobenzene. The
values for the last molecule were calculated using theoretical
results from reference [5]. The maximum of LJ&¥ is seen to be
much larger than J& for each molecule. J& gives a
relative contribution that depends on the orientation similarly
as 'D¢L does; thus the relative contribution is orientation-
independent. The orientation-independent ratios, AL/
DA, are —1.1%, —0.6% (-11%), —0.8% (—1.0%), and
—1.1% (—12%), in the respective order of the molecules.
The values in the parenthesis are the experimental results,
which are presently not obtained for CHF;. As an implication,
the /& contribution is partially removed by using the
approximation, U ~—1D&L/100. However, if the order
parameter S, is small compared with the other elements of
the orientation tensor in the CF bond-fixed basis, the indirect
contribution may deviate from the expected —1%. In that
case, the systematics of J should be studied in related
molecules in order to transform the complete tensor from a
probe molecule to another.
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In the case of 2DgP, the indirect contributions are about
—0.02% and —15% in CH,F, and CHF;, respectively,
according to the ab initio results. However, the former value
is orientation-dependent, because the 2Jg tensor deviates
from cylindrical symmetry in the frame with z’ parallel with
ree- On the contrary, the latter value is orientation-independ-
ent because of the symmetry point group of the molecule. In
CH,F,, the relative indirect contribution, 2/8%/2D5L is
—0.8 %, which is partially cancelled by A2/ in the observed
2DgP. If the 2D§l coupling should vanish in this molecule,
2Jmise would maximally equal 32.1 Hz (3/#i% can reach the
value of —48.1 Hz if S, is not constrained to be zero and
2Jaio can be as much as 78.6 Hz at its maximum). The
molecular orientation necessary for this coincidence is very
strong: S,,=0 and S, —S§,,=—1 (where x' and y’ corre-
spond to the axes 1 and 2, given for 2Jg in Table 9) that are
realistic only in single-crystal studies, where the orientation of
the molecule is defined by the orientation of the sample.
Therefore, values of only a few Hz are possible for 22/ in
the LC-NMR method, whereas V52/#°/2Ds is about — 0.8 %
and —1.5% in CH,F, and CHF;, respectively.

Now we consider a case where the molecular orientation is
not weak, but one internuclear order parameter, that is, one
dipolar coupling vanishes leading to dominance of the
corresponding indirect contribution Ji%°. The negligible
dipolar coupling corresponds to the situation where r; is on
the average at the magic angle (= 54.74°) with respect to n. In
the case of C; or higher symmetry, the remaining Ji"°
contribution does not lead to serious errors, because small
deviation of r; from the magic angle leads to significant
change of the dipolar coupling. Therefore, the fitted angle is
insensitive to small errors that typically arise from the ignored
Jimso, However, for less symmetric molecules, the property
surface of the observed coupling with respect to a geometry
parameter may be relatively flat. The situation arises occa-
sionally from a suitable combination of the molecular
geometry and orientation. In this case, even a small ignored
contribution leads to significant errors. The possibility for the
occurrence of the depicted situation is reduced significantly
by carrying out measurements at several orientations and by
fitting the free parameters simultaneously to the complete
data set.

Conclusions

We have performed multiconfiguration self-consistent-field
linear response (MCSCF LR) calculations and liquid crystal
(LC) NMR experiments in order to examine the spin-—spin
coupling tensors for CH;F, CH,F,, and CHF; molecules. The
experimental tensorial data is found to be reproduced to a
reasonable accuracy by the MCSCF calculations. The iso-
tropic coupling constants are in excellent mutual agreement.
The differences between the theoretical results and the
experimentally very accurately determinable isotropic spin—
spin coupling constants, J, are maximally only a few percent.
Consistency in the anisotropies proves that both the theoret-
ical and experimental methods used are able to produce
reliable tensorial properties of the indirect couplings.
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The present successful comparison of experimental and
theoretical results strongly suggests that MCSCF calculations
are able to produce qualitatively correct indirect contribu-
tions to the experimental dipolar couplings also for other
small probe molecules containing fluorine. However, the
convergence of the J tensors necessitates very large MCSCF
active spaces. Comparison of different theoretical results re-
emphasizes that ab initio methods, such as the present one, are
to be preferred over present density-functional theory in
calculating couplings to fluorine, as anticipated for an atom
containing lone pairs. The present theoretical data for the J
tensors are the best reported so far for these molecules.

The indirect contributions to the corresponding dipolar
couplings due to Jo (CH3F and CH,F,) and 2Ji (CHF;)
tensors are found both theoretically and experimentally to be
negligible to a reasonable accuracy with the observed
molecular orientations. However, especially the 2Jg tensor
possesses low symmetry in the internuclear FF direction,
which may lead to artificial effects on the apparent geometry
and orientation of the molecule in the case of vanishing or
nearly vanishing direct dipolar coupling. The relative indirect

contribution to the 'DgFP coupling from the 'Jer tensor is

found to be rather similar in different structural surroundings
and, therefore, it is partially removed by an average relative
correction, — 1 % of the corresponding dipolar coupling.
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