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Abstract: The importance of hyperfine structure observed in molecular beam or high-resolution microwave
spectroscopy experiments has been almost completely overlooked by NMR spectroscopists and theoreticians.
In the present work, we show for a series of diatomic molecules that the indireetsgpimcoupling tensor,

of fundamental importance to magnetic resonance spectroscopy, is completely characterized by the hyperfine
measurements. The hyperfine parameters known to be equivalent to the isotropic spispin coupling
constantJiso; What has not been exploited is the relationship betweesnd the anisotropic portion of the
spin—spin coupling tensorAJ. Through comparisons to highly precise experimental data available for LiH,
LiF, KF, Nag, and CIF, multiconfigurational SCF calculations using balanced complete active spaces and large
correlation-consistent basis sets have been employed to establish the reliability of such calculations for
determining thecomplete tensorather than simplyliso. The experimental data are for “isolated” molecules,
making them ideal for comparison with ab initio results; agreement is generally within a few percent after
accounting for rovibrational effects. These results, combined with further calculations on a larger set of diatomic
molecules (HF, BF, AlF, KNa, HCI, NaF), provide new insights into the nature of indirect-spim coupling.
Calculations indicate the importance of each of the various coupling mechanisms. The influence of the Fermi-
contact mechanism, traditionally thought to be the dominant contributidg,tds shown to vary considerably

even for couplings between first-row elements. General conclusions about the relative importance of all
mechanisms to both the isotropic and anisotropic portions of the coupling tensor are discussed, and periodic
trends are proposed.

Introduction and Context I1 andl,, may be expressed as:

The indirect spia-spin coupling between nuclei is of B-=hd 1.l + hl.-Jl 1)
fundamental importance in magnetic resonance spectro$cépy. J Is0'1 72 1=
Applications range from the identification of hydrogen bonding
networks in nucleic acid base pdiend in proteins” to probing
binary semiconducting compourfdsand high-temperature
superconductor®. The indirect spir-spin coupling of two spins,

whereJis is one-third the trace of the second-rahtensor and
J' is the tracelessAJ" tensor which defines the anisotropy of
the indirect spir-spin coupling tensof:12 For a diatomic
molecule, there are only two unique components of dhe
* To whom correspondence should be addressed. Phone: 902-494-2564tensortd J, andJq; thus,Jiso = (J; + 2J1)/3 and the anisotropy,
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is generally at least an order of magnitude larger than the The different allowed spin states of the nuclei involved in the

anisotropicJ'-interaction. Because of this close relationship
between the direct dipolar interaction afvd, anisotropy in the

J tensor has sometimes been termed the “pseudo-dipolar”

interactiont®

Most NMR measurements are carried out on isotropic fluids
where only Jiso is measured. Completd tensors can be
characterized by studying the NMR spectra of single crydfals,
solid powder sampleX;” or samples oriented in liquid crystal-
line solvents'® Another less well-recognized source of spin
spin coupling tensor information is the hyperfine structure
observed in molecular bedfor high-resolution microwavé

coupling lead to the spectrdisplittings commonly observed
in NMR spectra of solutions and solids.

Pople and Sant? developed approximate formulas for each
of the above interactions within the context of a simple valence
electron molecular orbital theory. One of the main conclusions
from this classic paper is that the Fermi contact term is generally
the most important mechanism for spispin coupling, par-
ticularly if protons are involved. The orbital and spin-dipolar
terms were found to be most important when there is multiple
bonding between the two coupled nuclei. Buckingham and
Love?® extended the PopteSantry work to investigate the full

spectroscopy experiments. The importance of experimental datacoupling tensor in terms of LCAO coefficients and singlet

from the latter experiments, with few exceptions, has been
completely overlooked.

The theory of indirect spiftspin coupling was originally
described by Ramséy.19ab.21Qualitatively, the indirect nuclear

triplet excitation energies. They were especially interested in
determining the mechanisms which are responsible for anisot-
ropy in theJ tensor. There is one cross term, the spin-dipolar

Fermi contact cross term (Sk FC), which contributes to the

spin—spin coupling may be pictured as a two-step process, in coupling tensor but not to its trace. According to molecular
which one nucleus polarizes neighboring electrons, and this orbital theory as employed by Buckingham and Love, this term
polarization is transferred via the electronic network to a second can make a significant contribution to the anisotropy of the
nucleus. There are three basic mechanisms by which the nucleuslectron-coupled nuclear spispin interactions. The Fermi
may interact with neighboring electrons. In the first of these, contact mechanism itself is isotropic, while each of the other
electronic currents are established by action of the magnetictwo mechanisms are, in principle, anisotropic. It should be noted
field of one nuclear magnetic dipole on tbebital magnetic that only a few molecules were investigated and used to draw
moments of the electrons. The induced currents then producegeneral conclusions in this early study. Other than thallium
magnetic fields at the site of the second nucleus. This effect, fluoride, there were no reliable experimental data on isolated
termed the spirorbit (SO) mechanism, is usually further molecules in the gas-phase available in the mid- to late-1960s
subdivided into a diamagnetic (DSO) and paramagnetic (PSO)for comparison with the calculated results.

part. Second, the dipolar interaction between the magnetic In 1967, Pople and co-workers developed a finite perturbation
moment of one nucleus and the electron spins produces arntheory for calculating spiaspin coupling constanfd. This
electron spin polarization so that there are nonvanishing technique was used with INDO semiempirical self-consistent
magnetic fields which act on other nuclei; this is known as the molecular orbital methods to calculate indirect spépin
spin-dipolar (SD) mechanism. Finally, and most important, there coupling constants in numerous molecules. As implemented by
is the Fermi contact (FC) interaction between a nuclear magneticPople and co-workers, only the Fermi contact mechanism was
moment and electrons which have finite probability of being at considered. Othetsincorporated the remaining mechanisms.
the nucleus. Again, electron spins are coupled by spin- Although these semiempirical methods often reproduced ex-

polarization which in turn induces a field at the second nucleus.

(16) (a) Lumsden, M. D.; Eichele, K.; Wasylishen, R. E.; Cameron, T.
S.; Britten, J. FJ. Am. Chem. So4994 116, 11129-11136. (b) Lumsden,

M. D.; Wasylishen, R. E.; Britten, J. B. Phys. Cheml1995 99, 16602~
16608. (c) Nolle, AZ. Physik. BL979 34, 175-182. (d) Tutunjian, P. N.;
Waugh, J. SJ. Chem. Physl982 76, 1223-1226;J. Magn. Resornl982
49, 155-158. (e) Eichele, K.; Wu, G.; Wasylishen, R. E.; Britten, JJF.
Phys. Chem1995 99, 1030-1037.

(17) (a) Haubenreisser, U.; Sternberg, U.; Grimmer, AM®I. Phys.
1987, 60, 151-163. (b) Penner, G. H.; Power, W. P.; Wasylishen, R. E.
Can. J. Chem1988 66, 1821-1823. (c) Power, W. P.; Lumsden, M. D.;
Wasylishen, R. E.J. Am. Chem. Socl1991 113 8257-8262. (d)
Wasylishen, R. E.; Wright, K. C.; Eichele, K.; Cameron, Tlr#rg. Chem.
1994 33, 407—-408.

(18) (a) Lounila, J.; Jokisaari, rog. Nucl. Magn. Reson. Spectrosc.
1982 15, 249-290. (b) Vaara, J.; Kaski, J.; JokisaariJJPhys. Chem. A
1999 103 5675-5684. (c) Kaski, J.; Vaara, J.; JokisaariJJAm. Chem.
Soc.1996 118 8879-8886. (d) Kaski, J.; Lantto, P.; Vaara, J.; Jokisaari,
J.J. Am. Chem. S0d.998 120, 3993-4005.

(19) (a) Ramsey, N. F. Nuclear Moments and StatisticExXperimental
Nuclear PhysicsSegre E., Ed.; John Wiley and Sons: New York, 1953;
Part 11, Volume 1. (b) Ramsey, N. Molecular BeamsOxford University
Press: London, 1956. (c) Zorn, J. C.; English, T. C. Molecular Beam Electric
Resonance Spectroscopy.Advances in Atomic and Molecular Physjcs
Bates, D. R., Ed.; Academic Press: New York, 1973; Volume 9, pp-243
321.

(20) Gordy, W.; Cook, R. LMicrowave Molecular Spectra; Techniques
of Chemistry John Wiley and Sons: New York, 1984; Volume XVII.

(21) Norman F. Ramsey, in addition to developing the widely used
theories of indirect spintspin coupling and nuclear magnetic shielding, was
also involved in the development and application of the molecular beam
electric resonance method to the study of hyperfine structure in diatomic
molecules. See Ramsey, N. Bpectroscopy with Coherent Radiation
Selected papers of Norman F. Ramsey with commenidoyld Scientific
Series in 20th Century Physics; World Scientific Publishing Co. Pte. Ltd.:
Singapore, 1998; Volume 21.

perimental trends, particularly for couplings involving protons,
the results for pairs of heavier nuclei were often suspect. Early
attempts to use the finite perturbation approach with nonem-
pirical SCF calculations using minimal basis sets to calculate
Jiso failed 28

Thus, reliable first-principles calculations dftensors have
been challenging and generally confined to relatively small
molecules containing first-row elemertsA recent review
summarizes the progress in the theory and calculation of nuclear
spin—spin coupling constan$.Particularly promising results
have recently been obtained using multiconfigurational self-
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consistent field (MCSCF) linear response methods with large What seems to be consistently ignored when these experiments
correlation-consistent basis sets. With the exception of recentare applied is the fact that anisotropy in the indirect sgspin

papers by Jokisaari and co-worké#&,d judgments concerning

coupling will also contribute to the apparent dipolar coupling

the quality of the calculations have been based on a comparisonconstant measured. It is essential to have a better understanding

of isotropic spir-spin coupling constants (calculated and

observed). The role of medium effects is generally not consid-

ered, with some important exceptioffsThe purpose of the
present study is to compare the results of first principles
calculations with highly precise experimenfial, and AJ data

of the indirect spirspin coupling, and in particular the
magnitude ofAJ, to have confidence in any internuclear
separations derived from NMR measurements.

Extracting Jiso and AJ from Hyperfine Data. To illustrate
the procedure for extractings, and AJ from hyperfine data,

deduced from molecular beam spectroscopy where isolatedthe case of°CI—19F, which has been extensively investigated

molecules are investigated. The discussion will first focus on
LiH, LiF, KF, Nay, and CIF since particularly reliable experi-

experimentally’® will be discussed. In the absence of any
external fields, the hyperfine Hamiltonian f&CI—1%F may be

mental data exist for these molecules. In addition, several otherexpressed as follows:

first- and second-row diatomic molecules will be examined in
order to identify possible periodic trends. The relative impor-
tance of the various coupling mechanismsltg and AJ will

also be discussed. Results and conclusions obtained here will
also be compared with earlier calculations. The present study
further demonstrates the reliability of the MCSCF approach by

predicting bothJis, and AJ in small molecules.

Experimental trends concernidg, have been recognized for
some time3®—34 however, periodic trends concerning are less
clear. There has been some evidence thhincreases when
one or more heavy nucleus is involvg§e16.17.3538 (e g, AJ
(19%Hg, 31P) = 4.0+ 0.5 kHz in Hg(PPE)2(NO3),69), but there
have also been indications thad could be important for light
nuclei (e.g.,AJ (*%F, 13C) = 350 Hz in 13CH3F%9). Methyl

fluoride in particular has attracted a great deal of attention. For

example, although the currently accepted valueXfd¢'°F, 13C)
is 350 Hz, previously reported values include 46481 Hz?°
measured using liquid crystal techniques, ant00+ 1200
Hz, measured vid*C NMR in a solid argon matrix at 15 K

The present work endeavors to provide a combined experimental

and theoretical foundation for periodic trends in indirect spin
spin coupling tensors.

Numerous NMR experiments, both solution- and solid-state,
have been devised to measure direct dipolar coupling constants

which depend on the inverse cube separation of the two riclei.
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Ruud, K.; Helgaker, TJ. Chem. Phys1998 108 2528-2537.
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Brodie, A. M. J. Magn. Reson1998 135 208-215.
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Volume 4 supplement. (c) Garbow, J. R.; Gullion, T.Garbon-13 NMR
Spectroscopy of Biological SystenBeckmann, N., Ed.; Academic Press:
New York, 1995; pp 65115. (d) Kiihne, S. R.; Geahigan, K. B.; Oyler,
N. A.; Zebroski, H.; Mehta, M. A.; Drobny, G. B. Phys. Chem. A999
103 3890-3903. (e) Smith, S. OMagn. Reson. Re 1996 17, 1—26. (f)
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1121-1124.

h™'Hy =V Qg + ol grd + el d +
Clerdrele + Chl gl (2)

which describe thé>Cl quadrupolar3Cl spin-rotation % spin-
rotation, tensor spiaspin, and scalar spifspin interactions,
respectively. It is well-known that the nuclear spin-rotation
constantgc andce are related to the nuclear magnetic shielding
tensorg®?44 and it is understood in the literature thaji
corresponds tadlis,. What is not generally recognized is the
significance of g in particular the indirect spir-spin coupling
contribution to g. If the direct and indirect spiaspin coupling
Hamiltonians are examined, it becomes apparent that the forms
of the direct dipolar coupling tensobf and theAJ tensor are
identicall? As a result of these similarities, it is impossible to
separately observe the two contributions to the effective dipolar
coupling constantRe:212-18

R = Rop — 5. ®
Ko h V1V
o= (i) @

Here,Rpp is the direct dipolar coupling constant. The hyperfine
parametercs is equivalent toRer (also sometimes denoted as
dr*9). The direct contribution taz can be determined if the
rovibrationally averaged bond length is known. Thus, knowledge
of the effective bond length and of (including its sign) also
implies knowledge ofAJ. Pyykkoand Wiesenfeltf recognized
the validity of this separation. So far, this technique has been
successfully applied to thallium fluoride, whetd is actually
larger thanRpp.#” In this casegc, = J(2°5TI,1%);so = —13.3+

0.7 kHz andcz = 3.50 £ 0.15 kHz. Sincecs(direct) can be
calculated from the bond length to be 7.390.07 kHz, the
indirect contribution must be-3.69+ 0.15 kHz. Associating
cs(indirect) with —AJ/3 yields AJ(2%5T1,19F) = 11.1+ 0.5 kHz

for the v = O state (this number is also given by Buckingham
and Lové?d).

(43) (a) Fabricant, B.; Muenter, J. $. Chem. Physl977, 66, 5274~
5277. (b) Davis, R. E.; Muenter, J. $. Chem. Phys1972 57, 2836—
2838. (c) Janda, K. C.; Klemperer, W.; Novick, S.JEChem. Physl976
64, 2698-2699. (d) McGurk, J.; Norris, C. L.; Tigelaar, H. L.; Flygare,
W. H. J. Chem. Physl1973 58, 3118-3120. (e) Ewing, J. J.; Tigelaar, H.
L.; Flygare, W. H.J. Chem. Physl1972 56, 1957-1966.

(44) (a) Ramsey, N. FRPhys. Re. 195Q 78, 699-703. (b) Flygare, W.
H. J. Chem. Physl964 41, 793-800. (c) Gierke, T. D.; Flygare, W. H.
Am. Chem. S0d.972 94, 72777283. (d) Flygare, W. HChem. Re. 1974
74, 653-687. (e) Jameson, C. J. Bncyclopedia of Nuclear Magnetic
ResonanceGrant, D. M., Harris, R. K., Eds.; Wiley Inc.; Chichester, UK,
1996; pp 1273-1281.

(45) Schlier, ChForsch. Phys1961, 9, 455-507.

(46) See reference 30, caption of Table 7.
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Table 1. Equilibrium Bond Lengths, Complete Active Spaces,
Inactive Orbitals, Basis Sets, and Total Number of Orbitals Used for
the Calculation of] Tensors

largest feasible uncontracted basis sets were %détk largest possible
balanced active spaces were chosen based on the MP2 natural orbital
occupation number€,convergence limits were the DALTON defaults.

number Equilibrium bond lengths were obtained from the compilation of Huber
rdA CASl/inactive basis set of orbitals and Herzber§! except for KN& and CIF2° The complete active spaces,
HE 0.91682 6331/1000 cC-pV5Z 146 b?SIS sn?:i :ra_nddegnulll_lbglumlbond lengths employed in our calculations
LH 15957  6332/0000  cc-pV5Z 146 are summarized in Table 1. .
LiE 1563864 6331/1000 cc-pV5sZ 182 R_owbratlonal_cprrectlons to the calculat_ed coupling constants were
2ZNaF  1.925947 7331/1000  20s12p4d/cc-pV5Z 167 carried out as originally suggested by BuckingHéiffior any molecular
3KF 2171457 6330/2000  26s17pild/cc-pV5Z 173 property,P:
CIF  1.6283323 7330/2000 aug-cc-pvVQZz 164 B 5
BNg,  3.0788 41113111/ 20s12p4d 152 1 2P 9P
20001000 Peq)=P(x. J) = (” * E)(Je)[(_z 3 B_S)s:o -
39K 2Na 3.4990348 5331/6110 26s17p1d/20s12p4d 158 o L\OE"/ =0 )
UBF  1.26259 5331/1000  cc-pV5Z 182 A+ ) Be\?[aP ©)
ZIAIF - 1.654369  7331/1000 aug-cc-pvQZz 164 we) \9&)e=o
H3Cl  1.27455  6331/1000 aug-cc-pvQz 130

Here,P(eq) is the property at the equilibrium bond lengthandP(v, J)

is the property for a particular rovibrational state; note thad the
rotational quantum number and is not related to the indirect-sgpim
coupling tensor. The rotational constant at the equilibrium bond length,
Be, is equal toh/87?l. (in hertz), l. is the moment of inertia at the
equilibrium bond lengthee is the harmonic vibrational frequency,

is the reduced displacement from equilibrium~re)/re, andais the
cubic force constant:

At first glance, the determination of the anisotropy of the
tensor seems trivial. However, unlike for TIF, in most cases
the direct coupling contribution swamps th& contribution;
additionally, the observed effect &J is reduced by a factor
of 3 (see eq 338 Thus, to extract reliable information from the
experimentally determineck values, rovibrational corrections
to the direct contribution are essential. The procedure we have
employed follows that of Bass et®land Tipping and Ogilvié?

a similar procedure was outlined by SchierSince experi-
mentalcs values are determined for a particular rovibrational
state (typicallyy = 0 andJ = 1), and the direct dipolar coupling  First and second derivatives were estimated by carrying out additional
is calculated based on an equilibrium bond length, the rovibra- MCSCF calculations in the region of the equilibrium bond length.
tionally averaged value of the direct dipolar coupling must be
calculated, from whichAJ can be determined:

oL
— @
6B,

e

a=-1-

Results and Discussion

To demonstrate the utility of the approach described above
for determining the anisotropy of indirect spiapin coupling
tensors, we have selected a series of diatomic molecules: HF,
LiH, LiF, NaF, KF, KNa, Na, BF, AlF, HCI, and CIF. For
some of these molecules, precise experimental hyperfine data
are available: HP LiH, 52 LiF,%3 KF,54 Na,55 and CIF432For
the calculation ofliso, hydrogen fluoride has already been well-
approach and complete active space self-consistent field (CASSCF)Stu_dled by Helgaker et &, although no d's?uss'on of the
wave function& on an IBM RISC 6000 workstation running the ~ anisotropy of theJ tensor was presented. Their MCSCF study
DALTONS2 quantum chemistry program. In the MCSCF method, both Of the basis-set dependence of nuclear sgpin coupling
the coefficients of the determinants and the orbitals are variationally constants for HF and #0 indicates that the best results are
optimized and a full-Cl calculation is done within the chosen active obtained for basis sets of the cc-pVXZ type, supplemented with

space. As shown by Helgaker et&for hydrogen fluoride, very large  tight s functions. Our results for HF presented herein are for

basis sets and suitable CAS wave functions are required for conver-

gence. For their calculations of thketensor of HF, a very accurate

result was obtained usmg.the cc-pV6eZ 'baS|s set. For our somewhatNASA Ames Research Centre, Moffett Field CA 94035.

larger molecules, use of this sextu@dasis set was not feasible. We (56) (a) Jensen, H. J. Aa.; Jargensen, P.: Agren, H.: OlsénChem.

have used the very large cc-pV5Z and aug-cc-pVQZ basis sets for mostphys.1988 88, 3834-3839. (b) Guilleme, J.; FahiaJ. S.J. Chem. Phys.

calculation®>54and in cases where this was not possible (Na, K), the 1998 109, 8168-8181.

(57) Huber, K. P.; Herzberg, G. Constants of Diatomic Molecules (data
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Table 2. Calculated and Experimental Hyperfine Datar 7LiH, Table 3. Calculated Equilibrium Contributions to the Isotropic
"LiF, 3%KF, Nap, and*CIF Portion of the Indirect SpinSpin Coupling Tensor for a Series of
calcd ¢, J)° expt @, J)>° Diatomic Molecules
LiH 3= Refr - 11346+ 7 mole- o
e(din) = Roo 11327 - cule %DSO %PSO %SD %FC JsJ/Hz 10°°NA2m
—3cs(ind) = AJ —13 —57+21 HF —0.05 38.83—0.48 61.69 476.09 4.21
Ca = Jiso 151 135+ 10 LiH 0.02 -—-0.06 0.07 99.98 152.47 3.27
LiF C3 = Reff - 11324+ 9 LiF —0.01 —-4.23 0.12 104.11 193.10 4.39
c3(dir) = Rop 11382 - ZNaF 0.00 —17.48 0.25 117.22 193.98 6.48
—3cs(ind) = AJ 176.9 173.2:27.7 SKF 0.00 —13.17 —0.16 113.34 76.59 14.5
Cs = Jiso 199.0 172.3t 3.2 ZNap 0.00 0.00 0.00 100.00 1243.6 148
SKF C3 = Reff - 472+ 4 3%K?Na  0.00 0.00 0.00 100.00 479.89 323
c3(dir) = Rop 514 - UBF 0.18 37.24 096 61.62-222.58 —6.13
—3cs(ind) = AJ 109.5 1254 5.1 ZTAIF 0.01 23.17 6.94 69.88-627.13 —21.3
€1 = Jiso 78.2 57.8+£ 1.3 35CIF 0.01 73.89 37.69-11.60 832.24 75.0
2Nap C3 = Rett - 302.6£ 5.0 H3sCl —0.01 2186 0.01 78.15 58.87 5.00
cs(dir) = Rop 286.7 -
c 3:C3\(]'Vnd) =AJ 122% 1(;1687i %5 Table 4. Calculated Equilibrium Contributions to the Anisotropy
3 4o - in the Indirect Spir-Spin Coupling Tensors for a Series of
"CIF Cs = Rer 285959 Diatomic Molecules
cs(dir) = Rop 2557 -
—3c4(ind) = AJ —800 —907+ 27 AK/
Cs= Jiso 829 840+ 6 mole- 10°N
- - - cue %DSO %PSO %SD %SRFC AJHz A2m3
3All data in hertz.” For LiF and KF,» = 0, J = 0; for LiH and CIF,
v=0,J = 1; for Na&, v = 0. ¢ References are given in the text. HF 185.99 —262.75 —47.67  224.43 115.98  1.03
LiH —3454 -116 —-055 136.14 -—-1239 -0.27
comparison purposes and to ensure the reproducibility of the "LiF 11.23  18.28 —3.09 73.58 177.43 4.04
previously reported results. To ensure the reliability of the *NaF 2.81 2332 —2.06 7593 49419 1651

39 —
MCSCF technique for calculatingJ as well asliso beyond HF, 235'; —%2471 28'(158 2(')932 178é7gs _éggééz _32%38

calculations of) tensors for LiH, LiF, KF, Na and CIF were 3K23Na —1.88 014 —-0.08 101.82 -10.85 -7.31

carried out and the results compared to the experimental data.11igf 7.83  61.61 —6.97 37.53 469.38 12.94

The results in Table 2 indicate that the calculations perform *AlF 445  76.42-10.29 29.42 555.51 18.84

very well; both the isotropic coupling constants and the *CIF ~ —1.53 109.99-36.51  28.05 —805.68 —72.65
H35ClI 3241 —32.38 —597 105.94 61.18 5.19

anisotropies are in very good agreement with the experimental
data. Given the history of the calculation df, in small

molecules’-86the accuracy of our calculated results is encour- Contributions to K,
aging. For a long time, difficulties were encountered even in 100%
reproducing the correct sign d, in HF (see Table 16 of ref 1
66). It is also important to point out that in the past most 50% - F-C
comparisons between experiment and theory have been based =
solely onJso, When in factd is a second-rank tensor. To our 0% SD
knowledge, this is the first time accuraletensor data from + ]
molecular beam experiments have been compared with state- -50% PSO
of-the-art first principles calculations. 1

The good agreement for both, and AJ shown in Table 2 -100%

lends support to the notion that all contributions loare HF LiH LiFNaFKFNaNENaBF AF CIFHCI
calculated with reasonable accuracy. For example, the calculated - ) o
AJ (v = 0, = 0) of 176.9 Hz for’LiF is well within the Figure 1. Graphical representation of the percentage contributions of
ex erimen,tal error (173.2 27.7 Hz); the calculateds, for each of the spifrspin coupling mechanisms to the total calculated
35(?”: of 829 Hz is in.notabl 0,0d aqreement I\S/Sith the reduced coupling constarK;s,. Data are given in Table 3. In each

. y g 9 case, the DSO contribution is too small to appear in the graph.
experimental value of 844 6 Hz. It is expected that the results

for KF and Na will be less accurate. Although the number of Having established the reliability of the MCSQFcalcula-

basis functions used is comparable to the number used for theyj, g for molecules as large as CIF, the calculatiod tfnsors
other molecules, the basis sets for K and Na are not of the cc-\, o« carried out for the remaining molecules: NaF, KNa, BF

PVXZ (correlation-consistent) type (Table 1). It is interesting AlF, and HCI. The choice of molecules is of course limited by

to Rotehthat Ion moving across :‘heh periodic tahble,. from Ie(;‘t 0" computational resources and the availability of suitably large
right, the relative importance of the FC mechanism tends 10 p,qjs sets. Results are summarized in Tables 3 and 4, and Figures

decrease (vide infra); this is fortunate since it is the FC 1 onq5 ynfortunately, reliable experimental hyperfine data are
contribution which is the most difficult to calculate, in part due only available for comparison for a limited number of small

to the cusp problem associated with using Gaussian-type
orbitals?”-67 Rovibrational corrections t&®pp(re) Were a few W,(68) (@) DeTﬂaIISOLn, Jd-; IHIlgneh V\/_-:_S’Elaka, B-:IEE)UCK, |-:dTII:SCheL R-I:
percent or less in all cases. It is important to make these &y nnéwisser, M. InLandolt-Bonstein: Numerical Data and Functiona

. . Relationships in Science and Technolokfgllwege, K.-H., Hellwege, A.
corrections, however, to ensure that the experimental data arem., Eds.; New Series, Group Il: Atomic and Molecular Physics, Volume

being compared to the appropriate calculated values. 6: Molecular Constants; Springer-Verlag: Berlin, 1974; section 2.9. (b)
Demaison, J.; Dubrulle, A.; Htner, W.; Tiemann, E. InLandolt-
(66) Kowalewski, JAnnu. Rep. Nucl. Magn. Reson. Spectrd€82, Bornstein: Numerical Data and Functional Relationships in Science and
12,81-176. TechnologyHellwege, K.-H., Hellwege, A. M., Eds.; New Series, Group

(67) See also the discussion of the basis-set dependence of the FCIl: Atomic and Molecular Physics, Volume 14a: Molecular Constants;
contribution in reference 53a Springer-Verlag: Berlin, 1982; section 2.9.
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Contributions to AK N .
] §
SDxFC
E ;%B /10N A?m? 0+ .
. 5 = -
L ['E]]S],O -100 + .
< DsO Ko
N - |
:NF% %HCI -300 1 ; t + + t
LiH NaF NaNa BF CIF BF AlF GaF InF TIF

Figure 2. Graphical representation of the percentage contributions of rigyre 3. This plot demonstrates the variationsdr, andAK for the
each of the spirspin coupllng_mechanlsms to the tptal _calculated group 13 fluorides. Calculated values)(are given forIBF and?’AlF.
anisotropy in the reduced coupling tenstiK. Data are given in Table  The data for25TIF (v = 0, J = 1) and™8nF (v = 0, J = 1) are
4. experimentally determined; see the text for further details. The dotted
lines are not fits, but rather serve to accentuate the apparent trend.
diatomics®® With this in mind, the chosen molecules should
provide some insights into any periodic trends in indirect spin  similar, with the group 13 fluorides exhibiting slightly larger
spin coupling. Data are available for sodium fluorfdépwever,  values for a given row of the periodic table. Most interesting is
the errors are quite large. Also, we note thatgof 306+ 30 the relative importance of the various coupling mechanisms to
Hz has been reported for KN&This value was obtained by K, The FC mechanism, while still the most significant, now
an optical pumping technique, and a correspondingllue was  only constitutes 6670% of the total coupling, even in boron
not reported. fluoride. The PSO and SD mechanisms are seen to play more
Each term comprising the totdltensor is of the following prominent roles than in the alkali metal fluorides. The results
form: ynynhKn /4%, whereKy v is called the reduced indirect  for BF are of particular interest in the context of the work of
spin—spin coupling tensor involving nuclei N and'.NThe Pople and Santri? Their treatment included an average energy
reduced coupling tensor is independent of the magnitude of theapproximation, and as a result, the sporbital contribution
nuclear magnetic moments; therefore, it is useful in comparing was automatically zero for any molecule withomtbond
indirect spin-spin coupling tensors involving different spin-  character. Interpretation of the coupling constants only in terms
pairs. Note thatly has units of Hz (s!) andKy n has units of the FC mechanism is inappropriate, even for a molecule as
of N A=2 m=3 or equivalently, 7 J-1.7* Shown in Table 3 are  small as BF, where our data reveal a PSO contributiofisto
Jisor Kiso, @and a breakdown of these quantities into the various of 37%.
contributing mechanisms for the complete series of diatomics  Shown in Figure 3 is the dependence of bty andAK on
studied herein. The percentage contributions are also displayedatomic number for the group 13 fluorides, with experimental
graphically in Figure 1. The results for HF are in agreement data used fof%TIF (v = 0, J = 1)* and for38nF (v = 0,
with those reported by Helgaker et®8IFor the alkali metal ~ j=1)72Results for gallium fluoride can be easily interpolated.
fluorides, MF (M = "Li, ?*Na, 3%K), there are several trends  Anisotropy in theK tensor has also been extracted from existing
which are apparent. First, the reduced isotropic sginin data in the literature fof%STI35Cl (v = 0, J = 2),73 20T|81Br
coupling increases with the atomic number of the alkali metal (, = 0, J = 2),74 and205T1127 (v = 0, J = 3);5 the results have
atom, ranging from 4.4 N 2 m=3in LiF to 145 N A2 m3 been plotted along with those f&5TIF in Figure 4. These
in KF. The dominant contribution to the isotropic part of the data clearly indicate increasing trends in the absolute values of

coupling is from the Fermi contact mechanism, as expected from;., and AK as the atomic number of the halide bonded to
the arguments of Pople and SamfyThe only other notable  thallium increases.

contribution toKis, for the alkali metal halides is due to the Comparison of chlorine monofluoride and hydrogen chloride
paramagnetic Sprﬁor_br[ (PSO) m.echanl.sm;. its effect is to (Table 3) indicates the dramatic effect of replacing H with F
oppose the FC contribution, and its relative importance seemsgp, thek tensor and on the relative importance of the various
to increase as the atomic number of the alkali metal '”Creases-contributing mechanisms. The isotropic coupling for liquid HCI

The DSO and SD contributions combined amount to less than has been measured as 38 Mzherefore, medium effects will

0.3% oflthe total isotropic pogpling. In. contrast, the egrly re§ults play a role in any comparison with the calculated value-69

of Buckingham and Lov& indicate a significant negative spin- ;" For HCI, the Fermi contact contribution is foremost, as it

dipolar contribution 10Kiso for the alkali metal fluorl.des. is in HF. For CIF, however, the FC mechanism becomes almost
No accurate experimental date; @ndc,) are available for insignificant, making up only about 12% of the total coupling!

the lighter group 13 fluorides, BF, AIF, and GaF. Examination |nstead, it is the paramagnetic spiarbit mechanism which

of the calculated results (Table 3) fiis, once again reveals a

trend as the atomic number of the group 13 element is increaseds7(zl%)6|j'_a22)r;1§rle. R. H.;van Ausdal, R.; Zorn, J.XXChem. Physl972

In Cor.]traSt with the. alkali metal halides, thés, values a.re Y(73) Hamme.rle, R. H.; Dickinson, J. T.; van Ausdal, R. G.; Stephenson,

negative; the magnitudes s, for the two groups are fairly  p_a:"zom, J. C.J. Chem. Phys1969 50, 2086-2088.

(74) Dickinson, J. T.; Stephenson, D. A.; Zorn, J. X.Chem. Phys.
(69) (a) Hollowell, C. D.; Hebert, A. J.; Street, K., . Chem. Phys. 197Q 53, 1525-1528.

1964 41, 3540-3545. (b) Gi#f, G.; Werth, G.Z. Phys.1965 183 223— (75) Stephenson, D. A.; Dickinson, J. T.; Zorn, J. X.Chem. Phys.
233. 197Q 53, 1529-1532.
(70) Konig, F.; Weber, H. GChem. Phys. Lettl976 44, 293-295. (76) OReilly, D. E.; Peterson, E. M. Chem. Phys1968 49, 2872~

(71) Raynes, W. TMagn. Reson. Cheni992 30, 686. 2873.
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800 -+ Table 5. Theoretical Relative Anisotropy RatiodJ/Jiso and
600 1 AK - AJ/Rpp, As Determined from MCSCF Calculations at the
] - Equilibrium Bond Length
;gg [ - ‘ AdlJiso (%) AJ/Rop (%)
1l me
] HF 24.4 0.08
/10°NA?m? 07 "LiH -8.4 -0.12
200 | e .- LiF 91.9 155
4001 0 T .~ 2NaF 255 11.8
500 1 K., Rt G 143 21.2
800 J ZNap —24 —-10.4
- H + t y 39K 2Na —-2.3 —-31.4
TIF TICI TIBr Til LBFE —-211 261
Figure 4. Experimental values fdfis; andAK for the thallium halides, 2TAIF —88.6 8.53
deduced from the results of high-resolution rotational spectroscopy, CIF —96.8 —31.5
are shown. The values are for the particular rovibrational states given H¥Cl 104 1.08

in the text. The dotted lines serve as guides to the trends.

of Buckingham and LoV& yielded a similar trend for the total
dominates (74%), and the spin-dipolar mechanism contributes Ak; however, their results for LiF, NaF, KF, and RbF suggested
38% of the total coupling. These results suggest that the that the spir-orbital mechanisms (DS& PSO) were decidedly
interpretation of any spifspin coupling constant entirely on  more important than the SR FC cross term.
the basis of the Fermi contact mechanism is exceedingly |nspection of theAK data for the group 13 fluorides shows
dangerous, and reinforces what has been emphasized in thenat, as for the LiF, NaF, KF series, the anisotropy becomes
past: largeAJ values imply significant non-FC contributions  |arger as the atomic number of the atom bonded to fluorine
to J.1620.18The results for CIF are also useful for exploring trends  jncreases. In accord with the relative contribution&ig, the
in Kiso and the various contributions across a row of the periodic pso mechanism is more important for the group 13 fluorides
table. For example, inspection of the results for the second- than for the alkali metal fluorides. The group 13 halides are of
row fluorides (NaF, AIF, and CIF) allows for the proposal of  particular interest owing to the accurate experimental data
certain trends. The PSO contribution is seen to steadily increase gyailable for thallium fluoride and indium fluoride. As men-
initially small and negative in NaF, and becoming positive and tjoned above295TI19F exhibits an extremely large spispin
dominant in CIF. Similarly, the SD mechanism is negligible in  coypling anisotropyAK = 173 x 102°N A~2 m~3). Although
NaF, but accounts for an increasing percentaggigfas the  accurate calculations of thetensor for TIF are not currently
atomic number of the atom bonded to fluorine increases. The feasible, the trend in\K illustrated by the results for BF and
FC contribution steadily decreases across this row for the AIF in Table 4 indicates that the theoretical predictions are in
diatomic fluorides. The absolute value Kk, itself increases jine with the experimental anisotropy observed for InF and TIF
across the row, beginning at rougti N A"2m=3for NaF and  (see Figure 3). Our results for BF are in contrast with one of
increasing to~ 20 N A~ m~* for AIF and 75 N A2 m* for the conclusions of Buckingham and Lo%ewho indicate that

CIF. for molecules containing light atoms, the SDFC term is the
The trends and comparisons we have discussed thus far havenost important contribution tAK. Our results demonstrate that

been based primarily on the isotropic spspin coupling.  for BF, the paramagnetic spiorbit mechanism is the origin

Unfortunately, this is where most discussions of indirect spin  of more than 60% of the total anisotropy.

spin coupling terminate. As emphasized earlleis a second- The results for CIF are very important in the context of the

rank tensor quantity and as such requires two independentpresent work. This is due to the fact that this molecule exhibits
components for its complete characterization in a linear an exceptionally large indirect spitspin coupling anisotropy
molecule. Shown in Table 4 are the calculated results for the for a compound composed of only first- and second-row
spin—spin coupling anisotropieshJ, and the corresponding  elements (see expt data, Table 2) and is within the reach of
reduced valuesAK, for HF, LiH, LiF, NaF, KF, Na, KNa, high-level MCSCF calculations. Owing to the accuracy of the
BF, AIF, HCI, and CIF. In addition, these values have been calculated results (Table 2), confidence can be placed in the
decomposed into their constituent contributions and summarizedoverall accuracy of the method. This is very useful since the
graphically in Figure 2. The first aspects of these results which calculations provide the contributions from each individual
are particularly striking are the relatively large anisotropies in - mechanism, while experiments can only yield the two principal
J for HF and LiF since these are both small, light molecules components of the totdltensor §r andJ;). Such a breakdown
for which one might intuitively expect a fairly isotropic coupling  into the various contributions is indispensable in the interpreta-
tensor. For HF, the anisotropy ihis about 25% ofJiso. For tion of spin—spin couplings. In an attempt to update the results
LiF, this relative anisotropy rat¥increases to 92%! This value  of Pople and Santry on the isotropic couplings and of Buck-
is in good agreement with the rovibrationally averaged experi- ingham and Love on the anisotropic couplings, we present a
mental ratio of 101%. Shown in Table 5 are the calculated summary of the trends observed in Figure 5. We note that only
relative anisotropy ratios for all of the molecules studied herein. for the diatomics composed solely block elements does the
Examination of theAK results (Table 4) for the alkali metal FC mechanism completely dominate, making thé values
fluorides reveals that the anisotropy increases as the atomicessentially negligible. Clearly, further experimental and theoreti-
number increases, and that the S0-C mechanism is the most  cal research will be required to fully substantiate the generality
important in each case. All mechanisms (except FC) contribute of the trends depicted in Figure 5.
significantly toAK, and the PSO mechanism becomes increas- |t is now common practice by many scientists to refer to
ingly important for the heavier diatomics. The early calculations indirect spin-spin coupling constants ascalar coupling
77 ici i i | 1
(77) See for example: Hore, P.Nuclear Magnetic Resonang@xford constants:”” This is clearly misleading. Also, the contribution

Chemistry Primers Volume 32; Oxford University Press: Oxford: 1995; p thatAJ makes to the dipoledipole relaxation mechanism is
43 either not recognized or ignored even though this was identified
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Table 6. Reduced SpirrSpin Coupling Tensors and Relative
H Anisotropy Ratios Derived from Available Experimental Hyperfine
AJ/Ry, AKX AKpso | Kol Data?
Li Kisd AK/ AdJiso AJRop
1I°NAZmM3 1°NAZm3 (%) (%) refé
Na Li"Br 5.15 18.1 351 19 82
2Na’*Br 9.76 43.9 450 69 83
K 7Li127 6.65 18.4 277 25 86
AK. 133CsF 41.8 46.5 111 60 87
PSO 133CCl 394 67.9 172 167 85
[AK gl 9nF —86.4 89.9 —104 66 72
35CIF 75.7 —-81.8 —-108 —-35 43a
|AK] 79BrF 171 —206 -120 -113 84
| Kol 12F 252 —257 —-102 —-179 84
o 205T|F —202 173 —85.6 156 47
205T|35C| —224 262 -117 400 73
205T81 — —
Figure 5. A summary of some of the observations made in the present 20;:12‘7?'“ —thll 22481 _14213 1?8% ;é

work on diatomic fluorides, FX. A partial periodic table (indicating
the nature of X) orients the reader. The large arrows indicate the @Rovibrational statesw = 0, J = 0 (NaBr, BrF, IF, CsF, CsCl,
direction of increasing magnitude of the properties listed at the base Lil); v =0,J= 1 (InF, TIF, TICI, LiBr, CIF); v = 0,J = 2 (TIBr); v
of the arrow. For exampleyKspxrc andKec increase from right to left = 0, J = 3 (TlI). ® For original hyperfine data.

across the periodic table as X is changed.

300 T K
by Blicharski in 19728 In fact, relaxation via the indirect spin ] o m
spin coupling tensor is entirely analogous to relaxation by the 200+ 00 T
direct dipolar interaction; the two cannot be separated. e L
As mentioned in the Introduction, one of the important 100 4 e
applications of the understanding of spispin coupling mech- -
anisms is the accurate measurement of internuclear distances. ]
Since the contributions e from AJ andRpp are inseparabl /10°NA?m> 0 1
ff D parable,
knowledge of periodic trends in th&J/Rpp ratio is essential if T
one wishes to determine reliable internuclear distances from any -100 + ..
NMR experiment. Although the case of the thallium halides is 1 AK
extreme, it demonstrates the fact that dipolar recoupling -200 + e,
experiments should be interpreted with caution. Shown in Table | -
5 are theAJ/Rpp percentages for the molecules examined herein. -300 ; ; '
Some nuclei which are commonly involved in heteronuclear CIF BrF IF

recoupling experiments are represented in this tatffe’® +8,% Figure 6. Experimental values foKis, and AK for CIF, BrF, and IF,
and?’Al,#* for example. Buckingham and Loteconcluded that  which have been calculated from experimental hyperfine data. The
for molecules containing light atoms (i.e., up to fluorine), the values are for the particular rovibrational states given in Table 6. The
anisotropy in the indirect spinspin coupling should be less  dotted lines serve as guides to the trends.

than 1% of the anisotropy in the direct dipolar tense8Rpp;

our results confirm this conclusion. Although it could be argued is generally negligible in cases where the dipolar coupling occurs
that the AJ contribution is negligible compared to the direct between nuclei of two separate molecules.

dipolar contribution for HF, LiH, BF, LiF, and HCI, it is clear Shown in Table 6 are the reduced spspin coupling tensors
that its effect cannot be ignored for the other molecules and relative anisotropy ratios for another series of diatomics
presented. However, one must also bear in mind thatAthe  for which there are precise experimental data available, but for
term is always reduced by a factor of 3 when contributing to which accurate MCSCF calculations are not feasible at present
Refr. In real systems, the combination of rovibrational averaging due to computational limitations. Chlorine monofluoride is also
of Resf and unknownAJ contributions should be given serious included for comparison with BrF and IF. Using the technique
consideration in the interpretation of NMR data to yield described in this papexJwas determined from the experimental
internuclear distances. In the solid state, molecular librations c; values and from the rovibrationally averaged direct-dipolar
in the lattice will also affect the observed dipolar coupling coupling constantsAJ is significant compared t&pp for all

constant. As pointed out by Brouwer et @lthe AJ contribution of these molecules. The results confirm some of the trends we
(78) (a) Blicharski, J. SZ. Nalurforsch.1972 27A 1355-1357, (o)  ave observed as a consequence of the MCSCF calculations

Spiess, H. IMNNMR Basic Principles and Progres¥olume 15; Diehl, P., on smaller molecules. For example, in addition to the series of

Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin: 1978; p 157. thallium halides, the spinspin couplings in the halofluorides

(79) Brouwer, E. B.; Gougeon, R. D. M.; Hirschinger, J.; Udachin, K. (CIF, BrF, and IF) clearly demonstrate that as the atomic number
A.; Harris, R. K.; Ripmeester, J. APhys. Chem. Chem. Phys999 1,

40434050, of the halide bonded to fluorine increases, both components of
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provide new insights into the relative importance of the various

spin—spin coupling mechanisms and into the nature of the Appendix 1: Rovibrational Corrections to cs(direct)

anisotropic portion of the coupling tensor. Clearly, further (Rpp)

accurate experimental data on small diatomic molecules would

be beneficial. Additionally, correlation-consistent basis sets of

the cc-pVXZ type are much needed for sodium and potassium.

The work of Jokisaari and co-workers, who have carried out

both experimental and theoretical (MCSCF) determinations of

the complete) tensor in a variety of small organic moleculés, 1 1

is encouraging; we feel that the present study provides additional EED= PP

compelling evidence for the success of MCSCF calculations re (1+ &0

and in particular the unambiguous identification of large indirect

spin—spin coupling anisotropies. Expansion of (1+ <&>)~2 using the MacLaurin series and
While experiments can yield the two components of the-spin substitution of the result into eq 4 gives, to fourth order,

spin coupling tensor in a linear molecule, only theory can

designate which are the most important coupling mechanisms Roo(v: J) =

and how their relative influence changes throughout the periodic Y1y

table (Figure 5). In general, the FC and PSO contributions are o7 4n

found to be the most important coupling mechanisms for the

molecules studied herein. It is of foremost importance to stress o N

the fact thatl is a tensor property and, as such, the full tensor _ 1he rovibrationally averaged quantitiesf>" (n=1, 2, 3,

should be characterized whenever possible, both experimentally?). depend ow and the rotational angular momentum quantum
and theoretically. number, J, not to be confused with the indirect spiapin

coupling tensor). The lengthy expressions fer§>" are given
y Tipping and Ogilvie® These expressions depend on the
unham coefficientsy throughas,88 which describe the shape
of the potential energy well near the equilibrium bond length.
These coefficients in turn depend on the spectroscopic constants
of the diatomic molecule, includinge and we, for example.
These values were obtained from the compilation of Huber and
; . . Herzberg, available online from the NIST Chemistry Web-
Finally, we Wou'ld like 'Fo underscorg the releyance of thls book5” Analytical equations for the Dunham coefficierds
work to the profusion of dipolar recoupling experiments which a1, @, andag are availabl@® unfortunately such equations are

have been and continue to be reported in the literature. Care,; readily available for the higher-order terms as, andas.
must be taken to consider the significance of the contribution gjyce most models adequately describe the potential well in
of the indirect spir-spin coupling anisotropy to the observed o region ofre, a recursive relationship applying to the Morse
effective dipolar coupling, as well as rovibrational averaging potentia® was used to determine suitable valuesdpthrough

of the direct dipolar coupling constant. Although there are many as. The results obtained by this method are in very close
cases where both of these effects are indeed negligible, thereagreement with the<>" values reported by Bass et al. for

are just as surely cases where they play an important role WhiChhydrogen fluoride® Having foundRop(z, J) in this manner
cannot be ignored if accurate results are to be obtained. allows the application of eq 5 to determine.

Referring to egs 3 and 5, the goal is to find the rovibrational
average oRpp, which is equivalent ta@s(direct). Following the
work of Bass et al*? this is accomplished as follows, whege
= (r — re¢)lre. The quantity to be averaged is:

(8)

is(l — 30+ 600 — 100 + 1530) (9)

le

It is hoped that the present study will encourage others to
test their computational methods against the precise experimenta|
data available from molecular beam experiméhsor example,
calculations of thel tensors for the thallium halides would
provide a stringent test of density functional methods since these
tensors are available experimentally for isolated molecules in
the gas phase.

(88) Dunham, J. LPhys. Re. 1932 41, 721-731. JA9942134



