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Abstract: This study reports experimentally and theoreticadlly {nitio) determined indirect CC spirspin coupling
tensors\Jcc in benzene. The CC spitspin coupling constantdcc between thertho, metaandpara (n = 1, 2,

and 3) positioned carbons were experimentally determined in two ways: firstly by utilizirféitHe isotope effect

on the carbon shieldings in neat monodeuteriobenzene and recordifCthatellite spectrum in #H-decoupled

13C NMR spectrum, and secondly by recording # NMR spectrum of fully’3C-enriched benzené3CgsH¢) and

carrying out its complete analysis. The anisotropies of the corresponding coupling texiSiges,were resolved
experimentally by liquid crystalH and13C NMR using dipolar couplings corrected for both harmonic vibrations

and deformations. The results obtained in three thermotropic liquid crystal solvents are in good mutual agreement,
indicating the reliability of the determinations. The anisotropy ofdh®o, meta andpara CC indirect couplings

are ca-+17,—4, and+9 Hz, respectively. Also, the signs of the coupling constants are unambiguously determined.
Theab initio calculations were performed using multiconfiguration self-consistent field linear response theory with
both single-reference and multireference wave functions. The results confirm the signs of the experimental anisotropies
in all cases. The magnitude of tlwetho coupling anisotropy is excellently reproduced, but the anisotropies are
somewhat overestimated in the two other theoretical coupling tensors. The importance of the different physical
contributions to the couplings and anisotropies is discussed.

Introduction density-functional (DFT$,different polarization propagatégnd

. equation-of-motiofitheories have displayed successful applica-
Nuclear magnetic resonance (NMR) spectra of solute mol- +j5ns

ecules in liquid crystal phases or solid state samples display Rrejiable experimental determination as well as theoretical

fine structure due to anisotropi® couplings, providing  c5icylations of spirspin coupling tensors are extremely
mformatlon on molecular geometry _and orientation. In the demanding tasks. When applying LC NMR, one has to measure
experimental spectra, the direct dipolar coupling appears \ith good accuracy small differences between experimétal

combinesl with a contribution of the indirect spiapin coupling couplings and ones calculated from the molecular structure and
tensor,J.* The spin-spin coupling tensors are of fundamental = qientation tensor. This definitely requires consideration of

significance in N_MR spectroscopy, as the_y contain inform_ation molecular vibration&® as experimentalD couplings are
on the electronic structure of the species. Progress in thegyerages over vibrational motion, and the so-called deforma-
application of liquid crystal NMR spectroscopy (LC NMR), in o4 effects arising from the anisotropic forces experienced

particular the development of models for taking into account , o|te molecules in a liquid-crystalline environmantn
the correlation between molecular vibrational and reorientational addition to the need to have relatively large) values as

motions; has rendered the investigations of indirect SF,BP'eQ compared to the corresponding direct couplings, the solid state
coupling tensors evngbW'th small anisotropy,, possible} method, in turn, requires preferentially large single crystal
unlike solid state NMR> o samples, although a few analyses of powder spectra arising from
Independent determination of the tensors byab initio  jsolated spin pairs have been published (see ref 1b and references
electronic structure calculations has also emerged as a feasiblgnherein).
method in small molecules due to the rapid development of |ndirect spin-spin coupling poses heavy requirements on
computer hardware and recent advances in the applicablecomputer time, the basis sets used, and the treatment of electron
theoretical methodologies: the multiconfiguration self-consistent ¢qorrelation inab initio calculations. This is because of the

field (MCSCF) coupled cluster singles and doubles (CCSD), existence of several contributing physical mechanisthe: dia-
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® Abstract published iAdvance ACS Abstract#ugust 15, 1996. (6) (@) Malkin, V. G.; Malkina, O. L.; Salahub, D. hem. Phys. Lett.
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(3) Jokisaari, JEncyclopedia of NMR Spectroscoplohn Wiley & Fronzoni, G.lbid. 1986 84, 3215-23.
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and paramagnetic spirorbit interaction terms (DSO and PSO), are available through this way as well. However, due to broad
the Fermi contact term (FC), and the spifipole term (SD) lines (proton decoupling causes temperature fluctuations and
all appear in the isotropic coupling constdnt.e., the trace of gradients which affect solute molecular orientation and the
the coupling tensor.AJ, in turn, is affected by contributions  magnitude ofD couplings as well as chemical shifts), their
from DSO, PSO, SD, and the cross-term of the SD and FC uncertainty is relatively high, making the method unsuitable for
mechanisms (SD/FC). Often FC dominatksbut the insig- the detection of small anisotropic contributions in experimental
nificance of the other cqntnbutlons cannot be knc:auzv;nr_lorl_,ll D couplings, and consequently for the determination of spin
even less so for the anisotropyd. Three of the contributions  spin coupling anisotropies. Therefore, we decided to use fully
(FC, SD, and SD/FC) involve triplet excitation operators which carbon-13-enriched benzene, although s and 13C NMR
may render restricted Hartre&ock (or second-order many-  spectra (arising from 12 spin-1/2 nuclei) in liquid crystal
body perturbation theory, MP2) results meaningless. Addition- solutions are extremely complex, also for the study of the CH
ally, an excellent description of the electron density at the nuclei and CC couplings. Besides, this method has a large benefit;
is needed for the FC contribution. _ all the D couplings can be determined from thame spectra
The case of aromatic CC couplings is crucial for structure ensuring exactly the same experimental conditiof3Cs-
determinations in liquid-crystalline and biomolecular systems. enriched benzene was dissolved in three thermotropic liquid
Most molecules that display thermotropic liquid-crystalline crystals, and both thtH and3C NMR spectra were recorded.
properties include one or more benzene rings. Recently, op initio calculations were performed for the tenshse, Zcc,
Sandstfm et al'? showed that the anisotropic CC couplings gnq 3Jcc using the MCSCF linear response methetdth a
(Dcc couplings) in liquid crystal molecules can be obtained by gjygje-reference wave function and also with multireference

two-dimensional double quantum NMR experiments with e |5 the latter the delocalizeeelectron system was chosen
carbon-13 at natural abundance. This is a big advantage and, g {he multireference basis

thus may provide a useful method for studying orientation and
conformation of liquid crystal molecules imesophasesThe
utilization of the CC couplings, however, becomes feasible only
when the contribution aAJec to the experimentdDccis known NMR Spectroscopy. The spin-spin coupling constants were
or can safely be neglected. Therefore, in order to gain insight getermined from neat benzede{98% D; Cambridge Isotope Labo-
into the anisotropy of carbercarbon coupling tensors in  ratories) by recording th&C{*H} NMR spectrum withi*C satellites
aromatic ring systems, it seems natural to study themA"Jcc on a Bruker DPX400 spectrometer, the operating frequencies being
(n=1, 2, and 3), in benzene. An earlier study of ben?&ne 100.61 and 400.13 MHz fdfC and'H, respectively. In order to reach
delt with the ratios of thédcc values corrected for harmonic  a sufficient signal-to-noise ratio, 2048 FIDs with 4k points were
vibrations and showed that the couplings may indeed include aaccumulated. A relaxation delay of 10 s and frequency range of 360
contribution from the spifrspin coupling anisotropy, but no Hz were applied. The line widt_h at half—height_ was ca. 0.3 H_z. The
estimate for the magnitude of the anisotropies could be given. frequency of each rgson:_ance line was determined with the ald. of the

There are a few studies on semiempirical calculations of the F'TPLA program written in our research grotip.These frequencies
CC spin-spin coupling tensors of benzene in the literatdr¥. \(/jvere fed to the iterative LEQUOR spectral analysis p[ogigim the

- . etermination of coupling constants and chemical shifés, isotope

The only first principles studi{ reports DFT results for the effects oni3C shifts.
isotropic constants, but has neglected the SD contribution, o . . .
however. As none of the previous theoretical works reports For the determination of the anisotropy of the CC sgsipin coupling

. . tensors,**C-enriched benzené3CsHs with 99% °C; Isotec Inc.) was
all the parameters of present interédgc andA™Jcc, and since dissolved in three thermotropic liquid crystals: (A) Merck ZLI 1167

it is difficult to assess the validity of semiempirical work without (a mixture of thregp(n-alkyl)trans, transbicyclohexylp -carbonitriles),
reference to experimental results, the case calls for a systematigg) merck Phase 4 (eutectic mixture qi-methoxyp'-(n-butyl)-
ab initio study, where all the different contributionstxc are azoxydibenzenes), and (C) the 58 wt %:42 wt % mixture of ZLI 1167
calculated with varying basis sets and treatment of correlation. and Phase 4 (referred to as MIXTURE from here on), respectively.
In this study, we have derived the indirect carb@arbon The liquid crystals ZLI 1167 and Phase 4 were chosen because they
coupling constant8Jcc for benzene by (a) utilizing théH/H possess divergent properties. The anisotropy of the diamagnetic
isotope effect on carbon shieldings in monodeuterated benzenesusceptibility Aym, of the former is negative, and therefore its director
(CsHsD) and recording th&C{H} spectrum and (b) recording ~ orients perpendlculgrly to the ex_ternal magn_etlc flgld. Phase_4, on the
the H-coupled?3C NMR spectrum of3CgHg and performing contrary, has a pos_ltlvAXm, leading to the orientation of the dm_ector
its complete analysis. The anisotropies of the coupling tensors,along the external field. Moreover, studies of solute molecules in these
A"J = nJ, — "J; , where the subscripts refer to tHetensor two liquid crystals have yielded geometric distortions of opposite signs.
. ’ . . . MIXTURE also has a positiveAym,, but the positive and negative
elements in the parallel and perpendicular directions, respec-

vel ith h is of b geometry distortions almost cancel each offeiThere are bases to
tively, with respect to the £symmetry axis of benzeneere expect that other NMR properties of a solute, shielding and-sgimn

determined by applying LC NMR. In the course of this work  coypling, also are least distorted in this particular liquid crystal
it turned out that even the natural abundance double-quantummixturel® Samples A, B, and C contained 6.7, 10.3, and 8.4 mol %
13C NMR spectra of benzene dissolved in liquid crystals are benzene, respectively, and they were introduced into 5-mm (0.d.) NMR
observable in a reasonable time, and thusiae couplings tubes and degassed in a vacuum line. THhand!*C NMR spectra of

(11) (a) Vahtras, O.; Agren, H.; Jargensen, P.; Helgaker, T.; Jensen, H. eacl: lsample W_erte}1 record?d a:] 300 K (atBth:(S T%rgg(i{’ggure thte Ilqutld
J. Aa.Chem. Phys. Lettl993 209, 201—6. (b) Perera, S. A.; Sekino, H.;  Crystals appear in the nematic phase) on a Bruker Spectrometer.
Bartlett, R. J.J. Chem. Physl1994 101, 2186-2191.

Experimental Section

(12) sandstim, D.; Summanen, K. T.; Levitt, M. HI. Am. Chem. Soc. (16) van den Boogaart, A.; Ala-Korpela, M.; Jokisaari, J.; Griffiths, J.
1994 116, 9357-8. R. Magn. Reson. Med.994 31, 347-58. Ala-Korpela, M.; Korhonen, A.;
(13) Diehl, P.; Bwiger, H.; Jokisaari, JOrg. Magn. Reson1979 12, Keisala, J.; Hakko, S.; Korpi, P.; Ingman, L. P.; Jokisaari, J.; Savolainen,
282-283. M. J.; Kesaiemi, Y. A. J. Lipid Res.1994 35, 2292-304.
(14) (a) Blizzard, A. C.; Santry, D. R. Chem. Phys1971, 55, 950— (17) Diehl, P.; Kellerhals, H.; Niederberger, \l.. Magn. Resonl971,
63;1973 58, 4714. (b) Lazzeretti, P.; Taddei, F.; ZanasiJRAmM. Chem. 4, 352-7.
So0c.1976 98, 7989-93. (c) Wray, V.; Ernst, L.; Lund, T.; Jakobsen, H. J. (18) Jokisaari, J.; Hiltunen, YMol. Phys.1983 50, 1013-23.
J. Magn. Reson198Q 40, 55-68. (19) Jokisaari, J.; Hiltunen, Y.; Lounila, J. Chem. Phys1986 85,

(15) PyykKg P.; Wiesenfeld, LMol. Phys.1981, 43, 557—80. 3198-202.



13C—13C Spin-Spin Coupling Tensors in Benzene

The spectra were analyzed on PERCH soft#ansing the peak-top-

fit mode. The same samples, heated to the isotropic state (samples A
and B, 350 K; sample C, 345 K), were also used for the determination

of the carbor-proton and carboncarbon spir-spin coupling constants.

The particular goal was to find out their solvent dependence. The HH HIl H

spin—spin coupling constants)uy, were adopted from ref 21 for

benzene in ZLI 1167 and Phase 4, while for MIXTURE, the concentra-

tion-weighted average values were used. In each dasealues were
kept fixed in the iterative spectral analyses.

The typical run parameters for the sample$® NMR spectra were

J. Am. Chem. Soc., Vol. 118, No. 37, 8%®6

Table 1. Basis Sets Used in the MCSCF Calculatons

Gaussian functions

basis GTO CGTO contraction pattérn
(5s1p) [3slp] {311/1%
C (9s5pld)  [5s4pld] {51 111/2 111/1F
TZ+sH (5s2p) [4s2p] {2111/1*1%

C (13s6p2d)

adentifiers, numbers of primitive and contracted functions, and the
corresponding contraction patterns are shown. Spherical Gaussians are

[10s4p2d] {1114 111111/3 111/1*3*

the following: acquisition time 1.6 s, relaxation delay 1 ms, pulse angle used throughout Polarization functions are denoted by an asterisk.
30°, and number of scans 128. The corresponding parameters in the

IH runs of the oriented samples were 1,15ss (here we used the

which theJ tensor is calculated has been pointed‘sit Consequently,

inversion-recovery method to cancel the complicated baseline origi- we added three s-primitives to each carbon with the exponents 125 000,

nating from liquid crystals), and 256 scans.
Ab Initio Calculations. MCSCEF linear response calculations of the

900 000, and 6 000 00 At the same time, we also decontracted
the carbon valence s- and p-shells and the hydrogen s-shell slightly,

spin—spin coupling tensors were carried out as described by Vahtras "esulting in 252 contracted functions and the basis denoted here as

et al* using the DALTON softwaré? Spin—spin couplingJ; is a

TZ+s. As DALTON is presently limited to 255 molecular orbitals in

second-order molecular property; the corresponding energy term is MCSCF calculations, a larger basis set thantB4s unavailable for

bilinear in the magnetic moments of the nucleandj. DALTON

benzene. Considering previous experiefthe present TZs basis

employs a combination of expectation values (for the DSO contribution) Should be close to saturation even for the FC contribution. The

and the MCSCF linear response formalférfother terms), and the
approach has been applied in several works reporting—gpgim
coupling constant®' For details of the theory and implementation,
we refer to the original papér.We used the CCSD/cc-VTZ optimized
equilibrium geometry of benzene reported by Brengieal ,>> where
rcc = 1.393 A andrcy = 1.082 A. In one test calculation we also

employed the geometry used in the experimental analysis of the data,

rec = 1.397 A andrcy = 1.085 A, to gain insight into the sensitivity
of the results to geometry.

Correlatedab initio calculations, and those of the spispin coupling

contraction patterns of these basis sets are shown in Table 1.

In MCSCF calculation® the electronic wave function consists of a
linear combination of several Slater determinants constructed by moving
electrons out from the doubly occupied (in the SCF picture) molecular
orbitals to the unoccupied (virtual) ones within the chosen active orbital
space. Both the coefficients of the determinants and the orbitals are
variationally optimized. For MCSCF to be successful, the active space
must be chosen in a balanced #&yto contain the orbitals that are
expected to participate most in electron correlation effects. The
complete active space (CAS) wave function consists of all determinants
that can be constructed within the active space, corresponding to full

in particular, require the use of good atomic orbital basis sets. For configuration interaction calculation in that limited space. The size of
molecules the size of benzene this becomes a serious bottleneck, ag cAS expansion rapidly becomes prohibitive as more electrons and
one often cannot reach the basis set limit in the calculated properties. orpjtals are included in the active space, and the need to constrain the

In this work, we utilized two different basis sets, firstly, the TZP level
set adopted originally from Huzinag®. The set, denoted by HIl, has
been previously applied in nuclear shielding calculat®@ndn the
context of spir-spin couplings it has been pointed out as not being
fully saturated for small organic molecuk8. Nevertheless, it provides

electron occupation numbers (and, consequently, limit the number of
determinants in the wave function) in different parts of the active space
arises. Then one has the restricted active space (RAS) method, in which
the most common way to partition the active space is to use three
subblocks of orbitals. The maximum number of holes can be specified

a reasonable basis (168 functions) to be used in large MCSCF in RAS1, which contains orbitals that are doubly occupied in the SCF

expansions, which would currently be beyond our computational wave function.

RAS2 corresponds to the active space in CAS

resources with more extended one-particle basis sets for benzenecalculations: no constraints to the orbital occupation numbers are put

Secondly, we took the TZ basis set of Sfehat al.?® augmented with
two polarization functior® on each atom; p-type (exponents 1.407

there. In RAS3 one can specify the maximum number of particles
(electrons)n,. If RAS2 only contains orbitals that are doubly occupied

and 0.388) for hydrogen and d-type (1.097 and 0.318) for carbon. The in SCF, one has a single-reference wave function subjected to single,
need to have extremely tight s-type basis functions on the nuclei for double, etc. (depending om,) excitations. This allows estimating

(20) Laatikainen, R.; Niemitz, M.; Weber, U.; Sundelin, J.; Hassinen,
T.; Vepsdéinen, J.J. Magn. ResorA 1996 120, 1-10.

(21) Diehl, P.; Bwiger, H.; Zimmermann, Hl. Magn. Resorll979 33,
113-26.

dynamical correlation effects. Inclusion of one or more virtual orbitals
into RAS2 gives the wave function a multireference character suitable
for investigating static correlation.

We performed the present MCSCF calculations for benzene in the

(22) Helgaker, T.; Jensen, H. J. Aa.; Jargensen, P.: Koch, H.; Olsen, J.;/argest Abelian point group symmetripzn, corresponding to the full

Agren, H.; Bak, K. L.; Bakken, V.; Christiansen, O.; Halkier, A.; Dahle,

P.; Heiberg, H.; Hettema, H.; Jonsson, D.; Kobayashi, R.; de Meras, A. S.;

Mikkelsen, K. V.; Normann, P.; Ruud, K.; Taylor, P. R.; Vahtras, O.
DALTON, an electronic structure program996.

(23) Jargensen, P.; Jensen, H. J. Aa.; Olseh,Ghem. Physl988 89,
3654-61. Olsen, J.; Yeager, D. L.; Jgrgensen]tnd. 1989 91, 381-8.

(24) (a) Barszczewicz, A.; Jaszunski, M.; Kamienska-Trela, K.; Helgaker,

T.; Jgrgensen, P.; Vahtras, ®heor. Chim. Actal993 87, 19-28. (b)
Barszczewicz, A.; Helgaker, T.; Jaszunski, M.; Jgrgensen, P.; Ruul, K.
Chem. Phys1994 101, 6822-8. (c) Ruud, K.; Helgaker, T.; Jgrgensen,
P.; Bak, K. L.Chem. Phys. Lettl994 226 1—10. (d) Barszczewicz, A,;
Helgaker, T.; Jaszunski, M.; Jgrgensen, P.; Ruud]).KMagn. Reson. A
1995 114, 212-8.

(25) Brenner, L. J.; Senekowitsch, J.; Wyatt, R.Gem. Phys. Lett.
1993 215 63-71.

(26) Huzinaga, SApproximate Atomic FunctiongUniversity of Al-
berta: Edmonton, 1971.

(27) (a) Schindler, M.; Kutzelnigg, WI. Chem. Physl982 76, 1919~

33. (b) Ruud, K.; Helgaker, T.; Kobayashi, R.; Jgrgensen, P.; Bak, K. L.;

Jensen, H. J. Adbid. 1994 100, 8178-85.

(28) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571~
7.

(29) Dunning, Jr., T. HJ. Chem. Phys1989 90, 100723

Den point group of the molecule. The different active spaces used were
chosen with the help of natural orbital occupation numbers calculated
as eigenvalues of the MP2 spin-reduced one-particle density matrix,
and are given in Table 2.

The molecular orbitals that comprise the delocalizeglectron
system in benzene are best discussed witltkdl orbitals®? The
HOMO—-LUMO (highest occupieetlowest unoccupied molecular
orbital) gap separates two doubly degenerate sets of orbitals arising
from the carbon patomic orbitals. These four orbitals are contained
in our CAS-I calculations. CAS-IlI contains, additionally, the two
nondegenerate delocalizedorbitals positioned symmetrically below
and above (in the energy scale) HOMO and LUMO, respectively. Both
CAS-l and CAS-Il are small multireference wave functions. RAS-I

(30) (a) Oddershede, J.; Geertsen, J.; Scuseria, & Fays. Chenl988
92, 3056-9. (b) Geertsen, J.; Oddershede, J.; Raynes, W. T.; Scuseria, G.
E. J. Magn. Reson1991, 93, 458-71.

(31) Roos, B. O. IrLecture Notes in Quantum ChemistRoos, B. O.,
Ed.; Springer-Verlag: Berlin, 1992; pp 1#254.

(32) Atkins, P. W.Molecular Quantum Mechanic2nd ed.; Oxford
University Press: Oxford, 1983; p 275.
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Table 2. Active Molecular Orbital Spaces Used in the MCSCF Table 3. Experimental and Calculated CH and CC Sp8pin
Calculationd Coupling Constants in Benzéehe

wf inactive®  RAS1 RAS2 RAS3 m ny nsp experimental
CAS-I 64105300 00110011 12 coupling GHsDP  ZLI1167° MIXTUREY Phase# calculated
CAS-Il 64005300 00210021 104 1 158.550(6) 158.310(9) 158.41(1)  176.7
RAS-0 21002100 43113210 53214321 2 19194 232: 1.032((8)) 1 '04(1() ) 1 69(5_)) —7.4 ’
RAS-| 42003200 22102100 00110011 32002210 2 2 94210 33 , 7:517(5) 7:62(2) 7:72(1) 117
RAS-Il 42003200 22002100 00210021 32002200 2 2 982274 43 , -1.28(1) -1.23(2) -—1.44(1) —4.6

Jec 55.87(2)  55.98(1) 55.811(4) 55.83(2) 70.9
2cc  —2.486(24) —2.49(1) —2.519(9) —2.434(7) —5.00
3Jcc  10.111(25) 10.099(9) 10.090(6) 10.12(2) 0.1

2The numbers in each category denote the number of orbitals in
the following eight symmetry species of tBe, point group: A, Bs,
By, Big, Biu, Bag Bsg, and A. The maximum number of holes in

RAST, n,, maximum number of particles in RASB,, and number of a Values in hertz. The figure in parentheses after the experimental
Slater determinants in the wave functiorp, are indicated” A SCF values is the standard deviation in units of the last digieat
calculation of benzene would be designated as (6411 531G#) in monodeuteriobenzene. The coupling constants were derived from the
the notation (inactive/RAS1/RAS2/RAS3). H-decoupled®C NMR spectrum¢ 13CgHs dissolved in the liquid

crystal ZLI 1167. The sample was heated to the isotropic state (
and RAS-Il allow single and double excitations out of the multireference 350 K). The coupling constants were derived from thecoupled
basis furnished by CAS-1 and CAS-I, respectively. RAS-0, on the **C NMR spectrum¢ As in footnotec, but the solvent was liquid crystal
other hand, is a single-reference wave function in which we allow up MIXTURE (see the text) and the sample was heated to the isotropic
to double excitations from all the occupied valence orbitals into a fairly SIA€ all =345 K. ¢ As in footnotec, but the solvent was liquid crystal

. . . . Phase 4f CAS-Il/TZ+s calculation9 RAS-II/HII calculation.

large virtual active space. The present active spaces comprise 21%,
26%, 73%, and 55% of the total MP2 occupation in the_ virtual orbitals The ana|ysis of a second-order Spectrum y|e|ds the relative
in CAS-I, CAS-Il, RAS-0, and RAS-I/RAS-II, respectively. In the gjgns of the spirspin coupling constants. It is generally
occupied (in the SCF sense) orbitals the corresponding (hole) per,cem'accepted that the one-bond CH couplings are positive. In our
ages are 28, 37, 99 and 81. As the RAS-I and RAS-II wave functions analysis theortho, meta andpara CC couplings appear to be

consist of almost 100 000 and 1 000 000 Slater determinants (in the it fi d it tively. This is th
respective order), we have chosen to calculate only the most demandin ,OS' IV€, négative, and posilive, respectively. IS IS the very

contributions, FC, and SD/FC (moreover SD for RAS-I)Mdec using irst time that this sign combination has been confirmed
them. All the contributions (DSO, PSO, SD, FC and SD/FC) are €xperimentally. Earlier the signs were concluded from the
calculated for CAS-1 and CAS-Il wave functions, and all but DSO for corresponding ones in substituted benzefes.

RAS-0. B. Ab Initio Spin—Spin Coupling Constants. The results
of the MCSCF calculations fd¥Jcc and"Jcy are given in Table
Results and Discussion 4. The best of these are also compared to experimental ones in
Table 3.

A. Experimental Spin—Spin Coupling Constants. The
indirect HH and CC spinspin couplings"Juy and "Jec, of
normal, protonated benzene are not directly measurable in

isotropic solutions due to the chemical equivalence of the . ! ;
protons and carbon-13 nuclei, respectively. There exist, how- that MC.SCZW"’WG functions tend to underestimate correlation
effects inJ.?* The signs of"Jcc, however, are found to be

ever, various means to overcome this problem. For example, . e
) - 'unchanged; even the modest CAS-I calculation is able to
the necessary nonequivalence between the carbon-13 nuclei CA eproduce the experimental sign combination. This is in contrast
be introduced without significantly affecting the couplings by topresults at the gCF level (n%t shown) whére is of
substituting deuterium for a hydrogen atom (for a discussion . ” oy .
: o - . correct sign. The results of a small multireference expansion,
of isotope effects on spinspin couplings, see ref 33 ). This ! . :
o Lo CAS-Il, and a relatively elaborate single-reference calculation,
substitution leads to a change of the molecular vibrational statesRAS_O are comparable. excent for thetho counling where
and, therefore, to a shielding difference between the nuclei. Thisthe Iatt’er ends up closer, to thepex erimental vglueg It may be
technique was applied in the present study; the CC-sgiin P P P! . L y
) . 1 noted here that Brenneet al2> did not find significant
coupling canstants were derived from the-decaupled °C multireference character in their study of the structure and in-
satellite spectra in th#%C NMR spectra of €HsD with *C at lane force field of benzene Howe\Yer further improvement
natural abundance. The results, shown in Table 3, are inP ’ ’ P

excellent agreement with those reported by Roznyatowsky in "Jcc can be seen in the two multireference RAS calculations,
al 34 particularly in themetacoupling.

Compared with the experimental results, even the best of the
present calculations gives too large (in magnitutllg): cou-
plings, but the trend in increasing the number of correlating

ﬁ}s pos&blef[ t(t) t:e ones l;tedHfo(;.Obt?m'gg. m;ﬁoliﬁlmg?' Ir}d orbitals would apparently lead to a fairly good agreement, if
€ present study, we usetgris dissolved In the three fiqul continued further. Presently, the agreement is best iotttno

crystal samples heated to the isotropic state and recorded thecoupling while the differences il and3Jec are stil large.
proton-coupled3C NMR spectra. The CH .and QC couplings The signs, as already stated, are consistently correct. This is
resulting from the spectral analyses are given in Table 3, too. not the case for CASJcn, however, where tha = 2 coupling

lg'fnzzenr;heigggmﬁgd‘éccercoéjrﬂ'?]%z ?(;er;rzta\r%e&rstig?gvgn ais calculated to have a negative sign contrary to experiment.
u § WEVer, V€N There is no doubt in the correctness of the experimental result,

small ghange il is reflected in the correspondirigcouplin.g, as the positive sign is also obtained theoretically in ref 6a. The
and this may lead to a marked apparent change in the anisotropy, . ' ond CC and CH couplings appear to be more difficult
of the coupling tensor. than the corresponding one- and three-bond coupfintysthe

(33) Sergeyev, N. M. INMR Basic Principles and ProgresBiehl, P., present work the magnitude of the calculatégh couplings is
Fluck, E., Gunther, H., Kosfeld, R., Seelig, J., Eds.; Springer-Verlag: Berlin, also overestimated.
1990; Vol. 22; pp 3%80.
(34) Roznyatovsky, V. A.; Sergeyev, N. M.; Chertkov, V. Magn. (35) Krivdin, L. B.; Della, E. W.Prog. Nucl. Magn. Reson. Spectrosc.
Reson. Chenll99], 29, 304-7. 1991, 23, 301-610.

The results show a monotonic decrease in the absolute values
of the CC coupling constants with the size of the wave function
expansion. This is in line with the earlier findings indicating

From the accuracy point of view, it is of vital importance to
measure thd couplings in conditions corresponding as closely
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Table 4. Results of the MCSCF Calculations for the CH and CC Si3pin Coupling Constants in Benzéne

basis wf 230+ E lJCH ZJCH 3JCH AJCH 1J(;c ZJCC SJCC
HIl CAS-I —0.793 885 191.8 —15.6 18.3 —-11.4 107.8 —-28.1 321
TZ+s CAS-I —0.819 770 182.5 —-12.4 16.3 —-9.3 104.8 —26.8 31.1
TZ+s CAS-pP —0.819 033 184.7 —-12.9 16.9 -9.9 106.7 —28.4 325
Hil CAS-II —0.826 472 185.1 —-9.8 12.9 —6.1 95.2 —15.3 19.6
TZ+s CAS-II —0.851 546 176.7 —7.4 11.7 —4.6 93.1 —14.9 194
Hil RAS-0° —1.151 394 77.8 —-12.2 19.4
Hil RAS-|d —1.003 442 72.4 —-5.9 19.4
Hil RAS-II® —1.011 383 70.9 -5.0 19.1
DFT 150.7 2.6 7.1 -0.9 53.1 —-0.4 8.8
REX? 74.0 35.3
INDO" 72.8 —-11.5 13.4
INDO! 53.9 —10.6 14.3
INDO i 54.7

a Values in hertz calculated at the CCSD/cc-VTZ geométiyse = 1.393 A andrey = 1.082 A, The basis sets and the type of wave function

(see Tables 1 and 2, respectively) are indicated for each calculation, together with the calculated total energy (Ha). Also some theoretical values

from the literature are listed for comparisé@rCalculated at the geometry used in the analysis of the experimentaf @8& contribution calculated
at the CAS-II/HII level.f DSO and PSO contributions calculated at the CAS-II/HII le¢&SO and PSO contributions calculated at the CAS-II/
HIl level and SD contribution at the RAS-I/HII levelReference 6a; finite perturbation DFT with no spin-dipole contribution calculéfedference
15; relativistically parametrized extendedd#el calculation! Reference 14c; INDO (intermediate neglect of differential overdipjte perturbation
calculation with PSO, SD and FC contribution®eference 14b; INDO-coupled HartreEock calculation with PSO, SD, and FC contributions.
i Reference 14a; INDGself-consistent perturbation calculation with PSO, SD, and FC contributions.

Table 5. Contributions of the Different Physical Mechanisms to
the Calculated CC SpinSpin Couplings in Benzefe

coupling wf DSO PSO SD FC total
ec CAS-I 04 —6.6 3.6 1105 107.8
CAS-II 0.4 —-6.1 1.9 99.1 95.2
RAS-0° —6.6 3.0 81.0 77.4
RAS-I¢ 15 76.6 72.4
RAS-II @ 75.1 70.9
INDO ¢ -12.3 3.0 63.1 53.9
INDOf —12.8 3.2 64.3 54.7
2Jcc CAS-I -0.2 0.0 -31 -—-248 -281
CAS-II —-0.2 00 -14 -13.7 -—153
RAS-(° 00 -26 -—-94 -121
RAS-I° -1.1 —-4.7 -5.9
RAS-II4 -37 =50
INDO® 09 -25 -9.0 -106
8Jcc CAS-I 0.1 0.4 3.8 27.8 32.1
CAS-II 0.1 0.3 21 17.0 19.6
RAS-0 0.4 34 154 19.3
RAS-I° 1.8 17.1 19.4
RAS-II4 16.8 19.1
INDO® 1.0 3.8 9.6 14.3

aValues in hertz calculated with the HIl basis set at the CCSD/cc-
VTZ geometry?> ® DSO contribution to the indicated total couplings
taken from the CAS-II/HII calculatior. DSO and PSO contributions
to the total couplings taken from the CAS-II/HII calculatictDSO
and PSO contributions to the total couplings taken from the CAS-II/
HIl calculation; SD contribution from RAS-I/HII¢ See footnoté in
Table 4.7 See footnotg in Table 4.

The contributions of the different physical mechanisms to

neglect of the SD term is easily masked by errors in the
dominating—notorious—FC contribution in calculations of the
present level of accuracy. However, the spitipolar interac-
tion has a significant contribution in the CC coupling anisotro-
pies (see below), particularly through the SD/FC cross-férm.
Improvement in the correlation treatment, considered here
to be parallel to the length of the determinantal expansion, is
expectedly confined mainly to the systematic decrease in the
magnitude of the FC contributio. Certainly one is allowed
to use a lower level of theory (even SCF in the present case)
for the DSO and PSO contributions than for #CThe SD
contribution is also affected by correlation, but its small
magnitude allows one to use low-level results in interpreting
the general trends here as well. It was noted in ref 40 that even
a small multireference expansion is sufficient to remedy the
triplet instability problem, as evidenced by our CAS-1 and CAS-
Il calculations, too. From the relative success of the present
RAS-0 single-reference calculation, it is clear that the FC terms
in both "Jcc and "Jcy contain a large fraction of dynamical
electron correlation, which is absent in our two CAS wave
functions. Indeed, the large RAS-I and RAS-II calculations
indicate that the FC contribution is still not fully converged with
respect to correlation treatment in the best of our calculations.
The next step would be to use the large all-valence active space
of the RAS-0 wave function with the multireference bases of
CAS-I or CAS-Il. This is unfortunately beyond our current
resources, however. The main progress in such a calculation
is to be expected iRlcc, where our present calculations seem

the calculated CC coupling constants are shown in Table 5. to converge at too high a value.

Here, our findings parallel those of the early semiempirical work
by Lazzerettiet al1** The FC contribution is found to be the
dominating one in allJcc couplings and calculations. Both
DSO and PSO give very small contributions to thetaand
para couplings. However, omission of the PSO term would
lead to a significant overestimation &fcc. It is notable that
the pattern formed by the different contributions to trého

CC coupling in benzene closely matches that'fige in several

other hydrocarbons, suggesting that this may be a general

characteristic of one-bond CC couplings betweérhsridized
carbongb24a¢.36 The SD contribution was neglected in DFT
work by Malkinet al®® We find that, while less important than
PSO in1Jcc, SD is clearly more significant than PSO for the
other two CC couplings. We agree with ref 6a in that the

(36) Scuseria, G. EChem. Phys. Lettl986 127, 236—41.

Regarding the one-electron basis sets used, HIl is not saturated
as can be seen from the difference in the CAS-I and CAS-II
calculations, which have also been performed with the better
polarized TZts set with tight s-functions. Th&cy couplings
are sensitive to the basis set quality as changes ranging from
5% to 25% (to the direction of the experimental results) are
seen when the basis is improved. Thlc values are less
sensitive: the corresponding improvement is 5% or below at

(37) (a) Buckingham, A. D.; Love, . Magn. Resorll97Q 2, 338-51.
(b) Lazzeretti, P.; Zanasi, R. Chem. Phys1982 77, 2448-53.

(38) Scuseria, G. E.; Geertsen, J.; Oddershedk,Ghem. Phys1989
90, 2338-43.

(39) Overill, R. E.; Saunders, V. hem. Phys. Letll984 106, 197—
200. Scuseria, G. E2hem. Phys1986 107, 417-27.

(40) Laaksonen, A.; Kowalewski, J.; Saunders, VORem. Phys1983
80, 221-7. Laaksonen, A. |.; Saunders, V. Rhem. Phys. Letl983 95,
375-8.
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Simulated |
I 1000 Hz

Experimental

Figure 1. Simulated and experiment&iC NMR spectrum of*CgHg
in the nematic phase of the ZLI 1167 liquid crystal.

the CAS-I level and smaller (3% or below) at the CAS-II level.
If we scale the results of our best calculation, RAS-II, by the

fractional change seen in CAS-Il results, we note that the major

possibilities of improvement ifJcc upon the present level
indeed lie in the correlation treatment, not in the atomic basis
set used.

Comparison of the CAS-I/T£s calculations performed using

Kaski et al.

spectrum of*CgHg in the ZLI 1167 liquid crystal. The analysis
of such a spectrum yields altogether t®Bncouplings: three
Dun couplings, fourDey couplings, and thre®cc couplings.

The NMR spin Hamiltonian appropriate for spin-1/2 nuclei
in molecules partially oriented in uniaxial liquid crystal solvents
can be written in the high-field approximation3as

H= _BJ(Zﬂ)Zi%(l - oi)iiz + Zi<jJiji\i'rj + zi<j(Dij +
(12329310, — TT) (D)

iszz
whereBy is the magnetic field of the spectrometer (in the
direction),y;, l;, ando; are the gyromagnetic ratio, dimensionless
spin operator, and nuclear shielding (sum of the isotropic and
anisotropic contributions) of nucleuisrespectively. The direct
dipolar couplingDj is defined as

Dy = —udiyy,S/(87°r,) )

whereS; is the order parameter of the internuclear veatpr
with respect toBy, andu andh have their usual meanings.
The experimentally available couplings in a molecule dissolved

different geometries for the molecule reveals changes on theinto a liquid crystalD;®*®, can be expressed as a sum of several

order of 2 Hz in all calculated CC coupling constants, which,

however, is insignificant regarding the present overall accuracy.

The sensitivity of the CH couplings to geometry appears to be
negligible, though the change is of the expected direction for
one-bond coupling&.i.e.,increased coupling for increased bond
length. The FC contribution is almost solely responsible for
the observed difference.

The results on the application of the semiempirical INDO
(intermediate neglect of differential overlap) method in the
literaturé“ are comparable to our bea initio ones. Lazzeretti
et al1*P and Wrayet all4 calculated all thé'Jcc couplings.
References 14a,b reported values for drtho coupling es-
sentially in exact agreement with the experimental results.

However, the approaches followed in these computations

involved a fit of the spin density and the expectation vaiiél

at the nuclei to reproduce the experimental couplings of several

compounds including benzene. While INDO results Jixc
are somewhat superior to ourdlcc is off by an order of
magnitude in INDO. Overall, the semiempirical methods do a
respectable job in the calculation of the spspin coupling

contributions:
D;*?= D, + (1/2)3,""°= D;*'+ D,;*"+ D;" + D;* +

(1/2)Jij aniso (3)

On the right-hand side of eq 3;® is the dipole-dipole
coupling corresponding to the equilibrium structure of the
moIecuIe,Dijah arises from the anharmonicity of the vibrational
potential, D" is the contribution from the harmonic vibrations,
andDj4, the deformational contribution, is due to the correlation
between vibrational and reorientational motions (the solvent
dependence of molecular geometry stems from this term). The
term J;@"s° can be, in the general case, presented in the form

(2/3)(ZaﬂsaﬂDJij o) Po(COSO) =
(2/3)AJ; S’P,(cosb) (4)

J aniso _

whereS,sP andJj«s are elements of the Saupe ordering tensor
and the spiaspin coupling tensor, respectively, is the

constants in benzene. However, as they are known to sometimesecond-order Legendre polynomial, ahs the angle between

fail dramatically, they need to be used with c&#é’b
The agreement of the sole first principles calculation (until
now) by Malkin and co-workef3with experiment is impressive.

Their remaining error is more or less due to the neglected SD

contribution to the CC couplings, which could be takerg,
from our Table 5. Particularly, the difficult two-bond couplings
are very well calculated. It is unclear if the present MCSCF

linear response method would be superior to the approach ofUS€d for this purpose.

ref 6a if we were able to use a larger active space in a
multireference MCSCF expansion. However, DFT remains
certainly the more cost-effective method.

C. Experimental Anisotropy of the CC Spin—Spin
Coupling Tensors. For the determination of the anisotropy of
the carbor-carbon spir-spin coupling tensors, both tAE and
13C NMR spectra were recorded at 300 K, where all three
samples appear in the nematic phase. However, the fnal
couplings were analyzed from the spectrum of better quality:
in ZLI 1167 and Phase 4 tH&C spectrum was chosen, whereas
in MIXTURE the H spectrum was used. Figure 1 displays, to
give an example, the experimental and simulaté NMR

(41) Jameson, C. J.; Osten, H.dJ.Am. Chem. S0d.986 108 2497
503.

the external magnetic field and the liquid crystal directar,
The last equality in eq 4 is valid for a molecule wi@3 or
higher symmetry. S is the order parameter of the molecular
symmetry axis with respect to.

In order to obtain a reliable value féj2"s°and, consequently,
for AJ;, one has to evaluate the vibrational and deformational
contributions td;®*? (see eq 3). The program MASTERvas
MASTER evaluates the harmonic
vibrational corrections to thB couplings from available force
fields, and the deformational corrections due to the anisotropic
forces between the solute (benzene in the present case) and
liquid crystal molecules. In the present study, the harmonic
in-plane and out-of-plane force fields of benzene were adopted
from the studies by Scherét. Since the so-called, geometry
of benzene is used in the MASTER calculations, the effect of
the anharmonicity of the vibrational potential is automatically
taken into accourt® To gain insight into the importance of
the various contributions, Table 6 lists the relevant valD&S,
Dh, DY Dcalc and De*P, for each interacting nuclear pair of

(42) Wasser, R.; Kellerhals, M.; Diehl, Rlagn. Reson. Chen1989
27, 335-9.

(43) Scherer, J. RSpectrochim. Actd 964 20, 345-58; 1967, 23A
1489-97.
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Table 6. Calculated Dipole-Dipole Couplings,Deac, with the
Equilibrium, De%, Harmonic,D", and DeformationalD¢,

Contributions to the Experimental Anisotropic Couplings for
Benzene Dissolved in the MIXTURE Liquid Crystal Solvent

coupling Ded D" Dd Deale Dexe

Dyy —701.16 9.78 —199 -693.36 —693.368(7)
’Dun —134.94 0.98 —0.27 —134.23 —134.220(9)
3Dun —87.65 040 -0.14 —87.39 —87.417(12)
1Dcy —2108.96 158.55 —14.23 —1964.64 —1964.637(14)
°Dcn —269.33 5.08 —0.58 —264.83 —264.790(9)
3Dcn —68.43 0.48 —-0.08 —68.03 —68.131(9)
“Dch —46.20 0.18 -0.01 —46.02  —46.022(12)
Dcc —248.79 1.83 —0.44 —247.40 —248.217(21)
°Dcc —47.88 0.03 0.05 -—47.80 —47.569(20)
3Dcc —31.10 -0.05 0.08 —31.07 —31.613(32)

AAch 3.71(13) 7ce —0.33(3)

AAcc 8.74(159) P =P, —0.17869

eH 1.45(30) RMS error 0.0465 Hz

a All values are given in hertz. The anisotropic interaction param-
eters,AAch, AAcc (10722 J), 5jcn, andnec, and the order parameters,
S (with respect to the liquid crystal director) aisHP, (with respect
to the external magnetic field), are given at the bottom of the table.
The figures in parentheses give the parameter error in units of the last
digit quoted. See the text for details on the composition of MIXTURE.

benzene in the MIXTURE solvent (corresponding tables for ZLI
1167 and Phase 4 are available as supporting information).

Once the various contributions are known, the anisotropic
contribution,J;2"sS is obtained from

Jijanisoz Z[Dijexp_ (Dijeq+ Dijh + Dijd)] — Z(Dijexp _ Dijcal3
(5)

and, thus, the anisotropy from

AJ; = 3(D;%® — D;*)/[S’P,(cosb)] (6)

The indirect contributions to thBcc®® values,i.e., DX —
Dj®cin eq 6, for benzene in the three liquid crystals are results
of separate MASTER calculations. In each case, the ratio of
the CH (1.085 A) and CC (1.397 A) bond lengths,/rcc, was
fixed to 0.777. This is the value obtained on one hand by
combining electron diffraction and infrared détand on the
other hand by combining the data obtained in the ZLI 1167
and Phase 4 liquid crystal®. The calculation procedure follows
the one applied by Lounila and Diéhlexcept that the bond
length ratio was fixed. The intermolecular interaction tensor
(traceless and symmetric) is formed from contributions acting
on the CH and CC bonds of the solute; thus, the interactions
are completely determined by four interaction parameters:
AAch, 1ch, AAcc, andrce, AA denoting the anisotropy angl

J. Am. Chem. Soc., Vol. 118, No. 37, 83856

Table 7. Experimentally and Theoretically Determined
Anisotropies of the CH and CC SpitBpin Couplings in Benzefe

basis wf AWch A20cy A3Jcq A%cn AlJcc A%cc A8Jec
HIl CAS-I 327 —-12.4 7.2 -10.0 41.6 —415 408
TZ+s CAS- 322 -129 7.0 —-104 405 —40.6 39.9
TZ+s CAS-P 326 —-134 7.4 —-108 429 —429 422
Hil CAS-II 278 —-80 28 -59 191 -20.6 20.5
TZ+s CAS-II 280 —-9.2 33 —-69 191 -20.8 209
HIl RAS-0° 25.6 —27.4 26.6
HIl RAS-Id 12.3 —-139 14.0
Hil RAS-II® 11.0 —12.7 128
REX 43.8 29.1
expin ZLI 1167 21.2 -52 87
exp in MIXTURE 138 -39 9.1
exp in Phase 4 175 —-25 10.7
exp average 175 -39 95

@ Anisotropies in hertz with respect to the molecu@y axis of
symmetry,AJ = J; — Jn. ® Calculated at the geometry used in the
analysis of the experimental dateDSO contribution calculated at the
CAS-lI/HIlI level. ¢DSO and PSO contributions calculated at the CAS-
II/HII level. #DSO and PSO contributions calculated at the CAS-II/
HIl level and SD contribution at the RAS-I/HII levelSee footnotey
in Table 4.

the experimental one in all calculations, and the magnitudes of
the parameters decrease with the computational effort toward
the experimental results. The agreement of the CAS-II calcula-
tion is, again, comparable with RAS-0, albeit the former now
comes closer to the experimental values. It is difficult to say
on the basis of these calculations if this may be interpreted to
mean that the anisotropies are more affected by static correlation
than the traces dfcc. The overall agreement with experiment
is good in AlJcc, where the result is slightly below the
experimental value for the MIXTURE solvent, which is sup-
posed to be the least affected by anisotropic medium effects.
Our final (RAS-II) para coupling anisotropy is less overesti-
mated than the corresponding coupling constantAdixc we

are farther off than idJcc; here the overshoot is a drastic one.
In this kind of a comparison one must keep in mind that it is
very difficult to give error estimates for the present experimental
results. If the deviation of the experimentalJcc from one
liquid crystal solvent to another is taken as an indication of the
experimental uncertainty, our presatt initio calculations can

be considered to perform satisfactorily.

It is notable that the calculated sign combinations of both
A"Jcc andANJcy match exactly those of the calculated isotropic
coupling constants. A SCF-level calculation (not shown)
predicts the wrong sign for alA"Jcc values.

The experimental values foA"Jcy are not available for
comparison. The magnitudes of the calculat@dc are seen
to decrease with increasing correlation, too. The utilization of
the CH couplings in the analysis of the experimental results is
well justified on the basis of the following facts. The best

the asymmetry of a tensor. The values of these parameters wergalculatedab initio anisotropiesA"Jcy (CAS-II/TZ+s) overes-

determined from seven experimenfalcouplings: three HH
couplings and four CH couplings, weighted by their standard
deviations. The order paramet&? (referenced to the liquid
crystal director) is obtained with the aid of the interaction
parameters, and consequently, it is not an independent paramete
The results for MIXTURE are also shown in Table 6.

D. Ab Initio Anisotropies of Spin—Spin Coupling Tensors.
The calculated results for the anisotropies of CH and CC-spin
spin couplings are given and compared to experimental ones in
Table 7. Exactly the same pattern as with the isotropic
couplings'Jcc is apparent also with the anisotropig¥lcc: the
sign combination in thertho, metg andpara couplings equals

(44) Tamagawa, K.; lijima, T.; Kimura, MJ. Mol. Struct.1976 30,
243-53.

timate the true values. Extrapolating on the basis of the trend
apparent im"Jcc, then = 2 CH coupling anisotropies are seen
to be very small (around 5 Hz or below), making the corre-
sponding (1/2YcH2"s° (eq 3) also small. Despite the fact that
the limiting value ofA%Jcy probably remains above 10 Hz, the
corresponding (1/2JcH2"s0is negligible compared t&Dcpe*P.
The uncertainties iBfDcH" and1Dcyd, caused by the respective
errors in the harmonic force field and the approximations of
the deformational model, greatly exceed that of (Lg)yise

We list in Table 8 the contributions of the different mecha-
nisms toA"Jcc. As in refs 24d and 37b, the contribution of
the SD/FC term is a very important one in all parameters and
for both single-reference and multireference wave functions. The
anisotropy of thertho coupling has a large (in fact dominating)
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Table 8. Contributions of the Different Physical Mechanisms to Conclusions
the Calculated Anisotropies of CC SpiSpin Couplings in . . ) o
Benzena We have established experimentally the sign combinations

of "Jec and A"Jcc in the prototype aromatic hydrocarbon,

anisotro wf DSO PSO SD SD/FC total - o - -
d 1 benzene. The signs are positive, negative, and positive for the

Alcc  CASI  -23 103 46 290 416 0.363 ortho, metaandpara couplings and coupling anisotropies. The
CAS-IIL —23 95 20 9.9 19.1 0.444 . . : . .
RAS-G° 103 38 138 256 0484 ma}gn!t_udes of the anisotropies hav_e been determined with good
RAS-[¢ 15 35 123 0555 reliability by performing the analysis of the NMR spectrum of
RAS-II4 23 110 0.570 the largest spin system oriented in a liquid crystal ever. The

A%)ec  CAS-l -03 03 —44 -37.1 —-415 0.011 experimental sign combinations &fc.c and A"Jcc have been
gﬁg‘g) —03 g-g :é-g :%g-g :gg-g 8-8(1)2 reproduced by theoreticalb initio MCSCF linear response
RAS-I¢ T 15 —124 -139 0016 calculations, where already a small multireference expansion
RAS-II¢ ~11.3 —-12.7 0017 is seen to be able to provide reasonable results. However, the

A3Jec CAS-l -05 -06 56 36.3 40.8-0.063 convergence with electron correlation of the dominating mech-
CAS-lL -05 -06 32 184  20.5-0.096 anisms involving the Fermi contact interaction is slow. The
RAS-O —07 51 228 26.6-0.105 theoretical results foA"Jcc approach from above (in magnitude)
Sﬁg::ld 2.7 11122 11;.':3) :gziﬂ the experimental ones and provide likely upper bounds to them.

: : : : : While the one-bond coupling anisotropy is well converged, the
2 Anisotropies (Hz) are given with respect to t@gsymmetry axis disagreement with experiment is larger in the two- and three-
of the molecule, which is the third principal axis of théensors. Axis bond couplings, the former in particular. Semiempirical meth-

one is always the internuclear axis, and axis two is perpendicular to d h ts h . v b d in th
axes one and three. The last column contains the asymmetry parametedS: Whose results have previously been reported In the
7 = (Juu — J22)/Jss °DSO contribution to the total anisotropies literature, are found to perform quite well in comparison with

calculated at the CAS-II/HII level. DSO and PSO contributions to  ab initio calculations for the CC couplings of benzene. The
t_he total aniSOtrOpie_S at the CAS-II/HII levéIDSO and PSO cont_ribu_- remarkable Computationa| effort needed in Ca|cu|ating sp|n
tions to the total anisotropies at the CAS-II/HII level; SD contribution spin coupling tensors for molecules the size of benzene by the

at the RAS-I/HII level. . ) o
MCSCEF linear response method calls for other first principles

contribution from the PSO mechanism, while both DSO and approaches. The density-functional theory appears to offer one
PSO can be neglected iv2Jcc and A3Jcc. The decrease in practical solution which, however, needs to be implemented in
the SD/FC term with the length of the wave function expansion @ way that allows efficient calculation of all the different
is a very dramatic one: the ratio of the results of the smallest contributions ta) to also enable evaluation of the corresponding
and the largest of the present wave functions is over téiJpc anisotropies. Finally, this work shows that the anisotropic
and about three in the two other CC coupling anisotropies. In contributions in the experiment@lcc couplings are small; the
the ortho coupling anisotropy even the SD contribution is [(1/2)J2"*q is always less than 2% of the correspondiDg*?.
comparable in magnitude with the limiting values of SD/FC. In particular, for theortho Dcc, which is the coupling detectable
SD is a very time-consuming contribution to calculate, and for liquid crystal molecules in mesophasgl*s92D**? is only
unfortunately, it is significantly affected by electron correlation, on the order of 0.5%. Consequently, no large error is made
as can be seen in Table 8. The DSO and PSO terms can bavhen Dcc couplings are utilized for the determination of
calculated very well at a lower level of theory in contrast to structure and ordering of liquid crystals containing phenyl rings.

SD/FC.
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