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Abstract: Experimentally and theoreticallyal initio) determined CC spinspin coupling tensors ariti and

13C nuclear shielding tensors are reported for ethddells), ethene C;H4), and ethyne C,H,). The
experimental anisotropies of the CC coupling tensa,c, for all these molecules, and also the combination
Jecxx — Jecyy for ethene, were derived from sets of anisotropic couplim§¥ analyzed from théH and3C

NMR spectra of molecules partially oriented in liguidrystalline environments. Both harmonic vibrations

and structural deformations arising from the correlation of vibrational and reorientational motions were taken
into account in thé couplings. Theab initio calculations of all thel tensors were performed using MCSCF
linear response theory. The best calculated and experimAgdtr) values (along withlccxx — Jccyy for
ethene) are found to be in good mutual agreement. Together with earlier work @i ¢ttensors in benzene,

this study shows that the indirect contributiovtJcc®s? to experimental couplings between differently
hybridized carbons is small and can generally be omitted. This means that the use of expeDemertaplings

in the determination of molecular order tensors and/or conformation does not introduce serious errors. The
experimental determination of tAel and3C shielding tensors was based on the liquid crystal director rotation

by 9¢° in mixtures of thermotropic nematogens with opposite anisotropy of diamagnetic susceptiflity.

initio SCF and MCSCF calculations utilizing gauge-including atomic orbitals produce results in good agreement
with experiments.

Introduction the effects of molecular vibratiohsand medium-induced
L o o deformation®on the experimental anisotropic couplings®,
The nuclear shielding tensas, and the indirect spinspin as well as the solvent effects on nuclear shielding and-spin

coupling tensor,], are responses of the molecular electronic spin coupling, are properly taken into account.
system to the magnetic fields of NMR spectrometer (an external  pata on nuclear shielding tensor obtained using solid-state
source) and magnetic nuclei, respectively. When measured intechniques with powder sampfesorrespond to the principal
isotropic solutions, molecular tumbling averages the tensors to 5xjs system (PAS) of the tensors, while the LC NMR observ-
scalar numbers = ¢'° andJ = J*°, the shielding and spin ables refer to the PAS of the molecular orientation tensor.
spin coupling constants, respectively. Thus, information on the Transformation between these different presentations requires
individual tensor element$,s (T = o or J) is not available knowledge of the directions of the PAS axes of the shielding
through NMR experiments performed in isotropic environments. tensor, which is unavailable with powder NMR methods. Single
On the contrary, when molecules are introduced in an anisotropiccrystal or dipolar techniques are needed to overcome this. Once
environment, the determination of the anisotropy of the tensor, the directions are known, the tensor is transformable to the
AT = Ty — Yo(Tex + Tyy), the differencely — Tyy, and certain molecule-fixed frame, and the comparison of the two sets of
combinations of off-diagonal elements become feasible, depend-data becomes possible. The inverse transformation is not
ing on the symmetry of the solute. generally possible due to the lack of LC NMR information on
NMR spectroscopy of molecules partially oriented in liguid ~ the nondiagonal elements of the tensor in the molecule-fixed
crystalline (LC) solutions (LC NMR) appears to be the most frame.
applicable experimental means to derive information onlthe Independent, reliable determination of the 1! and 220
ande tensorsh?2 Unlike solid-state NMR where small effects  tensors byab initio electronic structure calculations has become
are maSkeq by broad lines, the LC NMR r.nEIhOd allqws even (4) Stkora, S.; Vogt, J.; Bsiger, H.; Diehl, P.J. Magn. Reson1979
the determination of small anisotropies reliably, provided that 3553 60
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feasible in recent years. Although often computationally interactions between ethyne and LC molecules (Merck Phase
demanding, these methods allow, at best, a quantitative com-4). The situation was modeled using a two-site theory which
parison with experimental data for the coupling and shielding allows ethyne to occupy two different environments in which
constants and also the tensorial properties. The latter are,it possesses slightly deviating structures and orientatidrster,

however, seldom reported. Use of distributed gauge offgitie!
and treatment of electron correlatién?® have become the

van der Est et a8 suggested that specific interactions and the
two-site model are not needed provided that the vibration

standard in the modern theoretical approaches to the shieldingrotation interaction is taken into account. Some small discrep-

tensor. First principles calculation of tiletensor facilitates

breaking it into contributions arising from the different physical

mechanisms: the dia- and paramagnetic -spirbit (DSO and

ancies in theD couplings were interpreted as arising from the
anisotropy of the CC spinspin coupling. The resultingJcc
values are, however, scattered over a wide range and, further-

PSO), spin-dipole (SD), Fermi contact (FC), and the SD/FC more, disagree with both the experimental and theoretical results
cross-term contributions.While the FC term often dominates  of the present study. Retreatment of the data of ref 28 performed

Jso_ it contributes nothing to the anisotropic partslptontrary
to the fully anisotropic SD/FC term.

We have previously investigated thic (n =1, 2, 3) tensors
in benzene by the LC NMR method arab initio multi-

presently brings the CC coupling anisotropies to the same level
as obtained from our new experiments, however. The current
experiments on ethyne in the Phase 4 LC show that the
rotation—vibration interaction alone is not sufficient to explain

configuration self-consistent field (MCSCF) linear response the odd behavior of ethyne but clearly also specific interactions
calculationg? The conclusion of the study was that the tensorial contribute. Therefore, we omit the data obtained in this
properties of these couplings give negligibly small contributions particular LC.
in view of the use oDcc®™*Pin determinations of the orientation Ethane, ethene, and ethyne were previously used as test
tensord® or geometries of molecul&scontaining phenyl groups  molecules to investigate the dependence of the indirect HH, CH,
in LC solutions. A corresponding comprehensive study is and CC couplings on hybridizatidf. TheH and*3C shielding
lacking for the series of simple hydrocarbons: ethangH¢ anisotropies of ethyneAoy and Aac, were derived as early
ethene (@H4), and ethyne (€H,), in which the carbon atoms  as in 1972 by applying LC NMR2:3! The corresponding data
are sp, s, and sp hybridized, respectively. From the theoreti- for ethene is given in ref 32. For the: tensors of ethane,
cal viewpoint these small molecules are more appealing objectsethene and ethyne determined using solid-state NMR, see for
of study than benzene, and a greater degree of agreemeit of example refs 33, 34, and 35, respectively.
initio results with experimental data is expected for them. First principles calculations of th@ constants have been
We are not aware of any LC NMR studies of ethane. On reported for these molecules a number of tithEs36:37 Results
the contrary, both ethene and ethyne have been subjects ofor AJin C;H, and GH4 have been published by Galasso and
interest. The studies of ethene deal with the structure and theFronzoni who used the equation-of-motion (EOM) method and
effect of the vibratior-rotation interaction on the structue?® 6-31G basis sé Semiempirical results are available for all
Also a rough estimate for the CC coupling anisotropy, 90 Hz, the anisotropie$®° It appears worthwhile to reinvestigate
was reported® The main emphasis in ethyne focused on the particularly the fullJcc tensors for these molecules by using
odd solvent and temperature effects on the structure and ordemodernab initio methods and good basis sets. Theorefieial
tensor?”28 The extreme solvent and temperature sensitivity of and 13C shielding tensors have recently been repotiett
the structure was in ref 27 explained on the basis of specific Accurates constants by the CCSD method were calculated by
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contributions due to harmonic vibrations and structural deforma- Taniso (2/3)P2(0059)zaﬂ5aﬁDTaﬁ (5)
tions were taken into account. The nuclear shielding tensors

for ethane and ethyne were determined using ENEMIX méthod
which is assumed to eliminate at least partially the effects due
to solvent molecules on the nuclear shielding tensor. dihe
initio calculations were performed using the MCSCF linear
response theot for the J tensors and the gauge-including
atomic orbital (GIAQ¥52146.47 SCF and MCSCF theori&sfor

the o tensors. The preserdfcc results, combined with our Experimental Section
earlier work on the aromatic systefhcomplete the investigation

of the CC coupling tensors in small model systems containing MR Spectroscopy. The compounds studied, i.e., ethane, ethene,
differently hyb?idiged carbons y 9 and ethyne (all doubly*C labeled and delivered by ISOTEC Inc.),

together with'3CH, serving as an internal chemical shift reference,

whereS,sP = Y503 c0s0yn cosOs, — 10are the elements of
the Saupe ordering tensor (in some molecule-fixed frame (
B, 7). P2is the second-order Legendre polynomial, @&nthe
angle between the external magnetic field and the LC director,
n.

were dissolved in several thermotropic LC solvents (all from Merck
LC NMR Observables AG) which were placed in 8-mm o.d. NMR tubes (Wilmad) and
The NMR spin Hamiltonian appropriate for spif-nuclei predegassed in a vacuum line. The gases were introduced into the

in molecules partially oriented in uniaxial LC solvents can be samples with the aid of liquid nitrogen, and the tubes were sealed with

written, in the high field approximation and in frequency units, flame. The compositions of the LC solvents used are given in Table
1.

ag

Ethane (pressure ca. 2.8 atm) was dissolved with methane (1.4 atm)

N w1 — )\ in the LCs -V, ethene (2.2 atm) with methane (1.8 atm) in the LCs
H BOI(Z”)X'V;(% O)I'ZA_'_A o I-VI, and ethyne (2.2 atm) with methane (1.8 atm) in the LES.
zi<].\]”.[|iz|jZ + 1/2(|i+ |J._ + 1 |j+)] + The anisotropy of the diamagnetic susceptibilityym, is negative in

anisa 7 I PO the LCs |, I, and VI, and therefore their director orients perpendicularly
Zi<j(2 Dij + ‘]ij () [Iizljz =y (hiy ij + 1 |j+)] () to the external magnetic field. In the other cageg, is positive,
resulting in parallel orientation of with Bo. In particular, the mixture

where By is the external magnetic field flux density of the ||| has the property that the geometrical distortions of the solute
spectrometer (along theaxis of the laboratory frame), ang, molecules arising from the orienting anisotropic forces from the
Ii, andg; are the gyromagnetic ratio, dimensionless spin operator, mesophase appear to be vanishingly stall.

and nuclear shielding of a nucleuysrespectively. o; is a sum The *H and **C NMR spectra of each sample were recorded on a
of isotropic and anisotropic contributions, = 0l + gjaniso Bruker Avance DSX 300WB spectrometer with a BB 10-mm probe-
We adopt a notation in whiclij is used forJ;'s° and o; for head. DO, placed in the annulus of the concentric 10 and 8 mm tubes,

was used as a locking substance. The spectra were recorded in isotropic
and anisotropic phases at temperatures of 360 and 305 K, respectively.
The typical run parameters were the following: 64 scans and 1.4 s
acquisition time forH and 1024 scans and 1.4 s for tR€ spectrum

01’ Jjaniso and o;2"s° are used explicitly when the anisotropic
parts of the tensors are meant. The sign convention for the
primary spectral observable, the chemical shift, is chosen as

= oref — 0i. The direct dipolar couplingp; is in the common %/6 flip angle— FID” method. Thel constants were
3 5 determined from spectra taken in the isotropic phase of each sample
Dy = —udhyy;8;/r;"(8x") 2 using the PERCH prografi. They were kept fixed to these values

during the PERCH analyses of the spectra taken in the anisotropic
where rovibrational averaging is indicated by the angular phases. The analyses resulted in very accurate values forath@D
brackets[$;}= 1,03 CO§9ij,Bo — 10 S; is the order parameter  couplings when applying the so-called “peak-top-fit” mode, absolute
of the internuclear vector; with respect toB, (the angle  errors being a few hundreds of a hertz at maximum.
betweenBo andrj is 6; Bo), and o and i have their usual The anisotropies of the CC spiispin coupling tensorshJec =
meanings. The experimentally available couplings in a molecule Joczz ~ /2(Jocx + Jecy), for all the molecules, and the combination

dissolved into a LCD;®®, can be expressed as a sum of several “ccx ~ Jecy for ethene, were derived from the experimenty|
contributions couplings corrected for both harmonic vibrations and deformations

applying the MASTER program (as will be discussed below, the latter
exp_ 1, - aniso__ correction was not needed in the analysis of the ethyné*iatim the
[/ Dij + /2‘]ij - MASTER analysis at least one bond length (usuedlyy must be fixed
Di_eq+ Di_ah+ Di'h 4 Di'd 4 1/23i_aniso (3) in order to scale the molecular size. The harmonic force fields of
| | | I | ethane, ethene and ethyne were adopted from refs 52, 53, and 54,
respectively. For ethane it was essential to take into account the internal

ah ari - rotation of the methyl group around the CC bond. We have placed
structure of the moleculd);™" arises from the anharmonicity thez axis along the CC bond in all the molecules. The molecular plane

of the vibrational potentia? D;" is the contribution from the ¢ oihene is thec plane.

harmonic vibrationd,andD;¢, the deformational contribution, Ab Initio Calculations. The spin-spin coupling and shielding
is due to the correlation between vibrational and reorientational tensors were calculated using the DALTON softw&reThe theory
motions® The last contribution is responsible for the apparent — —— - - — :
solvent dependence of molecular geometry. In general, theT..(@z)p'gggmléi'nﬁg'. F&éggégggbrﬂ"févgeé)elrz’qui_si%r_‘de"n’ I Hassinen,
isotropic and anisotropic parts of second rank NMR observables '(50) Wasser. R.; Kellerhals, M.; Diehl, Rlagn. Reson. Cheni989

D

where D;®1 is the coupling corresponding to the equilibrium

(either fromJ or @) can be presented as 27, 335-9.
(51) Wasser, R.; Diehl, Rl. Magn. Reson1989 81, 121-8.
iso __ - (52) Duncan, J. L.; Kelly, R. AJ. Mol. Spectrosc1983 98, 87—110.
T = (T + T,y + T,)3=(U3)TrT (4) (53) Martin, J.; Taylor, P. RChem. Phys. Lett1996 248 336-44.
(54) Strey, G.; Mills, 1. M.J. Mol. Spectroscl1976 59, 103-15.
where Tr stands for trace, and (55) Helgaker, T.; Jensen, H. J. Aa.; Jgrgensen, P.; Olsen, J.; Ruud, K;
Agren, H.; Andersen, T.; Bak, K. L.; Bakken, V.; Christiansen, O.; Dahle,
(45) Jokisaari, J.; Hiltunen, YMol. Phys.1983 50, 1013-23. P.; Dalskov, E. K.; Enevoldsen, T.; Fernandez, B.; Heiberg, H.; Hettema,
(46) London, FJ. Phys. Radiuni937 8, 397-409. H.; Jonsson, D.; Kirpekar, S.; Kobayashi, R.; Koch, H.; Mikkelsen, K. V.;
(47) Ditchfield, R.J. Chem. Physl972 56, 5688-91. Norman, P.; Packer, M. J.; Saue, T.; Taylor, P. R.; VahtrasDé&lton

(48) Lounila, J.; Wasser, R.; Diehl, Rol. Phys.1987 62, 19—31. release 1.0an electronic structure prograym997.
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Table 1. Compositions of the Liquid Crystals Used

no. code name composition

| ZLI 1167 a mixture of thre@(n-alkyl)trans,transbicyclohexylp'-carbonitriles;
alkyl = propyl (36%), pentyl (34%), and heptyl (30%)

Il ZLI1 1167 (80)/phase 4 (20) mixture consisting of 80 wt % ZL| 1167 and 20 wt % phase 4

[ ZLI 1167 (58)/phase 4 (42) mixture consisting of 58 wt % ZL| 1167 and 42 wt % phase 4

\Y ZLI1 1167 (30)/phase 4 (70) mixture consisting of 30 wt % ZLI 1167 and 70 wt % phase 4

\% ZL11982 mixture of alkyphenylcyclohexanes, alkylcyclohexanebiphenyls,
and bicyclohexanebiphenyls

\ ZLI1 2806 mixture of alkylbicyclohexanes and alkyltricyclohexanes

a All from Merck AG. P Phase 4: Eutectic mixture gémethoxyp'-(n-butyl)azoxydibenzenes.

Table 2. Atomic Orbital Basis Sets Used in thfe Initio order many-body perturbation theory (MP2). The MP2 occupation
Calculation3 gives a rough estimate of the importance of the various MOs for electron
Gaussian functions correlation effects. The active spaces are specified in Table 3.

. . For all the molecules we have kept the core MOs arising from the
basis GTO CGTO contraction pattérn carbon & AOs inactive. The percentage of holes (as obtained from
HIl H (6s2p) [4s2p] {33x 1/2x 1*} the MP2 natural orbital occupation analysis) recovered with these

C (11s7p2d) [7s6p2d] {56 x 1/25x 1/2 x 1*} choices of active spaces is approximately 98.5 for each molecule. Two
HIV H (6s3pld) [5s3p1d] {24 x 1/3 x 1*/1*} single-reference restricted active space (RAS) wave functions are used

C  (11s7p3dilf) [8s7p3dlf] {47 x 1/7 x 1/3 x 1*/1*} for ethane. Single and double excitations are allowed from all the

a |dentifiers, numbers of primitive and contracted functions, and the OCCUp'?d valence M.OS to the virtual (unoccupied in the single-
corresponding contraction patterns are shown. Spherical Gaussians ar§eterminantal SCF picture) MOs. For a saturated hydrocarbon such
used throughout Polarization functions are denoted by superscript *. as ethane we do not expect any significant advantage from using a

multireference wave function. The amount of MP2 particles recovered

by the active spaces of RAS and RAS-II are 87.7 and 96.3%,
respectively.

For ethene we used four RAS functions. The single-reference
RAS—I and the multireference RASI utilize an active space that
recovers 91.3% of the MP2 particles. In RAB, the lowest

and implementation of the MCSCF linear response calcul&fafs
the J tensors was originally described by Vahtras et&it;has been
applied successfully for a number of times after #8at:5¢ The GIAO
SCF and MCSCF response calculation ofdttensors was implemented i Lk 4
to DALTON by Ruud et al” and applied in refs 41, 58, 59, and 60. unoccupied MO consisting of the ca_rbon out-of-plgpeADs is placed
We refer to the original papers for details. to the RAS2 subspace together with the occupied valence MOs (all
The calculation of molecular magnetic properties demands the use @Pplicable Slater determinants are constructed within RAS2). The MP2
of relatively large atomic orbital (AO) basis sets. The sets developed occupation of this MO is rather high, and there is a clear gap in the
by Kutzelnigg and co-worketson the basis of the work by Huzind§a ~ Occupation numbers to the next MOs higher in energy. One may
have been found to provide converged or nearly converged shiemmgse}ntlmpate d!ﬂerences between thg single- and multireference cglcula-
and spin-spin couplings. We used two sets in our present calculations, tions for this molecule. The active space common to the single-

HIll and HIV detailed in Table 2.

The HIV set was used for the calculations of ethene and ethyne,

reference RASIII and the corresponding multireference RAR/
functions contains 95.1% of MP2 particles. In all cases single and

apart from one correlated calculation for the former where the smaller double excitations to RAS3 are considered.

HIll set was employed to check the basis set convergence. The

Finally, for ethyne we have used two RAS functions covering 96.5%

calculations of ethane were restricted to the use of the Hill set due to Of the MP2 particles. RASI is a single-reference function, while in

disk space limitations.
The choice of the MCSCF molecular orbital (MO) active spaces

RAS—II the two virtual MOs from the off-axis carbonp2AOs are
treated on an equal footing with the occupied valence MOs.

used was based on natural orbital occupation numbers (eigenvalues of The molecular geometries used in #teinitio calculations are given
the spin-reduced single particle density matrix) calculated using second-in Table 4. Ther(300 K) geometry of ethyne corresponds to a
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hypothetical nonvibrating molecule with its nuclei in the positions that
are thermal averages at 300 K. Theyeometry equals,(0 K). The
use ofr (or the closely related;) geometry is motivated by the fact
that harmonic vibrational corrections to the experimental direct
couplings produce orientation tensors which correspond to this geometry
at the temperature in questiéh.

The CPU time need of the spirspin coupling calculations made
us use the DSO and SD contributions (and also the PSO terms for
ethane) from the simplest of the present calculations and transport these
as such to results from the larger wave functions, which were used to
calculate the demanding FC and SD/FC terms. This approach is
justified by the smallness of the transported terms and/or their relative
invariance with respect to improvements in the electron correlation
treatment. The SD contributions to tldec tensors were calculated
consistently for each wave function, apart from the RA% calculation
for ethene. In this case the RAS result was used. The PSO terms
were found significant for a few of the coupling tensors, consequently
they were calculated consistently for each wave function and each
coupling in the cases of ethene and ethyne.

Results and Discussion

Experimental Spin—Spin Coupling Tensors. NMR spectra
of partially oriented molecules yield spitspin couplings as well
as D couplings. However, as the number of adjustable
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Table 3. Active Molecular Orbital Spaces in th&b Initio Calculationd

molecule wf active spaée single/multiref Nsp

CoHs SCF (72+1—1-) 1
RAS—I (20/-/52/14,6) S 14265
RAS—II (20/—/52/25,15) S 56371

CoHy SCF (3210 11064/—1-) 1
RAS—I (1100 0000-/2110 1100/5522 4311) S 3725
RAS—II (1100 0000-/2111 1100/5521 4311) M 41513
RAS-III (1100 0000//2110 1100/7644 5421) S 7327
RAS—-IV (1100 0000-/2111 1100/7643 5421) M 87853

CoH; SCF (3210 1006/ —/-) 1
RAS—I (1100 0000#-/2110 1000/6633 3311) S 3255
RAS—II (1100 0000/-/2111 1100/6632 3211) M 144017

2 The identifier of the wave function and the number of the contained Slater determingstare shown® Using the nomenclature (inactive/
RAS1/RAS2/RAS3¥2 where the maximum number of holes (particles) in RAS1 (RAS3) is presently limited to two. The occupation of orbitals
in RAS2 is unrestricted. £1s is calculated in the Abelia@s point group, and the numbers in each category denote the orbitals belongihgrd A
A" symmetry species. £, and GH; are calculated in th®;, point group; the numbers denote orbitals belonging §oB\,, Bay, Bag, Bau, Bag,

B,y and A, symmetry speciesSingle-reference (multireference) calculation indicated with S (M).

Table 4. Molecular Geometries Used in thb Initio For ethane and ethyne, eq 5 transforms into the simple form
Calculation3
molecule geometry ree ren HCC angle TS0 = (2/3)P2(COSQ)ATSHD (6)
CoHe? ry 1.5351 1.0940 111.17 .
CH.E r, 1.3376 1.0883 121.42 because of the high symmetry of the molecul&?” = S,/
CHH r«(300 K) 1.20692 1.0598 180.00 P,(cos#®) is the order parameter of the CC bond (the principal
aBond lengths in A and angles in degcc was also fixed to the symmetry axis) with respect t. Due to theDzy point group
indicated value in the analysis of the experimental daEperimental Symmetry of ethene, two order paramete3s,and S — Sy,
geometry from ref 64¢ Theoretical geometry from ref 53 Reference must be introduced:
65.
iso__ D 1 D D
T0= (213)Py(cosOATS,,” + 1o(Ty = T)(Se = Syl
parameters (chemical shift3,andD couplings) increases, the (7
accuracy achievable in the analysis may decrease significantly. . '
Therefore, it is often better to determine theouplings in the The resultingAJ values for ethane and ethene, along with

isotropic phase of the LC solvents using sample temperatures« — Jyy for the latter, are given in Table 7. _

just above the isotropienematic phase transition. Other The results of the currerdb initio calculations (discussed
possibilities are to increase the concentration of the solute orP€low) indicate that/>\Jc*"* and */2Jc™"*° in ethyne are
to add a further component to the solution in order to destroy rlatively large (about a hundred times larger than the experi-

the mesophase. The first approach was applied here mental error inD) and, consequently, contribute to the corre-
sponding experimental direct couplings. Furthermore, as we

The observed) couplings of ethane, ethene, and ethyne gre interested in the anisotropic properties of the CC coupling
measured in the isotropic phase of the solvents are given intgngors, als®cc has to be excluded from the group of couplings
Table 5. Each homonucleacoupling (except the intramethyl  ysed in the analyses. Not only the anisotropic contributions
2Jun for ethane) is, in principle, measurable both in isotropic put also the interdependence of the dipolar couplings, as proved
and anisotropic phases. In practice, however, the lower resolu-by experiments and theoretical treatm@nprevent the simul-
tion in the spectra recorded in the anisotropic phases preventsaneous estimation of the structural parameters and deforma-
the determination of accurate values in many cases. Thosetional effects on th® couplings because the problem becomes
couplings that could be determined in the two phases were foundunderdetermined. Therefore, alternative procedures have to be
to be in good mutual agreement. The table shows thatithe considered and applied to linear systems.
couplings are only slightly solvent dependent. However, even It has been shown that not only thg structure but also
a small deviation from the true value may introduce a very large deformational contributions are additive in linear molectdfes.
error in the anisotropic properties of tdetensor as they are ~ Consequently, it is possible to write relations between the

determined from a small difference between the experimental experimental dipolar couplings corrected only for harmonic
and calculated couplings. vibrations. Using eq 2 and the relatiogy = ryn — r'cn, Where

r'cy is the G=C—H distance, one can derive the following
formula for thelDcy coupling (assuming thakJyy is vanish-
ingly small)

For the determination of the anisotropic properties oflfe
tensors, all the dipolar coupling®;;®*F, were determined from
the TH NMR spectra of ethane, ethene, and ethyne in several
LC solvents. The couplings are collected in Table 6. The 1 Ip . &P _ (1/3)AL] —
rotation around the CC bond in ethane leads to averaging of Penl Der (LA oS

the intermethyl HH couplings so that only one couplifiy {(VH/Vc)lIS(pHHlDHHEXp) v [ZpCH(ZDCHexp -
(respectively?Jyy), is detectable. Thus, the observable dipolar (1/3)A%,, 527)]*1/3} 3 (8)
couplings aréDcp, Dcc, 2Dhn, 2Dch, and3Dyy. For ethene

and ethyne, the complete sets of si¥D¢n, ?Dch, Dcc, where the'p; values are harmonic correction factors. Once this
3Dpr(cis), 3Dyn(trans) and?Dyy(gen)) and four ¢Dcp, 2De, relation is satisfied, the CC coupling anisotropy can be evaluated

1Dcc and3Dyy) couplings, respectively, are observable. from
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Table 5. Experimental and Theoretical Spispin Couplings (Hz) of Ethane, Ethene, and Ethyne in the Isotropic Phase of the Liquid Crystal
Solvents Usetl
molecule solvent en Jec 2Jun 2Jen 3JunP
C;Hs I 125.190(3) 34.558(6) —4.655(3) 8.002(2)
I 125.200(2) 34.544(4) —4.658(2) 8.0048(12)
i 125.206(2) 34.521(3) —4.657(2) 8.0030(10)
v 125.206(3) 34.511(5) —4.661(2) 7.992(2)
\Y 125.238(7) 34.498(15) —4.660(7) 7.994(6)
ab initio? 119.8 38.8 -14.1 -5.3 7.2
CoH, I 156.302(11) 67.54(2) 2.23(3) —2.408(11) 11.62(2)
19.02(2)
I 156.311(7) 67.473(11) 2.37(2) —2.428(7) 11.640(11)
19.034(9)
I 156.302(7) 67.457(11) 2.394(12) —2.403(8) 11.657(11)
19.015(9)
v 156.307(12) 67.45(2) 2.39(2) —2.378(9) 11.66(2)
18.992(15)
Y, 156.312(6) 67.483(8) 2.382(13) —2.427(6) 11.651(8)
19.024(7)
\ 156.309(10) 67.620(12) 2.32(3) —2.415(9) 11.653(12)
18.997(11)
ab initio® 147.7 70.2 0.9 -3.3 104
17.0
CoH; I 248.29(3) 169.819(14) 49.26(3) 9.469(13)
I 248.23(4) 169.78(4) 49.24(4) 9.51(4)
i 248.18(3) 169.73(2) 49.23(3) 9.43(2)
v 248.12(3) 169.63(2) 49.20(3) 9.413(9)
ab initio? 232.1 181.2 50.1 10.8

2The data are based on tR& NMR spectra taken af = 360 K. For the composition of the liquid crystals, see the Experimental Section.
b Two values for ethene: the upper value is for tieand the lower for thérans coupling.© The average (1/33w Juw (H' = 1, 2, and 3) where
H and H belong to different methyl groups, is given due to the internal rotation of the moledaieS—I11 calculations.t RAS—IV calculation.

Table 6. ExperimentalD Couplings for Ethane, Ethene, and Ethyne in Various Liquid Crystals
CzHe
LC 2DHH 3DHH 1D(:H 2DCH 1DCC
| —338.548(2) 134.565(2) —206.474(3) 61.690(4) 67.46(2)
Il —310.609(2) 123.601(2) —190.914(5) 56.632(5) 61.95(2)
I 571.579(2) —227.7623(14) 354.417(4) —104.251(4) —113.92(2)
\% 535.632(3) —213.863(2) 336.311(6) —97.750(5) —106.85(2)
\% 635.666(2) —252.905(2) 389.414(4) —115.871(4) —126.771(14)
CoH4
LC Dy 3Dyy(cis) 3Dyy(trans) Den 2Den Dec
I 14.992(4) 359.750(5) 118.433(5) 294.492(5) 115.655(6) 143.849(11)
I —25.533(6) 314.743(7) 100.304(8) 221.505(11) 99.752(9) 125.72(3)
Il 127.71(1) —543.758(11) —166.067(12) —304.46(2) —169.23(2) —216.38(6)
v 239.811(7) —468.169(7) —131.797(8) —140.931(9) —140.911(9) —185.76(4)
\% 21.769(3) —683.698(3) —220.455(4) —511.040(4) —217.703(4) —272.805(13)
VI 71.841(4) 346.370(6) 118.103(5) 331.720(6) 112.929(7) 138.161(12)
CHa
LC Dch Deh Dhm Dec
I 3304.180(14) 362.359(14) 460.78(2) 597.80(3)
Il 2476.89(3) 272.00(3) 345.76(4) 449.20(6)
1} —3486.53(4) —383.26(4) —487.35(4) —633.88(8)
Y —1828.36(6) —202.13(7) —256.71(7) —336.61(11)

aThe values (in Hz) were obtained frold NMR spectra. The figures in parentheses indicate one standard error in units of the last digit quoted.

Adec =3 pchccexp —[2(yy/ 7’c)1/3 [zpCH(zDCHexp -
1/3)A%0c S % = i) (PP " 17}S,, (9)

or from

Adec = 3{PccDec P — Wyl VC)ZIB(pHHDHHeXF)_lls -
2(VH/VC)1/3[lp0H (lDCHeXp - (1/3)A1‘JCH Sl 71/3] 73} 1S,; (10)

As there is not sufficiently independent experimental infor-
mation available, it is not possible to determine the coupling

anisotropiesAllcy, A2Jch, and Adec from eqgs 9 and 10 by
keeping them as adjustable parameters. Therefore, we assumed
for A2)cy a certain fixed value and determined they from

eq 8 (the additivity relation 8 is not sensitive to the otlper
values). Thereafter, thAJcc was calculated from egs 9 and

10. This was repeated for several value\édcy. The mean
of the AJcc values derived from eq 9 on one hand and from

eq 10 on the other hand are in good mutual agreement, but the

scatter in the values (determined for individual LC solvents) is
remarkably larger in the latter case.

The experimentally
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Table 7. Experimental Anisotropic Properties of CC Spiipin
Coupling Tensor in Ethane and Ethéne

solvent AJcc/CZHe AJC(‘/CQH4

| 57 7

1] 61 21

1} 61 13

v 51 10

\% 49 13

VI 3

av 56 11

ab initio 32.1 26.5

aValues in Hz. The experimental and calculatedx —
ethene are-44 and—44.3 Hz, respectively.

Jee vy of

200+

100}

0
-100¢+ / 1

20 30
A%, (Hz)

Ay (H2)

010 40 50

Figure 1. The experimental{®—) interdependence of the mean of
the AJcc values and thé2Jcy values and the calculatedb initio result
(m) for ethyne.

obtained interdependence of the mean (from eq 9) oi\the:
values and the\?Jcy values is displayed in Figure 1 together
with the best theoretical result (seen as ak&¢n, Adcc) point).

A least-squares linear fit to the experimental points leads to
Adcc = 6.107 x A Loy — 112.7 Hz (the experimental points
are located on a line in the range shown in the figure). dthe
initio calculated combination of the anisotropies is quite near
to the experimental line. It should be pointed out here that if
we choose\2)cy = 28.2 Hz4= 10%, equal to thab initio value,
the A Jcc will be in the range 42.376.7 Hz if calculated from
the experimental linear equation. Witk?Jcy = 28.2 Hz, we
get the resuldJcc = 59.5 Hz. This is relatively close to the
ab initio resultAJcc = 47.5 Hz. Consequently, eqs-80 are
satisfied with spir-spin coupling anisotropies which match well

J. Am. Chem. Soc., Vol. 120, No. 16, 2998

tensor we constrained the asymmetry parameles .« — Jecyy)/
Jce.z» 10 be the same in different solventaJcc andJee xx —
Jccyy Were obtained by least-squares fitting the asymmetry
parameter and the mean value of the anisotropy (the latter
parameter was allowed to vary between different solvents) in
the group of equations formed by introducing each experimental
Jcc@se and the corresponding elements of the molecular
orientation tensor to eq 7. This method puts all the noise of
the parameters to the values of the anisotropy. However, this
was not avoidable, and the mean valueAdtc is statistically
reliable, too.

The determination oAJcc in ethane is a rather complicated
task as MASTER in its present form is not able to handle
internal rotation. This deficiency was overcome by setting the
harmonic force constants related to the internal large-amplitude
torsional motion to zero and calculating the rotational effects
as presented in the Appendix. When all the resulting direct
couplings, except for the CC coupling, are fitted to be equal
with the experimenta; values, the anisotropic part d¢c is
given by eq 11. The corresponding anisotropies of ethane in
different LC solvents are given in Table 7.

B. Ab Initio Spin—Spin Coupling Tensors. The calculated
spin—spin coupling constants and the anisotropies of the
corresponding tensors (with respect to the CC bond direction)
for all the present molecules, along with the combinatigr
Jyy for ethene, are given in Tables 8 (ethane), 9 (ethene), and
10 (ethyne).

Ethane. We do not obtain information on the basis set
convergence for ethane, as only the HIll set was used. On the
basis of earlier experience, the use of the HIll set should not
be a major limiting factor. Between our two calculations,
RAS—I and RAS-1I, the changes in the calculated couplings
and anisotropies are generally quite small, of the order&%
or below. This indicates excellent convergence. Exceptions
to this rule aréJyy, 2Jcn, andA2Jcy, where up to 10% changes
are observed. Apart from the parameters for dge tensor,
the magnitude of thel couplings and anisotropies always
decreases in the better calculation (RA§ as compared to
the smaller one. In comparison with the experimental data
(Tables 5 and 7), the RASII calculation performs reasonably
well. The deviations from the experimentally available coupling
constantsJcc, Jcn, 2cn and the averag@lyy) are of the order

with the calculated ones. The reanalysis of the data by van derof 10%, while the experimentalJcc from the present work is

Est et aP® yields results that deviate only slightly from ours.
Finally, it should be emphasized that théJc value depends
critically on the harmonic vibrational correction facttgcp.
Because of this interdependence and the uncertaintpdn,
the experimental anisotropy of the one-bond CH coupling
remains an open question.

AJcc in ethene was obtained by the MASTER analysis
correspondingly to the method previously applied to bernZene
except that the CH bond length and the HCH angle were

consistently slightly larger than our calculated result. It must
be noted that the treatment of the internal rotation of ethane
performed in the analysis of the experimental couplings
introduces uncertainties mainly through its use of geometrical
relaxation parameters, and the present level of agreement can
be considered rather satisfactory.

The contributions of the different physical mechanisms to
the J tensors in ethane are also listed in Table 8. The FC
contribution is found to overwhelmingly dominate all the

adjustable parameters in this case. Also the asymmetry coypling constants, while SD/FC emerges as the most important

parametency of the interaction tensofcy (these guantities
are intrinsic to the deformational analy®iwas fixed to zer@®
Once the various contributions are known, the anisotropic
contribution is obtained from

Jijanisoz 2[Dijexp_ (Dijeq+ Dijh 4 Dijd)] — Z(Dijexp_ Dijcal5
(11)

The indirect contributions to thBcc®*P values, i.e.D;®*P —

contribution in the anisotropies. For couplings other than CC,
the latter fact arises from the cancellation of the PSO and DSO
contributions. The SD contributions are small and can generally
be neglected.

Malkin et al1'2and Dickson and Ziegl&¥ performed density-
functional calculations of thel coupling constants, while
Galass& used the EOM method. The accuracy of all these
first principles calculations is comparable with our RAIB
calculation, apart from the rather clear underestimatiofdgf

Dj°®cin eq 11, for ethene in the seven LC solvents are results by the DFT method. Buckingham and L&¥epredicted the

of separate MASTER calculations. In the determinatioddef

anisotropy oflcc over a C-C single bond to be 34.1 Hz which
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Table 8. Results of the MCSCF Calculations for the SpBpin

Jeexx — Jecyy is in an excellent agreement with the LC NMR
Coupling Tensors in Ethanhe

result. As these two parameters are both immersed in one

RAS—I/ RAS—II/ SD/ experimental observabldec"s® (the two are distinguishable
property total total DSO PSO SD FC FC by using the experimental knowledge of the orientation tensor),
E+79 —0.527564 —0.582771 no conclusions can be drawn to the direction that the calculations
Jec 38.7 38.8 01 02 10 375 would be more successful for one of the parameters. Instead,
Mec 32.0 32.1 33-23 15 29.6 we think that both the parameters are equally well calculated,
Jen 122.0 119.8 05 12-02 1184 and the good agreement of their sign and order of magnitude

Alcy 6.1 6.0 -6.3 48 01 7.4 : . i .

2 —14.8 —141 29 30 04-147 with the experiment verifies our calculation.

A2y -85 -8.3 -75 52 —-04 —5.6 The RAS-II calculation (all contributions but the SD one)
ZJZCH —5.9 —5.3 -03 04 01 -54 was performed both using the HIV and the smaller Hlll basis
%HJ:(';P _é'g _13% 75'3 _%'?é %11 3 5_2'9 set. Our main object, thécc tensor, is well-converged as the
AZJun(ap 16 16 40-29 01 04 Jcc constant decreases by 2.4% and the two anisotropic
J(b)e 14.9 14.7 —31 30 00 147 parameters change by well less than 1% upon employing the
A3Jun(b) 3.2 3.2 1.0-05 —0.1 2.8 larger set. Thdcy tensors display a slightly greater sensitivity
Sum(avy 7.4 7.2 -16 16 01 7.2 to the basis, with one of the anisotropic parameters changing
A¥uu(avy 2.2 2.2 30-21 00 12 by 5%, and the largest effects are seen inthgtensors. In

all cases the absolute changes are quite small, however, and
the HIll set can be considered a fairly converged one.

As apparent from Table 9, the FC contribution dominates
the coupling constants, apart from the sMall. ForJcc, PSO
and SD mechanisms are important, too. Similarly the SD/FC
contribution is very important for the anisotropic properties of
e, 2num, Acn, and3Jyy, often due to simultaneous cancel-
lation of the DSO and PSO terms. For the anisotropic properties
of the Jcc tensor, SD/FC and PSO are seen to be equally
important. This and the fact that also the SD contribution is
non-negligible, are qualitatively different from the situation in
ethane.

The spin-spin coupling constants have been reported for
ethene by the EONF equation-of-motion coupled cluster singles
and doubles (EOM-CCSB) methods and DF¥ Among

2 Calculations performed with the HllI basis set at thgeometrys*
Results in Hz. The anisotropy is defined&3 = J,, — %> (J + Jyy).
The contributions of the different physical mechanisms to the calculated
tensors are indicated for the RAS calculation. The DSO, PSO, and
SD contributions to the tensors are always calculated at the-RAS
level. The total energies of the calculations are also shown (in Ha).
b Between hydrogens belonging to different methyl groups atrdias
position to each othef.As in footnoteb but for hydrogens agauche
position to each othef.Rotational average of thduy tensor: 2Juu(av)
= (283un(a) + 33un(b))/3 and similarly forA3Jyn(av).

is in an excellent agreement with our RAS estimate, 32.1
Hz. The estimate by Nakatsugt al3%is slightly smaller, 23.5
Hz. Pyykkoand Wiesenfel® used the relativistically param-
etrized extended Hikel (REX) theory and obtainedJcc =
16.3 Hz. The INDO (intermediate neglect of differential
overlap) calculations of Facelli and Barfié¥ produced also

an excellent anisotropy of 30.2 Hz, with the orbital, spin-dipolar,
and SD/FC cross-term contributions matching roughly with our
present results.

Ethene. In the case of ethene, the convergence of both the

these, the EOM-CCSD results appear to compare best with the
experimental data; they are superior to our own RAS
calculations. Unfortunately Perera et al. did not report any data
for Jcc in ethene®” DFT and RAS-1V perform comparably,

but the former appears, again, to have problems with under-
RAS—IIl and RAS—Il — RAS—IV, respectively, is good. The estimated?Jcy. The early EOM calculatiori$ are slightly
changes on entering the RASI and RAS—IV levels in both ~ inferior. Galasso and FronzéhireportedAJcc = 1.3 Hz using
categories are only a few percent, except for the very small the EOM theory and a 6-31G** basis set. Our 25.5 Hz is likely
23,44 coupling where large relative changes take place?aag to be more trustworthy, partly because of the better basis set
where the changes are of the order of 10%. The anisotropic Used presently. The performance of the EOM method appears
properties of the tensors are particularly well-converged. The t0 be slightly worse for ethene than ethane. The corresponding
difference between the single- and multireference wave functions degradation is avoidable by using a proper choice of the active
can be seen by Comparing' e.g., RASSnd RAS-II calcula- MO space in MCSCEF calculations. FN\JCC over the G=C
tions (Sim”ar Changes are apparent between RASand double bond, BUCkingham and LO?@EDbtalned 51.5 Hz and
RAS—IV). The changes are relatively small in theouplings ~ Nakatsujiet al393238.7 Hz, both larger than the present RAS
but larger in the anisotropic properties. For the one-bond !V result and experiment. REX calculatidfigesult in 33.2
couplings and2lyy, the use of a multireference function Hz. INDO3*¢results inAJcc = 17.1 Hz in fair agreement with
increases\J and decreaseky — Jyy by 15-25% and 3-16%, our RAS-1V datum. The deviation appears to be mainly due
respectively. For the two- and three-bond couplings with the t©© the underestimated SD/FC term in the semiempirical calcula-
C=C double bond in the coupling path, both anisotropic tion.

parameters decrease by-120%. Comparison of the single- Ethyne. For ethyne, the multireference RAS and single-
reference RAS Il and multireference RASIV (with the same reference RAS| calculations produce significantly different
active MO space as in RASII) results with the experimental  results for the anisotropies of couplings involving hydrogen.
coupling constants does not indicate very clearly which of the The CC coupling parameters are found to be largely unchanged,
two wave functions is better. Falcc and the difficult2Jqy however. We prefer the RASI results, which are in a
and2Jcy, the multireference function is superior, but the latter relatively good agreement with the experimental data. The
two couplings are still relatively far from the experimental largest deviation of 13% is idun. Again, the analysis of the
numbers. As our main interest is in the calculation of Jpe experimental data for the anisotropic properties (detailed above)
tensor, we tend to prefer the RA®V calculation which is complicated, but the calculated anisotroplelsc andA2Jcy
overestimateslcc by 4%. The theoretically obtained aniso- match reasonably well with the experimental results, expressed
tropic properties of this tensor are in a qualitative agreement in the form of a linear equation for the two parameters. Apart
with the present experimental datAJcc is overestimated, while from LJcy, the contributions (Table 10) from other than the FC

single- and multireference series of calculations, RAS~
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Table 9. Results of the MCSCF Calculations for the SpBpin Coupling Tensors in Ethehe

property RAS-I/total RAS-Ill/total RAS—Ill/total RAS—IV/total DSO PSO SD FC SD/FC
E+ 78 —0.343242 —0.352440 —0.368566 —0.379194
Jec 75.5 71.7 73.8 70.2 01 -87 31 75.7
Adcc 215 25.9 22.2 26.5 5.0 75 —3.3 17.3
Jecxx — Jecyy —56.9 —45.7 —55.8 —44.3 -01 -—-227 -41 -17.5
en 150.9 148.9 149.8 147.7 0.4 0.5 0.0 146.8
ANcy 2.0 25 21 2.6 -25 23 -16 4.4
erxx — chyy —32.6 —29.7 —31.9 —28.8 145 -11.0 0.8 -33.1
2Jun -0.6 0.4 -0.1 0.9 -3.8 41 0.4 0.3
A2Jpn 4.3 5.2 4.4 5.3 -9.3 8.2 0.7 5.7
2k — 2y 15.9 154 15.7 15.3 134 -94 0.8 10.5
2Jew —5.4 -3.9 —-4.9 —-33 -0.7 -0.9 01 -19
A2Jcy 6.0 5.3 6.0 5.2 31 0.3 1.0 0.8
2Jehxx — Xchyy 9.0 6.6 8.5 6.0 07 -50 -09 11.3
2Jnn(cis) 11.7 10.8 11.3 10.4 -1.0 08 -01 10.8
A3J(cis) 51 4.2 5.0 4.0 6.4 —45 0.2 1.9
SJHH,xx_ 3.]HH,yy(CiS) -1.7 -1.3 -1.7 —-1.2 —-1.8 1.0 0.0 —-0.6
3Jun(trans 18.3 17.5 17.8 17.0 -35 3.1 0.4 17.0
A3J(trans) 6.1 5.2 5.9 5.0 22 -14 0.4 3.7
SdhHsx — Snmyyltrans -1.3 -0.9 -1.2 -0.8 2.9 -35 0.6 -0.9

a Calculations performed with the HIV basis set at thgeometry?® Results in Hz. The anisotropy is defined&3 = J,, — Y2(J« + Jyy) With
the CC bond in the direction and the molecule in the plane. The contributions of the different physical mechanisms to the calculated tensors
are indicated for the RASIV calculation. The DSO and SD contributions to the tensors are always calculated at thel R&&, apart from the
SD contribution to thelcc tensor which was treated at the indicated level for RASand RAS-IIl. For RAS—I1V, the result from RAS Il was
used. The total energies of the calculations are also shown (in Ha).

Table 10. Results of the MCSCF Calculations for the SpBpin Table 11. Theoretical Principal Values and the Orientation of the
Coupling Tensors in Ethyie Principal Axis Systems of thé.c Tensors in Ethane, Ethene, and
Ethyné
SD/
property RAS-I RAS—IIP DSO PSO SD FC FC molecule Ja o> Ju
E+77 —0.124289 —0.145120 CzHs 60.2 28.1 28.1
Jce 191.8 181.2 0.0 6.1 8.6 166.5 CoHs 87.9 83.6 39.2
Adcc 46.3 47.5 6.8 54.4-10.2 —-3.4 CoH2 212.9 165.3 165.3
1 237.5 232.1 0.3 —0.7 0.3 232.2 -
A1CJHCH —68.0 —62.4 21.0 —21.3 4.0 —66.1 a|n Hz. Calculations are RAS-II for ethane and ethyne, and RAS-
2 _ IV for ethene. The principal values have been ordereflas> |Jx)
JcH 48.6 50.1 1.3 5.5 1.1 449 . . .

Ay 33.4 282 46 103 —45 17.7 > |Jig). ° In the direction of the CC bond.Perpendicular to the plane
I 12.4 108  -36 48 07 89 of the molecule.
Adnn 2.4 3.4 6.5 —2.0 —0.1 -1.0 C. One-Bond CC Coupling Tensors and Hybridization.

2 Calculations performed with the HIV basis set at thé300 K) Figure 2 |IIl_Js_trat_es the properties of the: tensor as afunctlon_
geometry?s Results in Hz. The anisotropy is defined 43 = J,, — of the hybridization of the carbon atoms. There are two entries

Yx(Iex + Jyy) With the CC bond at the direction.? The contributions for the sp hybridized case: ethene calculated presently and
of the different physical mechanisms to the calculated tensors are penzene from ref 22. While the coupling constasg displays
indicated for the RAS|I calculation. The DSO and SD contributions monotonic behavior (panel (a)), the anisotrayl:c with respect
to the tensors are always calculated at the RA&vel, apart from h bond di . b h L f he?
the SD contribution to thdec tensor which is calculated at the indi- O the CC bond direction (b) has a minimum for the’ sp
cated level. The total energies of the calculations are also shown (in hybridization. Whereas most of the properties of ethene and
Ha). benzene appear generally very similar, there is a clear difference
in Adcc, partly due to the fact that the large benzene molecule
mechanism to the calculated couplings are very important in was calculated using rather small basis set and active MO
ethyne. This is very clear for the anisotropiad, where the space?? Panels (c) and (d) show the relative contributions from
PSO term overwhelmingly dominateslcc and is large also  the different physical mechanisms dgc and AJcc. The FC
for A2Jcy. The DSO term dominateAJyn. mechanism dominates the coupling constant and there are no
We find that our MCSCF calculations perform comparably clear trends as a function of the hybridization for this property.
with earlier wave functiof®36and DFT calculatioridb for the On the contrary, for the anisotropy, the SD/FC contribution
Jconstants. The DFT results of Malkin al}12are better than ~ decreases drastically fromj sp whereas the PSO contribu-

our data, however, as observed earlier with benZénghe tion shows a strong trend in the opposite direcfiof>c
EOM result of Galasso and Fronz8hfor Adec = —4.32 Hz D. Experimental Nuclear Shielding Tensors. Equations

is well below the range of our results, contrary to the REX value gn?:c?trczy.irc rig:ﬁﬁﬁﬂggg; tgu%eeareih'srlﬁ:qnegn ttael?soc:,k)gg\(jatbhlg
88.8 Hz%° The early estimates akJcc over the G=C triple P b y

. ) shielding. Equation 6, which is valid for a molecule with at
bond are 85.0 H#2Pand 99.3 HZ8 Facelli and Barfielé®® . )
calculated the rather good 33.8 Hz, where the individual least a 3-fold symmetry axis (as ethane and ethyne in the present

hani for th . d well lcul case), shows that the anisotropy of the shielding tensor,
mechanisms for the anisotropy correspond well to our calcula- o5 he solved for by changing either the molecular order

tions. parameterS,P, or the Py(cos 6) factor. The situation for a
Table 11 shows the principal values and orientation of the molecule with only a 2-fold symmetry axis (ethene) is different.
PAS of thelcc tensors in ethane, ethene, and ethyne. In each First, the change of the, factor renders only the determination
case the PAS is fixed by the symmetry, and the largest elementof a certain combination of the shielding and orientation tensor
is in the direction of the CC bond. elements possible. Thus, the term in the square brackets in eq
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200— T 56 — y Table 12. Experimental andib Initio Results for the Nuclear
180p o (a) S (b) 1 Magnetic Shielding Tensors in Ethane, Ethene, and Ethyne
1 45
:ig 1  4of molecule nucleus method o Ao o= Oy
= 120 ] @ %t . CoHeed C  SCF 1821 121
T T 30f
= 100 1 Toal oMene—, RAS- 187.0  13.0
= 80 . eomatie § 3O RAS-II 184.7 125
gof ethene —2 1 5t aromatic LC NMRe 184.20 16.70
40 8 1of o solid-state NMR  179.3 7.0
20t 1 st H SCF 31.05 1.13
ol— . . ob— . . RAS—I 30.85 1.17
sp' s’ s’ sp' sp’ sp° RAS—II 30.92 1.21
115 120f ] LC NMRe# 29.97 2.02
ook © 5 1s-F- () CoHy? C  SCF 580 357 —260.3
£ 100 00 . ] RAS-I 68.2 260 —238.2
&, "3 e 1 RAS-II 736 232 —2250
T gol ethéne , 3 g0 ' ] RAS-III 68.1 254  —2358
2 aromatic 2 B emene/ \aromatic RAS-IV 744 213  —220.2
RN . 1240 \A/ 1 LC NMRe 68.27 10.76 —220.7
5 of v o 2] €20 ] LC NMR? 67.81 2299 —238.0
£ “ 12 of . ¥ ) solid-state NMR ~ 62.1 9.0 -—210
8 s a 8 0| = . “ H SCF 2608 539 277
20 ‘ - - RAS-| 26.06 488  —2.23
sp' E s’ sp L sp RAS—II 26.18 4.64 —1.84
Hybridization Hybridization RAS—III 26.22 4.81 —-2.13
Figure 2. Properties of thelcc tensor as a function of carbon RAS—IV 26.28 4.50 —-1.63
hybridization; sp from C;Hs, si# from C;H, and GHe,22 and sp from LC NMRe® 2547  3.97 =17
C,H,. (a) Experimental[) and theoretical @) spin—spin coupling i LC NMRS 2548  3.70 —1.39
constantslcc. (b) Theoretical anisotropiesJcc with respect to the CC CoHy c SCF 1153  244.6
bond direction. (c) Relative contributions from the different physical gﬁg::l géz SSS?
mechanisms to the theoreticiyc: DSO (), PSO @), SD @), and . :
) o : . LC NMRe# 118.66 239.29
FC @). (d) Relative contributions from the different physical mech- : ;
. . i ; solid-state NMR 118.1  240.0
anisms to the theoreticdlJcc: symbols as in (c) except SD/F@Y. LC NMRX 245
LC NMR! 118.1 253
7 can be determined but not the anisotrogyy, nor the H SCF 30.39 15.81
differenceoy — ayy. To obtain the latter, the ratio of the order RAS—I 30.32 1581
parameters,Sx — S,)/S;» has to be changed. A sufficiently ﬁéi‘_w'l'Re ?5%'272 1157'%2
large change cannot usually be produced by varying sample LC NMR™ ' 14.'2(3)
temperature: one has to use different LC solvents. This, LC NMRX 22(2)

however, may express a severe problem as solvent effects have - - - -
aResults in ppm. The anisotropy is defined&s = 0,;, — Y2(0x

to be properly overcome. ) + oyy) with the CC bond at the direction. The HIV basis set is used
For ethane and ethyne, the ENEMP{nethod provides the i the calculated results unless otherwise noted. The total energies of

most suitable way to determine ther because the chemical the SCF calculations are (in Ha) as follows;Hg —79.261 963; GHa:

shifts corresponding to parallel and perpendicular orientations HIll —78.065 337; HIV—78.067 700; gH,: HIll —76.850 082; HIV

: : : —76.853 508" The ethene molecule is in thxplane.© The Hlill basis
of n with respect toBo are obtained by extrapolation to the set used? At the r, geometryt233 € Present experimentsReference

same physical state, and thus the solvent effects (both onz3 ¢Rreference 32" Reference 34.At the ry(300 K) geometrys

geometry and shielding tensor) can be minimi¥ed.he method I Reference 35¢ Reference 31'.Reference 30" Reference 68.
is based on the fact that changing the composition of a binary ) ) .
mixture of two LCs with Ay, < 0 in one component antlym, A different approach has to be applied for ethene. In this

> 0 in the other) makes it possible to rotate the LC director by case, the experimentally obtainable chemical shift can be
90°. The order paramet&,P in eq 6 remains unchanged, but represented in the form (see eq 7)

the P, factor jumps from 1 to-%; or vice versaat the point of ox so o

extrapolation depending upon the direction of the approach. 0°®= 0"° — (2/3)P,(cosb) [AcS,,” +

Using the notatiors,{0) = S, PP,(cod), the shielding anisot- Y —0c D_ g Py (13

ropy of thelH or 13C nuclei is obtained from 200 = o) (So” = Sy (13)

from which the two unknown variabledo andoy. — oy, are
Ao = —(3/2)[6°(0°) — 6¥A90°)]/[SL0°) — S,[90°)] (12) solved using a least-squares fit to the six sets (one for each
solvent) of experimental data. The elements of the order tensor
whered®®is the experimental chemical shift measured relative are obtained from MASTER analyses based on the experimental
to the interna'l-3CH4 reference’ and®0and 90 refer to the cases D COUp”ngS. For the carbon chemical Shift, the solvent effects

n || Bo andn O By, respectively. are taken into account by adopting the®° from the isotropic
spectra For the protons, solvent effect was observed to be
Ed(ﬁg) Roos, 53/- C|>- lrtgctulre '\1185925 in Qf;;élim ChemistBoos, B. O., negligible within experimental errors. The experimental results
.; Springer-Verlag: Berlin, ; PP . 1A
(64) Hirota, E.. Endo, Y. Saito, S.: Yoshida, K.; Yamaguchi, I.; Machida, for proton anpl car.bon shielding tensors of ethane, ethene, and
K. J. Mol. Spectroscl981, 89, 285-95. ethyne are given in Table 12.
(65) Lounila, J. unpublished results. Thg300 K) geometry is based E. Ab Initio Nuclear Shielding Tensors. The results of
on ther. geometry of ref 72 and the anharmonic vibrational calculations of

the ab initio calculations for the shielding tensors in the
ref 48. . . . .
(66) Lounila, J.; Ala-Korpela, M.; Jokisaari, J. Chem. Phys1990 93, molecule-fixed frame are also given in Table 12. Table 13 lists
8514-23. the principal components of the shielding tensors.
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Table 13. Principal Values and the Orientation of the Principal reported SCF data of thec tensor, from whichAoc = 11.4
Axis Systems of the Shielding Tensors ppm can be obtained.
molecule nucleus method 033 022 on The presenty appears to converge to a higher value than
CoHe C RAS-II 193.0° 1805 180.5 the experimental result. The best MP2 result of Che®@,68
LC NMR® 195.33 178.63 178.63 ppm, is slightly better than ours, presumably due to the very
solid-state NMR 184 177 1r7 extended basis set and different geometry used in that reference.
H RAS—II 3742 28.62 26.72 The best : ; ;
present calculation for the anisotropy results in 1.21
MPZ 37.32 28.34 26.37 h h . | Itis 2 Th lati
CoHa c RAS—|V 177.40 885 —428 ppm, whereas the experimental result is 2.0 ppm. The relative
LC NMRi 179.16 83.14 —-58.86 difference is large, but the absolute error is quite small: the
LC NMRe® 175.03  75.44 —45.67 experimental result contains solvent contributions which may
solid-state NMR  164.1 ~ 68.1 —45.9 produce uncertainties of this magnitude.
H RAS—IV 29.41 25.60" 23.84 Eth Th lati ibuti h .
MP2 2918 2554 23.45 thene. The correlation contribution to the tensors in
CoH c RAS—II 279.7 495 495 ethene is large, as evident from the comparison of SCF and
LC NMR® 278.19  38.90 38.90 RAS—I or RAS—II calculations. There is also a significant
solid state NMR  278.1 38.1 38.1 difference between single- (RAS and RAS-I1I) and multi-
LC NMRP 286.8 33.8 33.8 reference (RASI|I and RAS-1V) calculations: the lattet*C
H  RAS 4085 2499 2499 hielding constant is-56 ppm higher than the former. Amon
MP2 2098 2471 2471  Shielding constantisb ppm higher than the former. Among

the two categories of reference functions, the series SCF
#Principal values in ppm. The principal values have been ordered RAS—| — RAS—IIl is reasonably converged when reaching

aso11 < 02 < 033 ? The most shielded direction along the CC bond. . - . -
¢ Present experiment$The most shielded direction makes an angle the RAS-III level with 33 virtual orbitals in the RAS3 subspace.

of 53.54 with the CC bond direction, while thes vector is at 68.83 The convergence of the corresponding multireference series
with the same direction. The conversion of the tensor in PAS to some appears to be slightly inferior, e.g., thec decreases by 8.4%
molecular fixed frame is possible with the egz = Y ap COS 64, COS and oyxx — Ouyy by 11.5% from RAS-Il to RAS—IV. In

Ons0an, Where by, is the angle between positiveand a. axis. Note ; ; ; ; _
that the conversion from LC NMR data to PAS is not necessarily comparison with the experimental data, the single-reference

possible due to lack of informatiofThe least shielded direction normal  function RAS-III gives oc in a very good agreement with the
to the plane of local site symmetry at the H nucléiReference 42.  experiment, whereas the anisotropic properties obthensor
9Reference 33. Converted to the absolute scale using vaftfe= are worse than those from the multireference RAScalcula-
188.1 ppm for TMS” " The most shielded direction perpendicular to  tjon. The experimentahoc and ocx — 0cyy are sensitive to

the plane of the moleculéln the direction of the CC bondReference . . .
32. % Reference 34.The most shielded direction makes an angle of € details of the analysis, however. In analogy with what was

8.67 with the CC bond direction, while thecy vector is at 58.58 noted above fodcc in ethene, the discrepancy of what we
™ Perpendicular to the plane of the molecii@he most shielded believe to be our best current calculation, RAS, with the
direction along the CC bond.Reference 35 Reference 30. experiment in the former and excellent agreement in the latter

case may be accidental. The theoretically obtained parameters

Information on the basis set convergence was obtained fromare, nevertheless, of the correct sign and order of magnitude
the calculations of gH, and GH, at the SCF level and £, for carbon and very good for hydrogen. For comparison, the
at the RAS-II level. In these cases the calculations were 13C shielding constant calculated using the CCSD methad at
repeated using the Hlll basis set (results not shown). ¥@e is 71.3 ppnf* midway between our RASIII and RAS-1V
andH shielding constants change by less than 1% from the calculations. It is expected that the rovibrational contribution
HIll to HIV basis for each calculation. The only significant  to o¢ is of the order of-2 ppm®5 consequently the CCSD result
change observed for th&C shielding tensor is the 1.4% appears to be a very good one. It is evident that a still larger
decrease iloc for C;H4 at the RAS-11 level. The HIV basis  active MO space than in RASV is necessary to obtain a
set can be considered to be relatively converged for carbon.quantitatively accuraté3C shielding tensor for g, using
TheH tensor is more difficult to calculate to the same relative MCSCF calculations. The tensorial propertieweft the SCF
accuracy®? Despite the good convergence of the shielding level are similar to those reported earliér.As with ethane,

constants, the anisotropic paramet&ts; andoy xx — ow,yy for the earlier MP2 calculation with a large basis set is slightly
CoH4 change by+2 to +3% from HIIl to HIV, and the HIV better than our RASIV, giving oy = 26.06 ppnt?

set may not be fully converged, as observed eattieFor Ethyne. The single- and multireference calculations feHe
ethyne the change inoy is below 0.5%, though. with the same active space, RASand RAS-II, expectedly

Ethane. For ethane, the series of SCF and the two single- produce different results. The correlation contributiong¢o
reference RAS calculations RA$ and RAS-1l show reason- are+6.4 and+-10.8 ppm for RAS-| and RAS-II, respectively.
able convergence. The RAS calculation with the relatively ~ The latter is believed to be the better of the two RAS functions.
small active space overshoots the correlation contribution to the The final results foroc and Aoc are in a satisfactory but not
13C shielding observables, as the RAIS with larger active excellent agreement (within a few percent) with the experimental
space gives a correction in the opposite direction. The figal  data. As with GH,, the CCSD result at;, oc = 121.8 ppnt#
is in a very good agreement with experiment, but this may be appears to need only the vibrational corrections for quantitative
partly coincidental as the harmonic vibrational effects are not accuracy. Our RASII result is 4 ppm above this value. The
considered in the calculations. Thesc is underestimated as complete active space (CAS) calculation by Rizzo et!al.
compared to the experimental result, but generally of acceptableutilized understandably a smaller active space than ours and
accuracy when considering the magnitude of the absolute error.resulted inoc = 129.1 ppm and\oc = 225.0 ppm.

The CCSDoc of Gauss and Stanton, 186.5 pphis calculated For hydrogen shieldings ing8- the correlation contributions
at the experimentak geometry, which probably explains most are small. The MP2 result fery is the rather good 29.98 ppm,
of the difference with our RASII calculation at the, geometry. while the Aoy is the same as our SCF result, 15.81 pgi3rfihe

At ther, geometry the main effects of the anharmonic vibrations CAS results!! oy = 30.5 ppm andAoy = 15.6 ppm, are
are incorporate@® For comparison, Grayson and Rayffes comparable to our RASII, too.
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Conclusions degree rotation. The contributions due to deformation depend
on the internal rotation and on the anisotrople® andAAcc

of the interaction tensors. The asymmetry paramejes, is
zero due to CC rotation angcy is assumed to be small;
therefore it is neglected in the analysis. The deformational
contribution can be represented in the fétm

We have determined the indiredtc coupling tensors for
carbons with different hybridizations in the simple hydrocarbons,
C,Hs, C:H4, and GH,. The anisotropies of the tensors are all
positive according to both experimental and theoretical inves-
tigations. We could also for the first time extract the asymmetry
term of indirect coupling tensorccxx — Jccyy for ethene. d_
Moreover, this studs g?ves the fi?st reliabylye experimental D" = [8(¢) + 6(9) SAAc + [0(9) + dj(#)S,JAAcc

information on the non-negligible anisotropic contribution to (14)

the indirect CH coupling ever. The signs and magnitudes of where, as the first step, the coefficiemts by, ¢;, andd; with

the experimentally and theoretically determined indirect coupling the fixed value ofp are solved for using a least-squares fit to

parameters are in a good mutual agreement which confirms theg; S
reliability of the results. The present MCSCF calculations of five outputs of the MASTER program produced by using five

the coupling tensors use large active molecular orbital spaces S erent fixed combinations aAAcy andAAcc. The second
piing . 9 al sp 'step is the introduction of the rotational effects on the coef-
the restricted active space scheme and both single- (all

molecules) and multireference (ethene and ethyne) wave funC_ficients. This is made by determining the coefficients of the
tions. The results for the coupling constants arg comparable tofirst five terms of a Fourier series on the basis of seven sets of
earliér first principles work t? t % r data for the anigotro ic thea, b, G andd values corresponding to the seven values of
properties ol? the F;)ensors ar,e tl;e l;Jest reported so far for tFP)wese . The harmonic contributions change also with the rotation
molecules. Still better results could probably be obtained by and are taken into account by the equation
tailoring the one-particle basis sets and better treatment of D= (0)S,
dynamical correlation, e.g., by using larger active spaces. We i~ S z
Ztu%'gg %Ii?ut;eam:gleerireﬁ?'gﬁ\',cge%rtiﬁg;te'eisﬁ d:g:r:rc]ilevr\:tel f%uer,:gr\_/vhere the coefficient is only weakly dependent on the rotation,
9 g P y except for intermethyl HH coupling. The coefficients in eqs

rsnk:ir:gir:eg?s,ribrms;imﬁn retfgrrligcr:: f#ﬂg'orssgﬁrsegziiggm and 15 are given as Supporting Information in Table S1.
9 ping : P The couplingD;®4in eq 3 changes during the internal rotation

isotropic and anisotropic data is reliable but slightly inferior in for each pair of nuclei andj due to the relaxation of the

co_mparison with recent CCSD calculations for_the carbon molecular conformation at differest®® This must also be taken

sh|eldl|ng constazn‘&é_and MP.2 results for the pnnmpgl value_s into account as it turns out to be an important effect on the

of thelH tensorg2 Finally, this work shows that the anisotropic final results. The observable intermethyl direct coupling

part of indirect coupling/,Jcc2"s9 for these molecules is less DY) as. a function ofs can be written as !

than 1% of the corresponding direct coupling. Together with " ’

the previous result for benzene (the contribution was less thangD q¢) = (1/3)S D, &=

2%)?2 we can state that the contribution of CC indirect coupling ~—HH Z' Li

is small compared to the direct coupling. Consequently, it can _Zk{KHHSz2[3(AZ/rl,k+4)2 - l]/[6r1vk+43]} (16)

be ignored to a reasonable accuracy in the determination of

structure and orientation of a molecule dissolved in liquid crystal wherei = 4, 5, and 6k = 0 and 2,Kyy = —udfiyn?/87? , and

phases. Az is the difference of the coordinates of the protondz =

AZ(¢) = rec@) + 2ren(¢) cos(¢), a(g) being the angle

Acknowledgment. The authors are grateful to the Academy between the axis and the CH bond. The intermethyl distance

of Finland for financial support. Jyrki Schroderus is thanked ry ;4= rix+4(¢) between the protons 1 ankl 4) (protons 1,

for the calculation of the vibraticnarotation wave functions of 2, 3, and carbon 7 are numbered to be in the same methyl group

ethane. We are grateful to Dr. Juhani Lounila for important and 4, 5, 6, and carbon 8 in the other) is given by

conversations about molecular deformations. J.K. would like

to e>épress his gra:itudle to tEe ?(Ifrde;:i Kordelin FuEd. Kenneth r,\ ., (¢) = {(AZ(¢))” + r(¢)[cos(Kn/3 + ¢) — 1] +

Ruud, University of Oslo, is thanked for access to the DALTON 2 . 12

software and running the RAS-IV shielding calculation for s (¢)S'n2(2k7t/3+¢)} 17)

ethene. Center for Scientific Computing (CSC, Espoo, Finland)

provided the computational resources.

(15)

wherek = 0, 1, 2 and is the distance of the proton from the
z axis, r{(¢) = rcu(¢) sin o(e).
Appendix Once the direct couplings and the harmonic and deformational

o . ) contributions to them are known as a function of rotational angle,
The effects arising from the internal rotation of ethane on the average coupling is given by

the analysis of theD couplings were calculated quantum

mechanically. The MASTER program was applied to evaluate .= (™D d 18
the contributiond" andDd for each coupling at fixed angles I f° (9) p(¢) de (18)
=n x 10 (n = 0, 1, .., 6) of the internal rotation  \hereD(¢) is the direct coupling as a function of the internal

(corresponding to rigid conformation). In further calculations rotation angle angh() is the corresponding normalized prob-
it should be noticed that the period in the contributions to the ability distribution function. In the quantum mechanical
intermethyl HH couplings (in the given pair of protons) is 360 calculation of the latter, the eigenstates with energies (E,
whereas it is 120in the others (the situation reverts to the 4 g wherey stands for vibration antifor torsion) correspond-
starting point after 120due to symmetry). These periods are GE N e Pie Letlos7 134 461
ihi H i i i ameson, A. K.; Jameson, Chem. yS. L& A 1 .
used for describing the effects with Fourl_er series. On the_baS|s (68) Montana, A. J.. Dailey, B. Fviol. Phys.1975 30, 15218,
of symmetry arguments, the harmonic and deformational  (gg) Al-kahtani, A.; Montero, S.; Nibler, JJ. Chem. Phys1993 98,

contributions are, however, obtained by only considering a 60 101-9.




13C—13C Spin-Spin Coupling and Shielding Tensors J. Am. Chem. Soc., Vol. 120, No. 16, 4008

ing to wavenumbeP3 over 2000 cm?® were neglected on the 18 by including theDyye%¢) from eq 16, along with the
basis of small occupation according to Boltzmann statistics. The harmonic vibrational and deformational contributions, and

occupation of staté (below 2000 cm?) is given by eq conformational relaxation. The orientation of the molecule is
calculated from the anisotropies of the interaction tensors using
p = e‘Ei/kT/zje‘Ei’kT (19) the equatiofP

where E is the total energy of the state. The probability S = 2c/15+ 4c%315— 8c¥4725— 16cY31185+ ...
distribution function of the statieis given by the corresponding (21)
wave function squaredW¥;|? which was calculated using the ) ) ) )
leading torsional parametevs = 1011.89 cm? andVg = 10.77 wherec is the dimensionless quantity
cm1, taken from ref 69. The calculation procedure was adopted
from ref 70. The normalized probability distribution function c=9A,14ksT (22)
in eq 18 is given by eq
In the case of ethand\,£ is calculated with equation
p(¢) = Zipi|lpi(¢)|2 (20)
A7 =2 AAcc + 6P (cosi(@)) AA 3 (23)

where p; is calculated using eq 19. The potential function

determined for gaseous ethane obviously approximates well thewhere the factor 6 is the number of CH bonds of ethane.
potential in liquid, as no systematic change in the methyl

torsional frequency on entering the liquid state has been Supporting Information Available: The Fourier coef-
detected! The intermethyDHH Coup"ng is obtained from eq ficients determining the contributions to direct COUp”ngS in
ethane due to deformation and harmonic vibrations as a function

(70) Moazzen-Ahmadi, N.; Gush, H. P.; Halpern, M.; Jagannath, H.;

Leung, A.: Ozier, I.J. Chem. Phys1988 88, 563-77. of the internal rotation aqgle .(2 paggs). See any current
(71) Durig, J.Vibrational Spectra and Structurélarcel Dekker: New masthead page for ordering information and Web access
York, 1972; Vol. 1, p 138. instructions.

(72) Bramley, M. J.; Carter, S.; Handy, N. C.; Mills, I. M. Mol.
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