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Indirect Fluorine Coupling Anisotropies in p-Difluorobenzene: Implications to Orientation
and Structure Determination of Fluorinated Liquid Crystals

Juha Vaara,! Jaakko Kaski, and Jukka Jokisaari*

NMR Research Group, Department of Physical Scienceg;disity of Oulu, P. O. Box 3000,
FIN-90401 Oulu, Finland

Receied: April 20, 1999; In Final Form: May 4, 1999

The spin-spin coupling tensorsixe (X = H, C, F), inp-difluorobenzene (gH4F;) were determined using ab

initio multiconfiguration self-consistent field linear response calculations and NMR experiments performed
in nematic liquid crystal phase. The theoretical sfgpin coupling constants are in fair agreement with
experimental results. By supplying the experimental data analysis with some of the results of the theoretical
calculations, the remaining anisotropy and asymmetry parameters pertinent"figgiie = 1, 2, 3, 4) and

5Jrr tensors were obtained in good agreement with the ab initio data. The results indicate that the tensorial
properties of the fluorine couplings typically contribute a few percent to the corresponding experimental
anisotropic couplings. D2, or lower point group symmetries, the indirect coupling can even dominate the
experimental dipolar coupling because of occasional cancellation of the direct part. Consequently, the
contribution ofJys2"s°must be taken into account when using anisotropic couplings in accurate determinations
of the geometry or orientation of fluorinated liquid crystals or other molecules containing fluorine-substituted

phenyl rings dissolved in mesophases.

1. Introduction parameter is vanishingly small. If this is the case, the above-
mentioned contributions may even dominBig &*F, leading to
errors in structural parameters. This paper deals exclusively with
spin—spin coupling tensors ip-difluorobenzene, and conse-
quently we aim only for the significance of the spispin
coupling tensor in the respectiy, .

In the field of LC NMR research'%F is an important, easily
observed spir= Y/, nucleus due to its 100% natural abundance.
It is often used as a substituent for hydrogen, resulting in
changes in the material properties. In particular, the resistivity
of fluorinated LCs is high, making them suitable for display
technology. Fluorine substitution enables straightforward extrac-
tion of the FF and CF dipolar couplings by proton irradiation.
However,J @"s°is likely to be bigger in couplings involving
fluorine than in the proton or carbon couplings. On the basis of
the semiempirical calculations of Haigh and Sykesyticularly
the ratioJ2r*72Der may be up to several percent in fluoroben-
zenes, while the anisotropic contributions to the HF coupling

In NMR experiments performed in anisotropic liquid crystal
(LC) or solid phases, the contributidg 2"s°from the indirect
spin—spin coupling tensodk_ appears in the experimentally
observable anisotropic NMR couplindQx.®*® = Dx. +
1,k @0 petween the nuclek and L.22 Information on the
molecular structure and orientation with respect to the external
magnetic field is contained in the direct dipolar coupliby; .
Thus,Ji @"s°should be relatively small or known when accurate
structural or orientational data are wanted. For example, the
one-bond couplings between carbon nuclei have negligible
Jec®so regardless of hybridizatioh? justifying the recently
introduced method of obtaining the direct CC couplings at
natural abundance for LC molecules using two-dimensional
double-quantum experimerftsLikewise, for HH and CH
couplings,Jx 2"s°is generally smalt.

The idea to partially orient molecules in liquid crystalline
solutions and to utilize residual dipolar couplings in structural |, been found to be in the sub-1% rahge.
analysis was proposed over 35 years &§mce then the method Recently, Magnuson et al. investigated the orientational order
has developed to a level that renders possible very accurate

lecular structure determinati This. h itat of various LCs containing fluorine-substituted benzene rings
molecular structure determinations. This, NOWEVer, NEcessl aeSusing the CF dipolar couplindsEarly electronic structure
consideration of various contributions, such as molecular

ibrati lati f vibrational and entational moti calculations predict small effects due dgF"is° for the CF
vibrations, correlation of vibrational and reorientational motions, couplings for fluoromethanes (see ref 1 for references), but no
and spir-spin coupling tensor, in the experimental dipolar

; - - modern theoretical studies for fluorine-containing aromatic
couplings Dk ®*®, as seen below. Recently, the utility of residual g

) - ) o . A systems have been carried out. The many different contributions
dipolar couplings in the derivation of structural information on

Kiv alianed bi lecules has b zed OIto theJk. tensors, and the sensitivity to the quality of the basis
weakly aligned biomacromolecules has been recognized, andget 5nq electron correlation treatment, place stringent require-
the field is gaining growing intere$tWhen applying the

techni " lecul : hould notice th ments even on the contemporary computational methods and
echnique to macromolecular systems, one should notice thatg qjjiies in ab initio calculations of this propert). Ab initio

most likely the system contains a bond or bonds whose OrOlermethods are, at best, able to provide unbiased predictions for

. . Fouid be add e p—— the spir-spin couplings, contrary to the semiempirical methods
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553 1308. Fax:+358-8-553 1287. E-mail: Jukka.Jokisaari@oulu.fi. which are often known to fail for properties and/or systems not
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bergstrasse 1, D-70569 Stuttgart, Germany. recently that reliable theoretical calculations of the tensors
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TABLE 1: Ab Initio Calculated and Experimental Geometries of p-Difluorobenzenet
method I'cH I'cr rc7(;§' rcgcgb gcl12-Cc7-cg 0JH1-C8-C%

MP2/cc-pvVDZ 1.0933 1.3508 1.3986 1.4040 121.62 121.24
MP2/AUG-cc-pvVDZ 1.0922 1.3679 1.3989 1.4074 122.68 121.35
QCISD/cc-pvDZz 1.0939 1.3508 1.3985 1.4049 121.73 121.24
extrapolatel 1.0929 1.3679 1.3988 1.4082 122.79 121.35
NMR/14 1.0822 1.3478 1.3913 1.3972 121.92 121.35
NMR/11d 1.0818 1. 3476 1.3908 1.3973 121.99 121.30
NMR/I11 9 1.0827 1.3476 1.3917 1.3972 121.99 121.35
NMR/IV¢ 1.0826 1. 34786 1.3912 1.3972 121.94 121.34
NMR/Vd 1.0799 1.3476 1.3879 1.3941 122.16 121.38
ED' 1.088(5) 1.354(4) 1.388(3) 1.400(3) 123.5(1) 118.5(8)
ED¢ 1.070 1.3476 1.385 1.396 123.1 117.8

aBond lengths in angstroms and angles in degre@se numbering refers to Figure 4Extrapolated geometry based on the ab initio MP2 and
QCISD resultsd Present liquid crystal NMR results for thig geometry at 300 K¢ Fixed in the analysis of the present experimehBEectron
diffraction (rg) results taken from ref 28.The ry geometry of footnoté transformed ta,, at 300 K.

have become feasible, and therefore old data should be
considered with caution.

A method of determining thé, 2"s° contributions experi-
mentally using LC NMR is to take advantage of a combination
of proper nematic solvent mixtures in order to minimize
deformation effects due to anisotropic forces. In a more
sophisticated approach, the deformational corrections to the
couplings are calculated on the basis of the optimized interaction
tensorsA acting on the bonds of the solute® The A tensors
also determine the molecular orientational order paraméters.
In both cases, the corrections for harmonic molecular vibra-
tions'# are also required.

To shed further light into the question of whether fiaganiso
JcMiso and Je2"is0 contributions can safely be neglected for
fluorine-substituted benzenes and LCs containing fluorinated
aromatic groups, we report ab initio multiconfiguration self-
consistent field (MCSCF) linear response (MCLR) calculations
of the corresponding coupling tensors rdifluorobenzene
(CsH4F). Also, we describe LC NMR experiments for the same
system dissolved in certain nematic LC solvent mixtures, chosen
to minimize deformation effects; the remaining deformation is
also corrected for. The LC NMR information obtained by us
is, as such, insufficient for determining the tensor components
of the HF, CF, and FF couplings that affect the LC NMR
spectra. However, by incorporating some of the theoretical
results to the analysis of experimental data, definite conclusions
can be drawn.

2. Calculations

Ab initio calculations of thelyg, Jcr, and Jer tensors were
carried out for the isolated¢Ei4F, molecule using the MCLR
method as implemented by Vahtras ef%to the DALTON
program syster® All the different physical mechanisms, the
dia- and paramagnetic sptorbit (DSO and PSO), the spin
dipole (SD), Fermi contact (FC), and SD/FC cross-term
contributions were calculated. We refer to the original artfcle
and recent revieW) for details of the theory and implementation.
Instead, we focus on the role of the different approximations
that limit the attainable accuracy for the present system, whose

Figure 1. Numbering of nuclei and the placement of the molecule-
fixed coordinate system ip-difluorobenzene. The directions of the
principal axes of the ab initio calculated fluorine spspin coupling
tensors are also shown. In each case, one of the coupled nuclei is the
fluorine at the top of the figure, and the axes are illustrated on top of
the other nucleus. For each tensor, only the two axes located in the
plane of the molecule are displayed.

In the calculations of thelk. tensors, we employed two
geometries: firstly, one obtained by extrapolation of the changes
caused by using the larger AUG-cc-pVDZ basis set instead of
the smaller cc-pVDZ and using the better QCISD treatment of
electron correlation instead of MP2; secondly, to obtain an
estimate of the sensitivity of the results to the choice of
geometry, we recalculated the coupling tensors also at an
experimental geomet#y using each of the MCSCF wave
functions. In each geometry, the FF symmetry axis of the
molecule is placed in the direction of taeoordinate axis, and
they direction is normal to the plane of the molecule. The axes

size prevents attempts of reaching undisputable convergenceand numbering of nuclei are illustrated in Figure 1.

of ab initio calculations. We note in passing that the recently
introduced density functional methtdhat otherwise is very
suitable for large molecules is currently unable to provide
realistic couplings to fluorine or other atoms containing lone
pairsié1?

The equilibrium geometry for the molecule was optimized
using the Gaussian 94 progréhat the MP21.22and QCISB3
levels with the cc-pVDZ and AUG-cc-pVDZ basis sétsas
shown in Table 1.

We used two one-particle basis sets in the MCLR calculations
of the Jk. tensors, the HIl set adopted from refs 26 and 27 and
a set that we denote as HIIs3, obtained by modifying the HIl
set. The HIl basis is 9s5p1d/5s4pld for C and F atoms in the
primitive/contracted Gaussian type orbital notation and 5s1p/
3slp for H. Only the innermost atomic orbitals (1s and 2p) are
contracted. HIl contains 200 basis functions feHGF, and is
of the triple€ plus polarization quality. This set has been
employed extensively in the calculation of NMR properties, and
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in a recent systematic basis set investig&fidnrwas shown to TABLE 2: Compositions of Liquid Crystal Solvents Used*

perform very well for its size for spiaspin couplings. In the sample no. liquid crystals wt %
larger HIIs3 set we decontracted the p-shell and added three

S . . | ZLI 1167 58.0
s-type primitives with large exponents to the HIl basis of C phase IV 42.0
and F. This was done to improve the description of the FC T phase V 43.6
perturbation, which is essentially @ function located at the ZL1 2806 56.4
nuclear site. The exponents were obtained by successive n EBBA® 35.9
multiplication by 3, starting from the tightest s-function of the ZL11132 64.1
HIl set. The original contraction of the other s-functions was v ?LII 91322 %27'%3
retained, while the tight primitives were added. This represents V ZL1 997 397
a compromise as the full advantage of using tight functions can ZLIl 1167 60.3

only t_)e obtained with fully decontracted bas_is §éﬂslovye_v_er, aThe "ZLI” and "phase” liquid crystals are products of Merék\-
the S|ze_of GH4F _vvc_)gld mak_e the calculations prohlb_ltlvely (p-ethoxybenzylidenep-n-butylaniline.
large using the primitive basis. The CF and FF couplings are
more important than HF couplings for the present purposes; obtained by appendind and°F spectra to the same analysis.
thus, we did not modify the hydrogen set in HIIs3. There are a The orientational order parameters (and geometries) of different
total of 248 functions in this larger basis foeHuF». isotopomers were the same to a good accuracy. When possible,
Three different MCSCF wave functions were used. The the reported experiment& couplings are taken from isoto-
first two are of the complete active space (CAS) type, pomer 2. The remaining coupling®D(c,1,, 3Dct, Dy and
8520 741 ASP011 0011 gng 8510 741C ASP021 0021 containing 12 “Dc,r,) are obtained from isotopomer 3. The spspin coupling
and 104 Slater determinants, respectively. The third wave constants differed to some extent from those in acetir{20%
function is of the restricted active space (RAS) type, (v/v)) and tetramethylsilane (TMS) (5% (v/v)) solutiéhThe
o0 S RASHS 9955 The structure of the wave function is  largest solvent effects appear in couplings to fluorine (see Table
encoded in this notation ﬁCt'Vﬁqugﬁggﬁl where the sub- 3 below).Jcy was 164.88 Hz, whereas the present result for
and superscripts indicate the number of molecular orbitals in sample 1V is 164.55 Hz. The other couplings were the same
Ag, Bay, Bay Big, Biu Bag, Bsg and A, symmetry species,  Within error limits, and there was no significant variation in
respectively, of théd,, point group. For comparison, the SCF  the J couplings in the various LC solvents used in the present
wave function for GH4F; is 8521 7426CF. The active orbitals  study.
have been chosen on the basis of MP2 natural occupation
numbers?? _ _ _ 4. Results and Discussion
The smallest sensible active space for this molecule, in
8520 741 ASPOLL 0011 contains the highest occupied (HOMO, in A. Ab Initio Calculations. The NMR spin Hamiltonian
the Bsg symmetry species) and lowest uncoccupied (LUMO, appropriate for spir= Y/, nuclei in molecules partially oriented
Ay) molecular orbitals, along with the occupied (B and in uniaxial LC solvents can be written in the high-field
unoccupied (B, orbitals that are almost degenerate approximation as
with HOMO and LUMO. In the next wave function,

8510 741 AS021 0021 the next occupied B and unoccupied B = —By/(27) ZyK (L — o )i, + }ZLJKL kel +

orbitals are added to the CAS space. This wave function

constitutes a multireference basis, formed by the delocalized ;(DKL 1/2JKLan'S() (3|KZ| L= |K.fL) 1)
m-electron system similarly as in our earlier work fogHg,3

for our largest] ;s SSRASZI %92 \wave function, where the
maximum of two holes (particles) are allowed in the RAS1 Where By is the magnetic field of the spectrometer (in the
(RAS3) subspace. While the larger of the two CAS functions direction) andyx, ik, andox are the gyromagnetic ratio, the
is expected to cover the main part of static correlation present dimensionless spin operator, and the nuclear shielding (sum of
in the system, with the RAS function containing 389 626 the isotropic and anisotropic contributions), of nuclekis
determinants, we aim at estimating dynamic correlation effects respectively. The direct dipolar couplii®_ is defined as
to the extent that is possible using the present approach. 5

Dy = —#o iy S /(87T 3) (2)

3. Experimental Section whereS is the order parameter of the internuclear vecigr
with respect toBy, andup andh have their usual meanings.
For GsH4F> dissolved in a uniaxial LC environment, the NMR
spectra are affected by two properties of flxg tensors®® the
isotropic spir-spin-coupling constant

KL — Y 3k xx T ‘JKL,yy + Iz ©))

and the anisotropic contribution

p-Difluorobenzene (gH4F; Fluka AG, purity> 99%) was
dissolved in five LC mixtures (see Table 2).

Each sample was degassed before sealtigind1°F NMR
spectra were recorded one after another on a Bruker DSX300
at temperatures of 298, 310, and 320 K. The spectral analysis 3
was performed on the PERCH softw&raising peak-top-fit
mode in the final analysis.

The spectra are superpositions of the ones of three isoto-

omers: (1) those withoufC, (2) those with'3C bonded to aniso__ 2 D
Eydrogen,( aznd (3) those Wit%?((i )bonded to fluorine. All of Jo "= TsPo(C0sy) [Ad S, F
these subspectra were analyzed simultaneously. In the isoto- Yok = Iy S = S0 (@)
pomer 2, each hydrogen has different chemical shielding. The
observable isotope shifts correlated significantly with dipolar In eq 4,Adk. = Jkizz — Y2(Ikixx + JkLyy) IS the anisotropy of
couplings in the spectral analysis. The most reliable results werethe tensorS,s° are the components of the Saupe orientation
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TABLE 3: Ab Initio Calculated and Experimental Isotropic Fluorine Spin —Spin Coupling Constants inp-Difluorobenzene

wave function basis ek 2Jcr 3Jcr ek 8JuE Jue 5Jre
8520 741C ASP011 0011 Hil —234.9 69.3 —22.4 38.4 —-9.7 15.6 57.3
8510 741C A S0021 0021 HIl —-201.7 48.8 —-1.2 14.7 —-1.8 8.4 29.0
1‘1‘(1)8 fiéSQA ggé g%(l) HIl —174.6 40.0 3.1 7.1 1.0 6.5 21.0
8520 741QC 7 GPO11 0011 HIls3 —247.1 73.3 —-23.1 39.8 —-10.0 16.1 58.9
8510 741@C A G021 0021 HIls3 —212.8 52.0 —-1.0 154 -1.9 8.7 29.8
ﬁég ?iégQAiggé g%é HIls3 —184.7 42.5 35 7.4 1.1 6.8 21.6
8520 7410 A G011 0011 HIl —221.0 64.9 —16.8 32.4 —7.4 13.7 52.4
8510 741¢C A 0021 0021 HIl —193.1 48.4 0.6 13.2 -0.8 7.9 28.8
1‘1‘38 ?iéSQAiggé g%éb HIl —168.1 39.9 4.3 6.5 1.8 6.2 21.3
8520 741QC A PO11 0011 HIIs3 —232.6 68.7 —=17.2 33.6 —7.6 14.1 53.8
8510 741¢C A 50021 0021 lIs3 —203.6 51.4 0.8 13.9 -0.9 8.1 29.6
1‘1‘(1)8 ?iég‘-QAsgggé g%ﬂf’ Hlls3 —-177.9 42.5 4.8 6.8 1.9 6.4 21.9
expte —240.89 24.36 8.52 2.42 8.092 4.157 17.646
exptH —242.61 24.29 8.18 2.67 7.905 4,122 17.445

aValues in hertz at the extrapolated theoretical geometry (Table 1) unless otherwise’rdttite experimental geometry of ref 25Reference
34.9Present experiments in sample 1V at 355 K where the LC solvent appears in isotropic phase.

6.0 . . TABLE 4: Individual Contributions to the Isotropic
tensof® with respect to the dlrectc_n o_f the LC phasey is the Fluorine Spin—Spin Coupling Constants in

angle betweem and the magnetic field of the spectrometer, p pifluorobenzene

andP;, is the second-order Legendre polynomial. There are thus
two independent order paramete8s? andS,° — S,,P, for this

contribution ek 2Jck 8k ek SdkE AJur 5rF

symmetry, and correspondingly two combinationsaf tensor gg —2?_&_; 5%% _26é6 44é6 _03;-3 . I-O 10%'2
elements, corresponding to a single anisotropic observable. PSO 138 -113 -05 —-12 -13 12 07

The ab initio calculated coupling constadig are listed in DSO 09 -01 -03 -02 -01 -13 -1.0
Table 3, where a comparison of results in the solution state is

aValues in hertz from the RAS/HIIs3 calculations at the extrapolated
also madg. y . o theoretical geometry.
The reliability of the calculation of the individual tensor

elements and their combinations can be largely judged on thewould put the calculated results. At least the three-, four-, and
basis of these isotropic data. From the table we are able tofive-bond coupling constants appear to be converging toward
estimate the effect of the various computational approximations the experimental values, although very slowly in the case of
on the coupling constants. The calculations at the experimentalthe three-bond couplings.
electron diffraction geometry result in lower magnitudes of the  The individual physical contributions to the coupling con-
coupling constants as compared to the extrapolated theoreticaktants obtained from the RAS/HIIs3 calculation (at the extra-
geometry, which has longer bond lengths. The relative sensitivity polated theoretical geometry) are listed in Table 4.
of the three-bond couplings is the highest. On the contrary, the The FC term is seen to dominate thler (n = 1, 2, 3) and
effect of improving the basis set from HIl to HIIS3 is seen to HF couplings#Jcr and>J¢ obtain equally important contribu-
generally increase the magnitude of the calculdigdy 3—6%, tions from the SD mechanism. While the DSO term is generally
apart from3Jye and3Jce whose changes are in the 10% range. unimportant, PSO cannot be neglected for the one- and two-
As expected, the sensitivity is slightly larger the better correlated bond CF couplings. The correlation trend in the coupling
wave function approximation one uses. Finally, better correlation constants can be largely traced back to the changes (not shown)
treatment reduces the magnitude of the couplings significantly. of the calculated FC contributions. The same applies to the
The effect is dramatic on the computationally diffictler and whole effect of switching to the HIIs3 basis set. For the CF
particularly in the three-bond coupling constants that change and FF couplings, parallel correlation-induced changes take
sign from negative to positive when going from the CAS place in the SD terms as well, and félcr also in the PSO
calculations to the RAS wave function. contribution. Only the FC contribution for all the couplings,
The comparison of theoretical and experimental sgipin SD for 3Jgr, and PSO forlJcr are expected to be prone to
coupling constants is generally complicated by the neglect of significant further changes from the values of the Table 4, if
rovibrational and environmental influences in the calculated still larger wave functions could be used.
values. However, in the current comparison these effects do Ab initio determination of the molecular geometry at a reliable
not play a decisive role, but the accuracy is limited by the correlated level is not straightforward for systems of the present
electronic structure calculations themselves. Typical of ab initio size. We are thus forced to empirically compare the results
calculations is that their hierarchical chain of approximations obtained at the extrapolated theoretical geometry and an
allows a priori estimations of the accuracy. In this respect the experimental one, obtained using electron diffracfioApart
RAS/HIIs3 calculations with the largest wave function and basis from 1Jcr, the agreement of all the other calculated couplings
are the best of the current approximations. They are found to with experiment is slightly improved when the experimental
reproduce all the signs and orders of magnitude of the geometry is used. The one-bond CF coupling appears to be an
experimental couplings, however, underestimating the CF and unusually difficult case, as we can by no means anticipate that
HF couplings over an odd number of bonds and overestimating it would converge toward the experimental valu€42.6 Hz,
the corresponding couplings over an even number of bonds.even at the experimental geometry. For this coupling, we are
Despite the oppositely directed trends produced by improving tempted to call upon large solvation and/or rovibrational effects
the basis set and correlation, it is difficult to give even a rough to explain the present difficulties.
estimate of where a further improvement, if it were practical,  Disregarding the lack of quantitative agreement with experi-
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TABLE 6: Individual Contributions to the Anisotropic
Properties of the Fluorine Spin—Spin Coupling Tensors in
p-Difluorobenzene

contribution Jcr ok 3ok Uor ST e Ok

AJ
SD/FC 370.1 —31.7 33.7 —19.6 17.7 —2.3 —25.4
SD 342 —-16 19 -18 01 —-06 1.9
PSO —59.6 —-6.9 0.2 06 03 -13 -—-16.4
DSO 24.0 32 17 16-21 28 3.7
Jx — Jyy
SD/FC 265 —-14 260 —234 110 —-53 -—-31.6
SD 165 -73 47 —-72 -23 0.2 —-19.7
PSO -31.0 —-119 -16 -32 -18 —-0.2 134
DSO —0.5 12 01 -02 82 08 -0.2

aValues in hertz from the RAS/HIIs3 calculations at the extrapolated
theoretical geometry.

ment, the qualitatively correct isotropic couplings are, for the
present purposes, a strong recommendation for the quality of
the calculated anisotropic properties of the coupling tensors,
displayed in Table 5.

The sensitivity of the calculated anisotropi&dy,. and the
asymmetry-related combinations of the tensor elemedqisx
— JkLyy, to the choice of geometry and electron correlation
treatment is generally similar to that observed for the coupling
constants. Exceptions to this are the parameters dfitheand
2Jcr tensors, where the anisotropic properties display larger
relative changes. While improvements in the correlation treat-
ment clearly decrease the magnitude of the properties, the better
basis set gives a smaller increase, and the trends thus partially
cancel. There are no sign changes in any of the anisotropic
parameters. On the contrary, the effects of improving the basis
set are of the same direction but smaller than forkhebeing
typically of the order of 2% here. Normally the anisotropic
contributions to thelk. tensors are dominated by the SD/FC
cross-term contribution. Since the basis set dependence at this
level is due to the FC interaction, it is natural to expégt™
(a linear response function with the FC interactions at both
nuclei) to be more sensitive to the basis tlinS®’FC where
the less demanding SD operator also contributes.

The individual terms that contribute to the anisotropic
parameters at the RAS/HIIs3 level (at the extrapolated theoretical
geometry) are listed in Table 6.

The SD/FC term is expectedly the dominating one for most
of the anisotropies. Also all the other terms give sizable
contributions in the case é&dcr, and the PSO term is significant
for SJrr. For the very smalh*Jyr, the DSO contribution is larger
than SD/FC. The dominance of the SD/FC mechanism is not
as clear in the — J,y results. For this parameter idcr, 2Jcr,
and>Jgr, the PSO term is significant, being for the first two
tensors even larger than SD/FC. Any significant changes in the
anisotropies due to improved correlation treatment and basis
set are confined solely to the SD/FC term, whereas the SD
contribution toJw — Jyy is sensitive to correlation in the CF
and FF couplings. Also PSO chandégrxx — Jcryy from one
wave function to another. Nevertheless, significant further
changes upon improved correlation treatment are expected only
in the SD/FC terms of the anisotropic properties.

The principal components and the orientation of the principal
axis system of the coupling tensors may be useful for the
purposes of solid-state NMR. They are listed in Table 7, being
calculated at the RAS/HIIs3 level (at the extrapolated theoretical
geometry) and also graphically displayed in Figure 1.

Due to the symmetry, one of the principal axes of each tensor
is perpendicular to the plane of the molecule. One of the in-
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TABLE 7: Principal Values and the Orientation Angle 6 of
the ab Initio Fluorine Spin—Spin Coupling Tensors in
p-Difluorobenzene

component  1Jce 2er ee er e e e
Jss —-313.4 78.8 319 308 124 9.6 52.7
Jo2 —301.9 643 —23% —5.4 —-11.8 8.2 146
Ji1 61.1 —15.8 22 —3.2 2.6 27 =25
0 0.0 143.3 109.7 90.0 1053 130.3 0.0

Vaara et al.

Dk " + Dk.9 couplings. The experimental direct couplings with
their error limits at 298, 310, and 320 K are given in Tables
8—10, respectively.

The HH, CH, and HF couplings, for whicl 2"s° contribu-
tions are likely to be small in the present system, are used to
determine the orientation tens8?, followed by the determi-
nation of Dce", Dre", Dced, andDee? using the harmonic force
field of the molecule. The force field was obtained by modifying

a Principal values in hertz and angles in degrees. The principal values the force field of the corresponding chlorobenzZ8sgsimilarly

are arranged in the ordédss| > |Jzo| > [Ji1|. From the RAS/HIIS3
calculations at the extrapolated theoretical geométfe correspond-
ing principal axis points off the plane of the molecul@he angle
between the corresponding principal axis andxfwordinate axis is
specified by6.

plane axes is directed along the line joining the two coupled
nuclei for lJCF, 3Jc|:, 4Jc;:, andSJpF.

B. Liquid Crystal NMR Experiments. The experimentally
observable anisotropic couplings can be partitionéd as

DKLeXp: Dy + l/2‘J|<Lanisoz DKLeq + DKLh + DKLah +
g .
D" + 723 ™™ (6)

where Dk ®9 corresponds to the equilibrium geometry of the
molecule Dk " andDg 2" are the contributions of the harmotfic
and anharmonf® vibrations, respectively, an®y 9 is the
deformation contributiod3 The experimental 2"s°is given
by the differencelx @"s° = 2(Dy &P — Dk, %9, between the
experimentaDy, ®P and calculatedDy, @' = Dy %9+ Dy 2"+

to that in an earlier study of difluorobenzetféhe contributions
were calculated by the MASTER prografhut in the present
case we used it as the FMEX (Fortran-Matlab-extension)
subroutine in the Matlab prografAThis enabled direct iteration

of the relevant parameters including the properties of the indirect
coupling tensors. The effects due to anharmonic vibrations were
taken into account by using the AVIBR progrémodified to
include also the centrifugal distortion. The reference temperature
was chosen to be 300 K, and thus, the resulting experimental
geometry given by the analysisrigat 300 K. In calculation of
anharmonic contributions we used a partial cubic force field
(containing the all-diagonal stretching force constants) estimated
on the basis of harmonic force field with, = —3af;,, where
a=2 A-137For GH4F>, we used thé\ Joiy andJchxx — Jchyy
terms from the previous calculations for benzéi@ercr bond
length was fixed to the value of 1.3476 A obtained by
transforming fromrg 25 to r, geometry. The analysis of the
experimental data is not sensitive to this value, because it only
fixes the size of the system.

TABLE 8: Experimental Dipolar Couplings at 298 K of p-Difluorobenzene Dissolved in LC Solvents

coupling sample | sample Il sample lll sample IV sample V
3Dz —1383.78(3) —1290.01(2) —1302.875(15) —1405.500(11) —1342.792(11)
SDh1na —77.07(10) —65.42(4) —67.26(4) —73.17(3) —76.48(4)
3Dh1rs —562.26(4) —486.180(15) —495.53(2) —539.32(2) —555.394(13)
“Drirs —188.78(4) —173.27(2) —175.61(2) —189.605(15) —183.690(13)
4Dians —63.80(10) —46.26(4) —48.31(4) —53.72(2) —64.96(4)
5Desrs —127.81(5) —118.836(15) —120.46(2) —129.70(2) —124.076(14)
Decsrn —1790.29(8) —1518.39(6) —1561.89(5) —1700.84(4) —1771.95(3)
2Deghz —466.92(10) —429.24(9) —435.54(5) —470.23(3) —454.50(4)
“Dcsha —40.10(13) —34.17(6) —34.93(7) —37.95(4) —39.78(5)
3Dcshs —34.96(14) —26.38(6) —27.38(6) —30.36(4) —35.58(5)
°Dcsrs —322.01(7) —294.45(2) —298.98(3) —322.75(3) —313.83(2)
3Dcsrs —99.80(6) —92.24(2) —93.53(3) —100.82(3) —96.92(2)
Dermn —125.50(8) —91.26(4) —95.26(4) —105.86(4) —128.27(3)
3Derme —99.40(9) —89.78(4) —91.31(4) —98.81(4) —97.24(3)
Derrs —2101.20(6) —1953.78(2) —1979.75(2) —2132.39(6) —2039.23(2)
“Dcrrs —81.08(12) —74.70(4) —75.68(5) —81.03(10) —78.39(3)

aValues in hertz. See Table 2 for the composition of the samples.
TABLE 9: Experimental Dipolar Couplings at 310 K of p-Difluorobenzene Dissolved in LC Solvents

coupling sample | sample Il sample Il sample IV sample V
3D1H2 —1274.589(12) —1183.667(9) —1166.291(10) —1305.151(9) —1234.342(9)
Dh1na —70.01(3) —59.41(3) —58.21(3) —65.60(2) —69.50(3)
3Dyare —511.330(13) —442.183(11) —431.777(12) —486.335(10) —505.363(10)
“Duirs —173.385(13) —158.546(11) —156.441(12) —175.194(10) —168.581(11)
*Diygps —56.39(4) —41.17(3) —39.25(3) —44.94(2) —57.97(3)
5Desrs —117.720(14) —109.005(11) —107.768(12) —120.537(10) —114.084(11)
Dcsh1 —1622.97(4) —1376.51(3) —1353.35(3) —1524.33(3) —1608.35(3)
2Dcgnz —429.20(4) —393.64(3) —388.36(4) —434.86(3) —417.01(3)
“Dcsa —36.36(5) —30.84(3) —30.25(4) —34.04(3) —36.11(3)
*Dcghs —31.15(5) —23.37(3) —22.50(4) —25.64(3) —31.79(4)
2Dcsrs —295.73(2) —269.522(15) —266.02(2) —297.891(14) —287.765(15)
3Dcsrs —91.72(2) —84.52(2) —83.52(2) —93.443(14) —89.04(2)
Derm —111.15(3) —81.21(3) —77.28(3) —88.47(2) —114.41(3)
3Dermz —91.14(3) —82.07(3) —80.97(3) —90.74(3) —89.05(3)
Dcrrs —1934.63(2) —1790.986(14) —1771.42(2) —1980.949(15) —1873.79(2)
“Dcrrs —73.97(3) —68.52(3) —67.16(6) —75.56(3) —71.76(3)

aValues in hertz. See Table 2 for the composition of the samples
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TABLE 10: Experimental Dipolar Couplings at 320 K of p-Difluorobenzene Dissolved in LC Solvents

coupling sample | sample Il sample Il sample IV sample V
3D1H2 —1155.785(10) —1072.604(10) —1204.129(10) —1203.647(10) —1106.376(10)
*Dhina —62.94(3) —53.65(3) —59.22(3) —59.16(3) —61.75(3)
3Dy1rs —460.029(12) —399.649(13) —440.735(12) —440.557(12) —450.273(13)
“Drirs —156.993(12) —143.598(13) —161.129(12) —161.081(13) —150.886(13)
“Dh1ms —49.81(3) —36.98(3) —38.78(3) —38.78(3) —51.12(3)
5Drsrs —106.793(13) —98.831(13) —111.178(12) —111.159(12) —102.294(14)
1Dcgh1 —1456.57(3) —1242.96(4) —1376.03(3) —1375.39(3) —1429.94(3)
°DcgHe —388.71(3) —356.75(4) —400.15(4) —400.02(4) —373.54(3)
“DcgHa —32.63(4) —27.92(4) —30.80(4) —30.81(4) —32.12(4)
3Dcgrs —27.66(4) —21.06(4) —22.32(4) —22.24(4) —27.99(4)
2Dcsro —267.73(2) —244.16(2) —273.70(2) —273.60(2) —257.50(2)
3Dcsr3 —83.15(2) —76.59(2) —86.08(2) —86.08(2) —79.73(2)
°Dcrmy —98.29(3) —72.82(3) —76.28(4) —76.45(5) —100.68(3)
3Dc7me —82.36(3) —74.36(4) —83.12(3) —82.92(4) —79.57(3)
Dc7rs —1754.04(2) —1622.74(2) —1826.82(2) —1820.85(3) —1678.98(2)
“Dcrrs —67.17(3) —62.10(6) —69.57(6) —70.05(4) —64.33(3)

@Values in hertz. See Table 2 for the composition of the samples.

TABLE 11: Example of Experimental, De*?, and Fitted, D¢@¢, Dipolar Couplings with Different Contributions in Sample | at
320 K2

coupling Dea D" oDsh D¢ YaJaniso Deale Do diff
Diarz ~1171.89 17.87 —0.26 ~151 c —1155.79 —1155.79 0.00
5Dt —63.40 0.35 -0.01 0.07 c -62.99 —62.94 0.05
Diare —469.12 7.48 -0.10 0.30 1.40 —460.04 —460.03 0.01
“Diyars ~157.73 0.89 -0.04 0.10 —0.24 ~157.02 —156.99 0.03
“Dyias —50.25 0.57 -0.01 -0.08 c —49.77 —49.81 —0.04
5Draro —103.46 —0.06 -0.03 0.06 -3.30 —106.79 —106.79 0.00
Degr —1581.83 126.50 -0.63 0.65 ~1.27 —1456.58 —1456.57 0.01
2Deerz —308.27 9.20 —0.09 -0.02 0.47 —388.72 -388.71 0.01
“Degra —33.08 0.17 0.00 0.04 0.36 -32.52 —32.63 -0.11
3Deers —27.73 0.26 0.00  —0.03 -0.13 —27.63 —27.66 —0.03
?Dcers —267.71 2.66 —0.06 0.29 —2.90 —267.72 —267.73 -0.01
*Dcers —84.90 0.30 -0.02 0.03 1.44 -83.15 -83.15 0.00
Do —101.70 3.06 -0.02 -0.28 0.65 -98.29 -98.29 0.00
Derme —82.95 0.82 -0.02 0.02 ~0.26 -82.38 —82.36 0.02
Derre -1821.11 46.74 -0.77 -2.30 23.40 —1754.04 —1754.04 0.00
Dereg —64.88 0.09 —0.01 0.07 —2.41 —67.15 —67.17 -0.02
AAGHE 0.82 new 0.0295 S 0.15683

AAH 10.38 ner 0.0252 Se—Sy 0.22251

AAcsce 12.28 AAcrcd 13.15

aValues in hertzD" is due to harmonic vibration$Da" = Da(320K) — D2(300K) comes from the changes in anharmonic vibrations (see eq
5) compared with the reference temperature, 300%is due to solvent-induced deformation of molecular geometry Yadgisois the indirect part
of the experimental coupling. The anisotropy and asymmetry parameters of the interaction tensor for each bond are also shown (if Rot zero).
numbering of the atoms, see Figure°Assumed to be zerd.Anisotropies in units of 1¢2 J.

The present nematic solvent mixtures are so-called “good” instantaneous angle between the bond direction and the director.
mixtures, with compositions chosen particularly to minimize In the case of hydrocarbons, the tensors are often cylindrically
the anisotropic couplings of the methane probe molecule, symmetric with respect to the direction of the corresponding
implying minimal Dy, ¢ contribution due to anisotropic forcés. bond. However, the fit to the experimental data is poor unless
In the present case, the fluorine substitution makes the inves-then parameters of th&cy andAce tensors are also included.
tigated molecule more prone to specific interactions than, e.g., There are two distinct types of CC bonds in the molecule and
hydrocarbons in general. Thus, the molecular geometry may the corresponding\Aczcsand AAcscowere assumed to have a
depend on the LC solvent used, and it is not safe to constrainvanishing asymmetry parameter,= 0, as the carbon atoms
it to be the same in different samples. For a given sample the are not directly perturbed by the surrounding molecules due to
solvent effects are likely to be rather similar at different the geometry of the §4F,. The results of the optimization for
temperatures and the obtained data as functions of temperatursample | at 320 K are given as an example in Table 11.
are explainable with the same geometry, corrected for temper- The corrections due to deformation are small as expected.
ature dependent anharmonic vibrations. This means that a sefThe difference between experimental and calculated couplings
of measured direct couplings using different LC solvents may is generally small as compared to the indirect contributions. For
demand a larger number of free parameters in the iteration °Dgr, 2Dcr, *Dcr, “Dcr, and surprisingly also fotDcp, Ji 2"s°
procedure than in the case where one LC solvent is used atgives the most important contribution, whereas harmonic
different temperatures. vibrational motion gives a slightly larger correctionocr. If

The CH, CF, and CC interaction tensofs,are second-rank  we use average experimental results (Dey the previous ab
traceless tensors for each type of chemical bond of the solute;initio results in benzene) for these indirect couplings, we obtain
the A determine the torques acting on the corresponding the ratiost/Jx @Y(Dy. %4+ Dy " + Dy %) of +3.2,+1.1,—1.7,
bonds!' 13 The anisotropiesAA = Ay, — YA + Ayy), and +3.6,—1.1, and—1.2%, in the respective order of the couplings.
asymmetry parameterg, = (Ax — Ay)/A; depend on the The corresponding numbers ar8.2,+1.0,—3.6,+3.5,—1.1,
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and —1.1% if the ab initio results (RAS/HIIs3/extrapolated TABLE 12: Experimental Indirect CF and FF Coupling
theoretical geometry) for thé tensors are used. The largest Tensors ofp-Difluorobenzene

Y,Jc @Msocontributions are thus found in the same couplings as property  %Jcr 2Jcr 3Jcr “Jcr 5JrF
pointed out in earlier work? From the theoretical data, the 30 24261 24.29 8.18 267 17.445
contributions to®Dyr and “Dye are —0.3 and+0.2%, respec- ab initicc —184.7 42.5 3.5 7.4 21.6
tively. ab initi! —177.9 425 4.8 6.8 21.9

In the present case we have many observable couplings. This?AJ® 400+£90 —39+2  17.6+0.2 -20.0+£0.9 —36.5£ 0.5

tends to partially compensate the errors in the resulting :g:ﬂ:ggz ggg'g :gg'g ggg jgg :gg'é

molecular geometry, if the indirect contributions are ignored. 3, — 3¢ 13+3 -205+1.1 13.7£0.1 -35+2 —38.4+05

The effects of compensation when neglecting the CF and FF abinitic 115 —194 29.1 —34.0 —-38.1
indirect contributions are clearly seen in the root mean squareabinii/ 6.0  —18.4 28.3 —33.2 —38.2
error of the fit, which is only 9.8 times larger than with them.  avalues in hertz® See footnoted in Table 3.¢From the present

Despite this, the biggest relative error due to the approximation RAS/HIIs3 calculations at the extrapolated theoretical geoméfgom

is in the 1C12—-C7—C8 bond angle;+1.5%, which is nearly the present RAS/HIIs3 calculations at the experimental electron
2°. The largest deviation on the distances igdfrs —1.4%. diffraction geometry® Average of the present five LC NMR results.
In large molecules, the direct couplings to fluorine are used in The error limits are standard deviations. The anisotropic contributions

det inati f | | trv b th . to the HF couplings and the ratids)/(J« — Jyy) for the CF and FF
eterminations oI molecular geometry because they are in manycouplings, are taken from the ab initio calculations (RAS/HIIs3/

cases the only observable couplings. The partial error compen-extrapolated theoretical geometry) in the analysis of the experimental
sation in geometry is then excluded, and the indirect contribu- data. The indirect contributions on CH couplings are calculated on the
tions may be even more important than in the present case. Itbasis of ab initio results for benzefe.
is essential to note that the relative indirect contribution is
orientation dependent because the main components (in the The GH4F; solute is oriented quite strongly in the present
principal axis system) of the indirect and direct coupling tensors Solvents. The typical order paramete®; = 0.16 andSx —
are often in different directions. The above numbers represent,Sy = 0.22 (Table 11), are large enough to allow ignoring the
thus, an example with one molecular orientation. small solvent effects in the isotropiacoupling constants, which
The optimized geometries pfdifluorobenzene in the samples ~ were fixed to the same values for each sample in the analysis.
are given in Table 1. The ab initio, LC, and ED geometries are The contributions due to the orientation dependent anisotropic
not fully comparable, because the firstristhe second,, and properties of the indirect fluorine couplings are larger than in
the lastrg geometry.rq is transformable ta, by applying the case of CC couplings in hydrocarbdfer HF, CF, and FF
corrections due to harmonic vibrations, again, is transform-  couplings in fluoromethané8which makes the present analysis
able tor by taking anharmonic corrections into accoéfithe less sensitive to noise in the data.
effect of harmonic corrections on bond lengths obtained from  We were not able to extract th@Jx. and Jkixx — JkLyy
NMR may be several percent, whereas the typical anharmonicelements from the experimenta) *"*°alone, but the analysis
correction is under 0.01 A. It means thatandr. are often had to be performed by fixing the ratdJx./(JcLxx — JxLyy)
close to each other, whitg may differ markedly. For this reason ~ for the CF and FF couplings to the ab initio result (RAS/HIIs3/
we have transformed the ED geometry §aat 300 K, which is extrapolated theoretical geometry), leaving only one adjustable
directly comparable with the present LC results. In the present parameter for each tensor. These “semiexperimental” indirect
case we do not tabulate the experimemgajeometry because ~ CF and FF coupling tensors are given in Table 12. The error
the anharmonic force field used is partially incomplete. Only limits are obtained from the standard deviation of the five
the estimated diagonal terms are available which, however, different measurements.
enable a reliable estimate for the anharmonic contributions on  The ab initio and experimental results are found to be in
direct couplings in a narrow temperature range (leading to an satisfactory agreement; the signs are consistently the same, and
accurater, geometry). We have calculated the geometries at the experimental magnitudes are well-reproduced by the cal-
the measurement temperatures (298, 310, and 320 K) fyom  culation. Generally, the present level of agreement of theory

at 300 K with the equation and experiment must, in the light of corresponding comparison
to the isotropic coupling constants, be considered slightly
ro(T) = r(300K) + [or(T) — or(300K)] (6) artificial. Nevertheless, these results form a firm qualitative basis

for evaluating the importance of the effects duelip"is° of
where or(T) = ro(T) — re is calculated on the basis of the the fluorine coupling tensors on the corresponding experimental
anharmonic force field and,(300K) is free in iteration (in the anisotropic couplings.

present case the approximade(300K) values are 0.0040, As already stated, the relative contribution of the measured
0.0010, 0.0033, and 0.0033 A and ¢>Hnd 0.08 for rcy, rer, or calculatedli @"s° parameters enterinDy & for couplings
rc7cs andregeg and 0C12—-C7—C8 and[DH1-C8-C9, re- to fluorine are too large to be neglected in accurate experimental

spectively). In LC NMR, the relative internuclear distances are work. For molecules possessing tBe, (such as the present
obtained with respect to a chosen bond length in the analysisC¢H4F;) or lower point group symmetry, the traceless and
of the data, which does not affect the bond angles. The resultssymmetricSP tensor has two or more (up to five) independent
for the present experiments are in good mutual agreement. Ifelements, i.e., order parameters. Close to a certain combination

we ignore the possible solvent effects, we obtagy = of the parameters (e.g., in the present ca&Bx SP =
1.0818(11) Arcr = 1.3476 A (fixed),rcrcs = 1.3906(15) A, —15(DkLxx — DkLyy)(SeP — SyP), see eq 4), a situation may
rcsco= 1.3966(14) AJC12-C7—C8= 122.00(9) and1H1— arise where the direct coupling contribution nearly vanishes but

C8—C9 = 121.35(3} (standard deviations in parentheses in the indirect coupling contribution does not. Consequently, the
units of last digits). Compared with the electron diffraction latter may even dominate the experimental anisotropic coupling.
results, the largest differences arerigy and JH1—-C8—C9 For example, consider a situation for the present molecule in
which “should not be considered as well-determined” by the which S, is fixed to 0.3 and the ratiGJy2"s9(2 3Dye9) is
ED study?® maximized by iteratindSx — Sy. Around S — Sy = 0.022,
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the direct coupling approaches zero and the indirect part canceled direct part. In principle this is possible for all dipolar

dominates the experimental coupling. Due to the fact that the couplings, but because the anisotropic properties adthend

anisotropic properties of thdyr tensor are small, the measured Jcn tensors are small, even total cancellation of the direct part

coupling is quite weak, only 1.65 Hz, calculated on the basis leads to very weak experimental coupling. In the case of

of the current ab initio results. However, for a slightly different couplings to fluorine, the indirect part can contribute signifi-

choice of the parameterS,, = 0.3 andSy — S,y = 0.018, the cantly, around 3% in the present study, and the contribution

relative value of 20% for the ratid2"s9(2 3Dy is obtained can occasionally be much larger depending on the orientation

with the experimental coupling about 10 Hz. Although these tensor of the molecule.

order parameter values are not typical for the present disk-shaped
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