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Significant improvements have been made recently in the calculation of NMR indirect nuclear spin—spin coupling
tensors (J). In particular, the relativistic zeroth-order regular approximation density-functional theory (ZORA-DFT)
approach holds great promise for the calculation of spin—spin coupling constants for a variety of chemical systems
containing heavy nuclei. In the present work, the ZORA-DFT method is applied to the calculation of the complete
reduced coupling tensors, K, for a range of chlorine-, bromine-, iodine-, and xenon-containing species: K(Cl,F) for
CIF,*, CIFs, CIF4*, CIFs, CIFs~, and CIFg*; K(Br,F) for BrFs, BrFg~, and Brig*; K(I,F) for IF,* and IFs*; K(Xe,F) for
XeF*, XeF,, XeFs*, XeF,, XeFs~, XeFs*, and XeF;*. These species represent a wide variety of geometrical bonding
arrangements. Agreement between the calculated coupling constants and available experimental data is excellent,
and the absolute sign of the coupling constants is provided. It is shown that *Kis, may be positive or negative even
within the same molecule, e.g., K(Cl,F)s, may be of either sign, depending on the local environment. Periodic
trends in 'K, for isovalent and isostructural molecules are evident. The spin—spin coupling anisotropies, AK, and
the orientations of the K tensors are also determined. The success of the calculations is a direct result of employing
reliable geometries and considering both scalar and spin—orbit relativistic effects. The dependence of K(Cl,F)is
and K(Xe,F)iso on the local molecular and electronic structure is discussed in terms of the paramagnetic spin—orbit
(PSO) and combined Fermi-contact spin-dipolar (FC+SD) coupling mechanisms. The PSO term depends strongly
on the number of valence shell electron lone pairs on the central heavy atom, and the FC+SD contribution increases
with the CI-F or Xe—F bond length for a given series of compounds. This interpretation allows for the successful
rationalization of the existing experimental data.

Introduction observed in solution NMR experiments, simply correspond
to one-third the trace of the tensor, e.g., for théensor,
Jiso. Solid-state NMR techniques offer the additional op-
portunity, under favorable circumstances, to characterize the
anisotropic portion of the CS, EFG, addensors.?

From the perspective of computational chemisiriensors
constitute the most challenging NMR property to calcutate.

Multinuclear magnetic resonance spectroscopy is of prime
importance in the characterization of structure and dynamics
for a wide variety of inorganic, organic, and biological
species due in part to the nucleus-specific nature of this
technique. NMR experiments may yield important informa-
tion in the form of chemical shift (CS) tensors, indirect
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During the past decade, however, significant theoretical empirical correlations involving)(*?°Xe,'*F)is, have been
advances have been made in this d&ré&The calculation made, e.g., with the isotropic fluorine chemical shift, or with
of J tensors is now feasible for a variety of small systems the oxidation state of the xenon atom. Although many
composed of relatively light atoms using approaches basedinterpretations of)(122Xe !°F)is, have been based solely on
on either ab initio or density-functional theory (DFT) consideration of the well-known Fermi-contact (FC) coupling
methods. DFT approaches to calculating NMR properties mechanism, it is shown here that the spin-dipolar (SD) and
have the advantage of being able to treat relatively large paramagnetic spinorbit (PSO) mechanisms may also play
systemg? Autschbach and Ziegler have recently imple- a significant, if not dominant, role.

mented a zeroth-order regular approximation (ZORA) DFT  Many polyatomic group 17 fluorides are isoelectronic or
method for calculatind tensord'-?>which yields reliable) isovalent with xenon fluorides. Interest in the synthesis as
tensors for couplings involving heavy atoms such as plati- well as the electronic and molecular structure of a variety
num, thallium, and mercur?:2* Thus, the opportunity now  of interhalogen compounds is widespread due to the large
exists for the accurate calculation and interpretation of-spin  variety of molecular geometries and bonding environments
spin coupling constants involving heavy atoms. which are found for these speciés?® Virtually every molec-

The recent resurgence of activity and interest in noble gasular geometry predicted qualitatively by the valence shell

chemistry®>2° draws attention to the impact which multi-

electron pair repulsion (VSEPR) theory of Gillesfigs

nuclear magnetic resonance has had on the development ofepresented by the halogen fluorides and the xenon fluo-

this field, in particular for xenon compounésThe most
abundant (26.44%) NMR-active xenon nuclettéXe, has
a nuclear spin of/, with a magnetic moment with magnitude
slightly greater than that fC, which has mad&°Xe NMR

rides®® A systematic investigation of thé tensors for the
polyatomic group 17 fluorides is of interest based on the
accurate ab initio and DFT results obtained for many small
systems, including the diatomic group 17 fluoridé4’ 52

studies feasible for a wide variety of xenon compounds. For areliable calculation of the spirspin coupling constants
Furthermore, since most xenon compounds contain fluorineinvolving heavy elements such as Xxenon, iodine, and

(*°F; I = 1/,; natural abundance 100%), a wealth of spin
spin coupling data](*2°Xe *F)ss,, exists. It has recently been
demonstrated that™Xe (I = %/,, natural abundance 21.1%)

NMR offers the potential to obtain data which are comple-

mentary to thé??Xe NMR results for xenon nuclei in high-
symmetry environments, e.g., Xg@&olutions?® Several
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bromine, relativistic effects must be taken into account.
In the present work, a systematic relativistic ZORA-DFT
study of the completel coupling tensors for a series of
halogen fluorides and xenon fluorides is presented. Specif-
ically, the chlorine-fluorine coupling tensors are calculated
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Indirect Nuclear Spin—Spin Coupling Tensors

fluorine coupling tensors are calculated for BrBrFs—, and
BrFs", the iodine-fluorine coupling tensors are calculated
for IF,t and IRst, and the xenonfluorine coupling tensors
are calculated for XeF, XeR, XeR", XeR, XeR™, XeRt, first, and most widely known, is the Fermi-contact (FC)
and XeR*. An analysis and interpretation of the isotropic mechanism which, to a first approximation, is proportional
coupling constants is founded on a comparison with available to the product of?(0) s\*(0) and the square of thebond
experimental data and on explicit consideration of the effects order,Ps,, Wwheres(0) is s-electron density at nuclei N and

of the molecular and electronic structures on the varibus N’, respectively. Many interpretations of spigpin coupling
coupling mechanisms. constants rely on the assumption that the FC mechanism is
dominant. While this is true in selected cases, e.g., most
couplings involving protons, it has recently been emphasized
that this is not true in gener&:>* The second mechanism

is the spir-orbital mechanism, whereby the nuclear spin
angular momentum couples with the electron orbital angular
momentum; this mechanism is usually further subdivided into
diamagnetic (DSO) and paramagnetic (PSO) contributions.
The importance of the PSO mechanism for a variety of
bonding situations has been establistfe® Finally, there

is a spin-dipolar (SD) contribution td which relies on the

In Ramsey'’s original nonrelativistic formalism describing
the properties o coupling, three distinct coupling mech-
anisms were described, all of which contributeltg™* The

Background and Theory

The indirect nuclear spinspin coupling tensor), may
be described by a 3 3 matrix composed of nine indepen-
dent elements. Thd interaction may be described by a
Hamiltonian of the form

Hy = hdgl 'l + hlyed 1 @
wherely andly are the spin angular momentum vectors of

the two coupled nucleilso is one-third the trace of the tensor, coUPling of the magnetic moments of the nuclear and
and J' represents the anisotropic portion df5356 In electronic spins. All of these noncontact contributions

principle, theJ' tensor contains a symmetric and an anti- depend, to a first approximation, on the expectation value

symmetric part. The antisymmetric part contains up to three Of the inverse cube of the electronuclear distancey™ (i,

independent elements, depending on the local symmetryfor group 17 and 18 nuclei the values of this parameter are
. . . i 1 i

about the coupled nuclei. The effect of the antisymmetric Particularly largex The SD, DSO, and PSO mechanisms also

part of J has never been observed experimentdlghough
high-level MCSCF calculations have indicated that the

contribute toAJ; however, the FC mechanism is purely
isotropic. There is also a FG SD cross term which

magnitude of its components may be comparable to the Contributes toAJ but not toJis.

components of the symmetric portiondf?! In its principal
axis system (PAS), the isotropic and symmetric parts of

Pyykko developed a relativistic analogue of Ramsey’s
theory in 19772 In this formalism, the terms in Ramsey’s

contain a total of six independent elements which may be nonrelativistic theory are combined into a single equation,

described alternatively by three principal componekt§i
=11, 22, 33), such thaﬂ33 — Jisol = |J11 — Jisol = [J22 —
Jisol, @and three Euler angles which define the orientation of
J with respect to the molecular frame of refereftlse of
the derived parameters] (anisotropy) and; (asymmetry)

to describe the properties dfis also convenient:

(2)
®)

AJ=J33— (I, + )2
= (Jp— I/ (333 - ‘]iso)

When comparing spin pairs composed of different types
of nuclei, discussion of theeducedcoupling tensorK,
which is equal to 42J/ynynh, is instructive. Hereyy and
yn are the magnetogyric ratios of the coupled nuclei N and
N’. The units fork are N A2 m~2 or, equivalently, ¥ J.
Extensive reference will be made to valueskgf, and AK
in this article.
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although a “contact” term may be extracted and interpreted
as analogous to the FC term. The relativistic ZORA-DFT
treatment used in the present work allows for a description
of the coupling tensor in terms which may be considered as
analogous to the original nonrelativistic terms. Additional
cross terms which arise in the relativistic ZORA-DFT
formalism are described in the original literatti&and will

be mentioned in the following section.

Computational Details

Indirect nuclear spirrspin coupling tensors were calculated using
the CPL modul&-2263.640f the Amsterdam Density Functional
progran§>6¢ running on an IBM RS6000 workstation or a Linux-
based PC with an AMD Athlon microprocessor. The calculations
are based on the relativistic ZORA-DFT implementation of
Autschbach and Ziegler described in refs 21 and 22. The FC, SD,
DSO, and PSO coupling mechanisms were included in the
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by Lehmann and Schrobilgen;BrF; from the microwave data

terms are not separated, and the resulting combined term is labeledeported in ref 78; Brk from the crystal structure for CsBgF® a

“FC+SD”. The FCt+SD term contains a purely anisotropic +C
SD cross term, and also part of the @FED)—PSO cross term.
Similarly, the “PSQO” term that is calculated contains the remaining
part of the (FG-SD)—PSO cross term. The (FESD)—PSO term

is exactly zero in the nonrelativistic or scalar relativistic limit where
no spin-orbit coupling is present.

The DFT calculations used the VWN-+ Becke88® and
Perdew86 generalized gradient approximation (GGA) as described
in ref 22. All of the calculations incorporate spiorbit relativistic
corrections in addition to scalar relativistic corrections. The triple-
polarized ADF ZORA V Slater-type basis sets available within the
ADF package were used. A missing 5d polarization function with
exponent 1.900 was added to the iodine basis set.

For CIR*, calculation of] tensors using the multiconfigurational
self-consistent field (MCSCF) methbdis implemented in the
DALTON quantum chemistry packaffewas also feasible. A
restricted active space (RAS) wave functfdrthosen on the basis
of the MP2 natural orbital occupation numbétsyas used: 4120
(inactive), 0000 (RAS1), 4231 (RAS2), 5342 (RAS3). Up to two
electrons were allowed to be excited into RAS3, and the cc-pvVQZ
basis set was employed on all atofAg\nalogous MCSCF/RAS
calculations have been reported for CIF and 25!

xenon-fluorine bond length of 1.9791 A which was determined
by rotational Raman spectroscopy was used for,X&KeR" from
the crystal structure for XefSbR~;8° a xenon-fluorine bond
length of 1.94 A was used for Xgff! XeRs~ from the crystal
structure for N(CH),"XeFs;82 XeRs" from the crystal structure
for [XeFs'],[PdR?].83

Theoretical structures were used for the following species. The
bond length for XeF was optimized using Gaussian®ét the
MP2 level with the 6-31++G** basis set on fluorine and the SDB-
cc-pVQZ basis set and an effective core potential on xenon; the
result is 1.8601 A. The DHP+/BHLYP geometry for Cli,
r(Cl,F)=1.778 A, of Van Huis et al. was usé#Finally, the DFT
structure of Christe et al. for XeF 8 was employed.

In cases where couplings to atoms which are nearly equivalent
are calculated, the average values are reported. For example, in
the case of CI§, the average value ¢€(Cl,F)s, is reported rather
than six slightly different values.

Results and Discussion

The results of the calculations of indirect nuclear spin
spin coupling tensors for polyatomic group 17 fluorides and

Most calculations are based on atomic coordinates taken from xenon fluorides are presented in Tables31 Where possible,
experimental geometries. For some species, especially cations andhe calculated isotropic spirspin coupling constants have
anions, several experimental geometries are sometimes availabldheen compared with available experimental data. There are
depending on a number of factors, e.g., the nature of the counterion,more experimental data available for the xenon species due
the temperature of diffraction data collection, and what types of 5 the existence of the spitty 12%Xe isotope; there are no

c_orrectlons are made to the data. For the current work, ge_nerally aspin-llz isotopes of chlorine, bromine, and iodine. In compar-
single reliable geometry has been selected for each species rathe.

than focusing on the differences in the calculated¢ouplings
obtained for slightly different structures. Furthermore, intermo-

lecular effects on the calculated coupling tensors have not been
considered; calculations have been carried out for isolated mono-

meric species.

The experimental geometries are from the following references:
CIF,* from the crystal structure for [CHF"[RuFg] ;74 CIF; from
ref 75; CIR™ from the “predicted free” structure determined in ref
31; IF;" from the X-ray crystal structure for }EShF;;7;76 ClIFs
as reported in ref 33; Ci, Bris*, and IR™ from recent X-ray
diffraction data for Cls*ShyF11~, BrFstShyF11~, and Ik ShFi1~
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ertheless, a qualitative comparison of the calculated and
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Table 1. Calculated ChlorineFluorine Indirect Nuclear SpinSpin Coupling Tensors for a Series of Polyatomic Chlorine Fluotities

Jiso/Hz Kisg/ 1089 AK/10M % PSO % FC+ SD

molecule exptl calcd AJHz i NA2m3 NA—2m3 for Kiso for Kiso
ClIFe 840! 969 -1143 0.00 874 —-1031 78 22
CIF* 116 1544 0.35 104 1387 73 27
CIF;* (MCSCF) 119 1066 0.16 107 956 106 —6e
CIF;

Feq (+)260 216 1032 0.40 195 931 113 -13

Fax (+)260 212 908 0.65 191 819 101 -1
CIF; (MCSCP)

Feq (+)260 195 769 0.19 176 693 107 —7h

Fax (+)260 164 633 0.66 148 571 39 B0
CIF*

Fax -59 362 0.12 -53 —-326 193 —-93

Feq —289 278 0.58 —261 251 27 73
CIFs

Fax (-)192 276 33 0.00 —250 30 11 89

Feq <(+)20 69 —449 0.29 63 —405 —68 168
CIFs 304 72 0.00 274 65 -20 120
CIFs (-)33% —344 190 0.00 —-310 171 14 86

aFor completeness, the absolute values of the ZORA-DFT antisymmetric componéftsrdhe principal axis system of the symmetric part of the
coupling tensor are (units 3N A=2 m=3) 167 (CIR"); 137 (R of CIF3); 56 (Fux of CIFsT); 6 (Feq Of CIF4T); 0.5 (Req of CIFs). All others are zero.

b Experimental data are included for comparison where available. Signs given in parentheses on the experimental values are inferred fronethe calculat

results.c Calculated results from ref 58.Reference 102 The Dalton program provides the FC and SD values independentl¥1% FC and 105% SD.
fThe experimental coupling constant is a weighted average coupling to both types of fluorine in the nf8l6dMI@SCF results from ref 51" The Dalton
program provides the FC and SD values independert®8% FC and 86% SD.The Dalton program provides the FC and SD values independently: 31%
FC and 29% SDi. Reference 42¢ Reference 98.

Table 2. Calculated Heavy HalogerFluorine Indirect Nuclear SpinSpin Coupling Tensors for Bromine Fluoride and lodine Fluoride Sp#ties

Jsd/Hz Kisd/ 1019 AK/10t % PSO % FC+ SD
molecule exptl calcd AJ/Hz n NA2m=3 NA2Zm3 for Kiso for Kiso
BrFec 4859 5239 —5955 0.00 1844 —2096 75 25
Brks
Feq 1717 5668 0.36 561 1852 73 27
ax 1124 4646 0.60 367 1518 —-10 110
BrfFs* (-)1575 to ()1587 —-1398 1228 0.00 —456 401 24 76
BrFs™ (+H)157% 1663 658 0.00 543 215 —25 125
IF¢ 5730 4908 —6223 0.00 2158 —2736 80 20
IF4*™
Feq —1572 421 0.41 —691 185 42 58
Fax —653 —1178 0.49 —287 —-518 149 —49
IFe™ —2793 2274 0.00 —1228 1000 18 82

aFor completeness, the absolute values of the ZORA-DFT antisymmetric componéatsidhe principal axis system of the symmetric part of the
coupling tensor are (units 30N A=2 m=3) 267 (R of BrFs); 127 (R of IF41); 42 (RqOf IF4). All others are zero? Experimental data are included for
comparison where available. Signs given in parentheses on the experimental values are inferred from the calculateGaksuétted results are from ref
50. 9 Reference 86 Reference 41\ Reference 40.

experimental results is possible. The calculated results areand, as such, has K coupling tensor which exhibits
for isolated molecules, typically based on geometries ob- properties similar to those found for CIF, BrF, and IF.
tained from solid-state crystal structures, where in some caseX(Xe,F)s, for XeFt is dominated by the PSO mechanism,
long-range contacts to other atoms likely differ from the at 74%. Furthermore, the orientation of the coupling tensor

structure in solution. The orientations of the calculaked

tensors are presented in Figures5lL

(i) Diatomics and Triatomics. High-level MCSCF and

is the same as for the interhalogens (Figure 1a,c), where the

largest component of thK tensor does not lie along the

internuclear axis, but rather perpendicular to it. The experi-

ZORA-DFT calculations have been presented previously for mental values of(*?°Xe,*°F)is, for XeF' range from+=635¢7
CIF, BrF, and IF and shown to yield isotropic and anisotropic to +7594 Hz30888 The calculated value~9833 Hz,
coupling constants which are in excellent agreement with provides the sign of this coupling constant and is in

experimental gas phase datd?°*%Some of these results
are presented in Tables-2 for comparison with polyatomic

reasonable agreement with the experimental values. The
overestimation ofls, for systems where the PSO mechanism

species. For these diatomics, the PSO term dominates thes dominant has been established and is not unexpected in
isotropic spir-spin coupling constant, at approximately 80%. this cas€? Finally, we note that the reduced isotropic

As a next step, the calculated results for XgEIF,", and
XeF, are presented in Tables 1 and 3. The xenon mono-
fluoride cation is isovalent with the diatomic interhalogens

(86) Miller, H. S. P.; Gerry, M. C. LJ. Chem. Phys1995 103 577~

583.

coupling constant for XeF; 3127x 10N A~2m™3, exceeds

Acad. Sci. Paris, Ser. @976 282 519-521.
(89) Schrobilgen, G. J.; Holloway, J. H.; Granger, P.; BrevardinGrg.
Chem.1978 17, 980-987.

(87) Keller, N.; Schrobilgen, G. Jnorg. Chem.1981, 20, 2118-2129.
(88) Holloway, J. H.; Schrobilgen, G. J.; Granger, P.; BrevardCCR.
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Table 3. Calculated XenorFluorine Indirect Nuclear SpinSpin Coupling Tensors for a Series of Polyatomic Xenon Fluotities

Jisd/Hz Kiso/ 101 AK/1019 % PSO % FC+ SD
molecule exptl calcd AJHz n NA—2m3 NA2m=3 for Kiso for Kiso
XeFt (—)635C to (—)7594 —9833 10505 0.00 3127 —3341 74 26
XeR (—)5579 to (—)5665 —6038 4048 0.00 1920 —1287 48 52
XeRs*
Feq (—)2384 to (—)2440 —2386 —7604 0.26 759 2419 69 31
ax (—)2609 to (—)2620" —2830 —8340 0.57 900 2653 17 83
XeF, (—)380F to (—)3913 —-3925 5378 0.23 1248 1710 13 87
Xeks™ (—)3400 —3532 —3747 0.37 1123 1191 21 79
XeFRst
Fax (+)1348 to (-)151X 2190 —1954 0.06 —696 621 26 74
Feq (—)143.1t0 ()193.& —398 2344 0.32 126 —742 —200 300
XeF7"
Fax 1432 —433 0.00 —455 138 44 56
Feq 245 —939 0.52 —78 299 19 81

aFor completeness, the absolute values of the ZORA-DFT antisymmetric componéatadhe principal axis system of the symmetric part of the
coupling tensor are (units 3N A=2 m~3) 466 (R of XeRs™); 17 (Req of XeRs™); 14 (Ryq of XeFs7); 24, 5, and 3 (K of XeFs"). ® Experimental data are
included for comparison where available. Signs given in parentheses on the experimental values are inferred from the calculateRlefesetiise 87
d Reference 88 Reference 911 Reference 929 Reference 897 Reference 96.Reference 30.Reference 82¢ Reference 97.

Ku Ky 45579 Hz at 26°C in CFCE*! to 45665 Hz at—68 °C in

| . | hydrogen fluoride®°293 The variation in values seems to
(@ Cl—F—x«, () Xe F—«x, be due primarily to solvent effects rather than temperature;
Jokisaari et al. foundiso(*?2°Xe,*°F) for XeF; in deuterated

. T' acetonitrile to be invariant (56442 0.6 Hz) with respect
Cl V- to temperature for the range 24303 K% The calculations
© F/ \F oMo @) P Xe—F show thatJs, is negative, i.e., the same sign as XefFhe
\ orientation of theK(Xe,F) tensor is such that its largest
Ku component is perpendicular to the bond axis. It is important
Figure 1. Calculated orientations of the chlorinBluorine and xenos to note that, because of the manner in which the principal
fluorine reduced nuclear spirspin coupling tensors for (a) CIF, (b) GIf components of thel and K tensors are ordered (see

(c) XeF*, and (d) Xek. For clarity, the coupling tensors are shown only wn
on the fluorine nuclei. The coupling tensors for a, ¢, and d are axialy Background and Theory), the labeKss” simply refers to

symmetric, and so thiy; andKz, components are equivalent. For b, the  the pseudo-unique component (that which is furthest from
K1, component deviates from the -€F bond axis by 2 and Kz is the isotropic value) rather than to the largest component of
perpendicular to the plane of the page. - . .

the coupling tensor. Thus, for a linear molecufgg will

that for the isoelectronic compound IF by nearly 50%, 2158 always lie along the bond axis, but this does not imply that

% 10 N A~2 m-3. The same trend is evident for the re- the largest component &€ lies in this direction.

duced anisotropic coupling constamK is —3341 x 10 (ii) Isovalent Distorted T-Shaped Species: Clk BrFs,

N A—2 m~3 for XeF* and—2736 x 10 N A—2 m~3 for IF. and XeF;*. The isovalent, isostructural species, &IBrFs,
These increases are in accord with the periodic trends@nd XeR", differ from the diatomics and triatomics discussed
above in that there are two nonequivalent types of fluorine
atoms in each structure. The ZORA-DFT data presented for
chlorine trifluoride are in excellent agreement with available
MCSCF dat& and also with the experimental ddfalt is
important to note that the experimentally measured isotropic
coupling,J(®°Cl,*F)s, = 260 Hz, is a weighted average for
the two nonequivalent fluorine sites. The ZORA-DFT
calculations providéJ(3*Cl,'°F),, values of 216 and 212 Hz
for the equatorial and axial fluorine atoms, respectively.
SAlthough BrF; is gaining recognition as a useful reagent in

proposed for diatomic molecules in ref 49.

Results for the bent triatomic cation GiFindicate that
the PSO term is again the dominant contributoditgp For
this relatively light compound, ab initio MCSCF calculations
were possible in addition to the ZORA-DFT calculations.
The agreement between the two methods (Table 1) is
excellent, e.g.,J(**Cl,*F)s, is 135 Hz from the DFT
calculation and 138 Hz from the MCSCF calculation. This
agreement between two distinct computational methods lend
confidence to all of th_e f:alculated SpiBpin coupling organic chemistry® to our knowledge, no experimental data
tensors. Both methods indicate that the largest COMPONeNty o available for comparison with the calculated coupling

of the coupllng tensor m_Ch_FE liesalongthe bond axis rather tensors in this compound. For XgF the agreement with
than perpendicular to it, in contrast to the result for CIF

(Figure 1a,b). (91) Birchall, T.; Myers, R. D.; de Waard, H.; Schrobilgen, Glnbrg.
For XeR, a linear molecule, the isotropic coupling constant Chem.1982 21, 1068-1073. ‘

. . . (92) Gillespie, R. J.; Netzer, A.; Schrobilgen, G.ldorg. Chem.1974

is calculated to be—6038 Hz, which is in very good 13, 1455-1459.

agreement with the experimental values which range from (93) Gillespie, R. J.; Schrobilgen, G. lorg. Chem.1976 15, 22-31.
(94) Jokisaari, J. P.; Ingman, L. P.; Schrobilgen, G. J.; Sanders, J. C. P.

Magn. Reson. Chemi994 32, 242-247.
(90) Patchkovskii, S.; Autschbach, J.; Ziegler, JI.Chem. Phys2001, (95) Rozen, S.; Ben-David, U. Org. Chem.2001 66, 496-500 and
115 26—42. references therein.
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Figure 2. Calculated orientations of the brominfluorine and xenos
fluorine reduced nuclear spirspin coupling tensors for the planar bent
T-shaped molecules (a) ByEnd (b) XeR*. For clarity, the coupling tensors

are shown only on the fluorine nuclei. In all casKs; is perpendicular to
the plane of the page. For GlHdentical orientations are obtained.

experiment is excellent (Table 3). The calculated isotropic
coupling constantJ(Xe,Fg)iso, fOr the equatorial fluorine,
—2386 Hz, lies within the range determined experimenfilly,
+2384 HZ° to +-2440 Hz? and thus provides the sign of
this coupling. The calculated value &f(Xe,F.y)iso for the
axial fluorines,—2830 Hz, is within 10% of the experimental
values, and also provides the sign of this coupling constant.

The reduced isotropic and anisotropic coupling constants
for the series of distorted T-shaped molecules increase with
the atomic number of the central nucleus; e.g., for the
equatorial fluorine atom'Kjs, increases from 195 10
NA2m=23inCIF;to 561x 10N A2 m~2in BrFz to 759
x 10 N A2 m3 in XeR". Thus, upper and lower limits
on K(l,F)iso for the equatorial fluorine atom in tFmay be
estimated, i.e., 56k 10N A=2 m~3 < ¥K(I,Feq)iso < 759
x 10" N A=2m3. For all three species, the orientations of
the coupling tensors are identical (Figure 2); the ZORA-
DFT orientations are in agreement with the MCSCF orienta-
tion reported for CIES As with the linear diatomics
discussed above, the largest components ofKiG€l,F),
K (Br,F), andK (Xe,F) coupling tensors lie perpendicular to
the bond axis for both fluorine sites. Finally, it is noted that,
for all of the K (CI,F), K(Br,F), andK (Xe,F) coupling tensors
for CIF3, BrFs, and XeR™, the anisotropyAK, is consistently
substantially larger than the isotropic coupling constept,
(Tables 3).

(iii) Tetra-, Penta- and Heptacoordinate Species: CIF,
IF 4, XeF,, CIFs, XeFs™, XeFs', and XeF*. The species
discussed in this section exhibit a wide variety of geometrical
arrangements and provide a rigorous test of the ability of
the ZORA-DFT method to provide accuraletensors for
such diverse geometries. For convenience, the geometrie
of CIF4+, XeR, ClIFs, XeFRs™, XeR', and XeF" are presented
in Figures 3-5, along with the orientations of the calculated
indirect nuclear spirrspin coupling tensors involving the
central heavy atom and fluorine.

CIF4t is a “seesaw” (disphenoidal) shaped cation, with
two distinct types of fluorine atoms (Figure 3). The two axial

(96) Gillespie, R. J.; Schrobilgen, G. lhorg. Chem.1974 13, 2370~
2374.

Figure 3. Calculated orientations of the chlorinfluorine reduced nuclear
spin—spin coupling tensors for the seesaw cation,CIF-or clarity, the
coupling tensors are shown only on the fluorine nuclei. For both types of
fluorine nuclei, theK1; component is approximately perpendicular to the
plane of the page. Analogous orientations are obtained for. IF
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Figure 4. Calculated orientations of the chlorinfluorine and xenon
fluorine reduced nuclear spirspin coupling tensors for the pseudo-square
pyramidal species (a) Cifand (b) Xek*. For clarity, the coupling tensors
are shown only on the fluorine nuclei. For the unique axial fluorines, the
K11 and K22 components are essentially identical. For the fluorine atoms
which form a plane, note the different relative orientations ofKheand

K22 components of the €IF and Xe-F coupling tensors.

F Kz F Kaa
1 aw
@ F—Xe—F—kK. ©) F/Te\FN“
F
K33
|
Fax Ky
© F | F]|

PR

F

Figure 5. Calculated orientations of the xenefiuorine reduced nuclear
spin—spin coupling tensors for (a) square planar X€B) pentagonal planar
XeFs~, and (c) pentagonal bipyramidal XgF For clarity, the coupling
tensors are shown only on the fluorine nuclei. For both a and bKihe
component of the coupling tensor lies perpendicular to the molecular plane.

For the axial fluorines in ¢, the coupling tensor is axially symmetric. For

the equatorial fluorines in c, thKss component lies in the plane, and
perpendicular to the XeF bond axis.

fluorine atoms are in a nearly linear arrangement, with an
Fax—Cl—Fa angle of 173.3! Despite the similar nearly linear
Fax—Cl—Fx arrangement found in chlorine trifluoride (1°73°

the properties of th& (Cl,F) coupling tensors in ClIfF and
CIF; are very different (Table 1). For examph(Cl,Fay)iso

is +191 x 10 N A2 m=2 in CIF; and —53 x 10%Y°
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N A=2m~3in CIF,". The reasons for such a large difference
are discussed in section v, vide infra. The equatorial fluorine
atoms in Cliz* exhibit larger isotropic couplings, but smaller
anisotropic couplings, to chlorine than do the axial fluorines.
For both fluorine sites in CIF, the K33 component of the

1K (CI,F) tensor lies along the internuclear axis (Figure 3).
Results analogous to those obtained for Cl&re obtained
for IF4* (Table 2), with an increase in the magnitude of the
coupling constants. The “predicted free” seesaw structure
presented by Christe et al. for GiFis of great benefit in
the present work in that the two equatorial fluorine atoms
are exactly equivalent and the two axial fluorine atoms are
exactly equivalent. In contrast, two sets of approximately
equal coupling constant(l,Fadiso and K(l,Fegiso, Were
obtained from calculations based on the X-ray crystal
structure of IF"ShF;;7;’® the average values of these
coupling constants are presented in Table 2.

In contrast to CIE", neutral xenon tetrafluoride exists in

a square planar geometry (Figure 5a). There is therefore only

one type of fluorine site in Xefand one'K (Xe,F) coupling
tensor. The calculated value &f(*2%Xe F)is,, —3925 Hz,

is in superb agreement with the range of experimental values,

+3801 HZ2* to 43913 Hz30 and provides the sign of the
coupling constant. The PSO mechanism plays a minor role
in the isotropic'k (Xe,F) coupling in Xek, representing only
13% of the total coupling. The orientation &f (Xe,F) in
XeF, is presented in Figure 5a, where tkg, component,
which by definition is closest t&iso, lies perpendicular to
the molecular plane.

Chlorine pentafluoride and the xenon pentafluoride cation

Bryce and Wasylishen

values of1J(*?%Xe,'%F)is, are found to be negative, while
LJ(*29Xe PR 4)iso for XeFs™ is positive.

The xenon pentafluoride anion, Xef-represents the first
example of a pentagonal planar species (Figure 5b). The
XeFs™ moiety exhibitsDs, symmetry in the crystal structure
for N(CHg),"XeFRs™.82 The calculated value 88(*?°Xe *°F)iso,
—3532 Hz, is within 5% of the value determined for
N(CHs)s"XeFs™ in acetonitrile solution;-3400 Hz% Inter-
estingly, the properties of the reduced xendinorine
coupling tensor in Xef are very similar to those for planar
XeF,. For example, both isotropic coupling constants are
negative and of the same approximate value; the anisotropies
of the coupling constants are of the same sign and order of
magnitude; and the relative importance of the various
coupling mechanisms is approximately constant for the two
compounds, e.g., the PSO mechanism contributes 21% and
13% to the isotropic coupling constant for Xsfand Xeh,
respectively (Table 3). Furthermore the orientations of
K (Xe,F) for both species are identical (Figure 5a,b).

The final xenon fluoride which has been studied is the
hypothetical xenon heptafluoride cation. While the isoelec-
tronic TeF~ species has been synthesized, the existence of
XeF" has only been hypothesiz&dTo provide as complete
an analysis as possible for xengifuorine coupling constants
in a wide variety of geometrical arrangements, calculations
have been carried out on XgF This species is predicted to
exist in a pentagonal bipyramidal arrangement (Figure 5c),
and thus there are two distinct fluorine sites. The results of
the calculations are interesting in that they predict positive
values of1J(*?°Xe'F);s, for both the axial and equatorial
fluorine atoms. The only other positivd(*>°Xe,°F)iso for

are isovalent and isostructural, with both compounds adoptinghe xenon fluorides studied herein is for the axial fluorine
pseudo-square pyramidal geometries (Figure 4). The reporteq, XeFst (vide supra). The values for both sites in

experimental values 88(3°Cl,*%Fay)iso and*J(3°Cl,**Feq)iso for
CIFs*? are in fair agreement with the calculated values (Table
1). As shown in Figure 4, the orientations of the chlorine
fluorine and xenorfluorine spin-spin coupling tensors are
identical. The coupling tensors involving the axial fluorines
for both species are essentially axially symmetric, with the
unigue component lying along the internuclear axis. This is
a result of the nearly perfect 4-fold symmetry about this axis.
A wide variety of measurements of the t&d(*?°Xe %F)iso
coupling constants in XeF have been mad®. For the
unique axial fluorine atom in Xef, the experimental
values of1J(*?%Xe**F,)iso range from=+=1348 to £1512
Hz%" and for the equatorial fluorinestJ(*?°Xe,**Feq)iso
ranges fromt143.1 to+193.8 Hz?” The calculated values
of 1J(*2°Xe Y¥%Fay)iso, 12190 Hz, and-J(*29Xe M Feg)iso, —398

Hz, are in fair agreement with the experimental data, and

XeF*t, +1432 Hz for1J(*2%Xe **F4y)iso and +245 Hz for
1J(*2%Xe MFg)iso, are small relative to most of the other
isotropic xenon-fluorine coupling constants presented in
Table 3. The anisotropies of the coupling tensors are also
relatively small. The relative values of all of the reduced
isotropic xenor-fluorine and chlorine-fluorine coupling
constants will be discussed in more detail in section v.

(iv) Hexacoordinate Octahedral Species: ClIk, CIFg*,
BrF¢, BrFs", and IFs". For CIR~, CIFs", Bris~, Bris",
and IR, there is only one heavy-atom fluorine coupling
tensor to be considered for each compound. Experimental
data are present for some of these species since the central
heavy halogen is in a highly symmetrical environment (very
close toOy) where the electric field gradient is approximately
zero and the spinlattice relaxation timeT;, of the central
guadrupolar nucleus is relatively long. The chloriffieiorine,

indicate that the two coupling constants have opposing signsbromine-fluorine, and iodine-fluorine coupling tensors are

(Table 3). Interestingly, Gillespie and Schrobilgen have
carried out double-resonance NMR experiments onsXeF
which indicate thatJ(***Xe,F.)iso iS Of Opposite sign com-
pared to most other xenerfluorine coupling constants.
The present calculations confirm this result and agree with
the interpretation of Gerken and Schrobilgéri.e., most

(97) Gillespie, R. J.; Schrobilgen, G.ldorg. Chem1974 13, 765-770.
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all axially symmetric §f = 0.00) as a consequence of the
high symmetry about the coupled nuclei (Tables 1 and 2).
In contrast to the diatomics CIF, BrF, and##*°the largest
component of the coupling tensor for the octahedral species
lies along the internuclear axis. This is due to the dominance
of the PSO mechanism~80%) for the diatomics and lack

of this dominance20%) for the octahedral species. The
isotropic and anisotropic portions of the coupling tensors are
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Table 4. Selected Trends in the ZORA-DFT Isotropic Reduced 800
Spin—Spin Coupling Constantsso, for Isostructural Polyatomic Group ™)
; " 600
17 Fluorides and Xenon Fluorides
Kiso(ITQSO t?rn;)/ 400
electron  coupling X 107 NA"m™ 200 @
paird constant Cl Br I Xe 0 @
XF 4 K(X,F) 874 1844 2158 3127 -200 - T T T
K(X,Fax 191 367 900
XFs 5 K(XFe) 195 561 759 0 ! 2 3
XE,* 5 K(X,Fax) —53 —287 Number of valence shell
4 K(X,Feg ~ —261 —691 ¢ electron lone pairs on Cl
XFs 6 E&Ea") 722? 7?32 Figure 6. Plot of the calculated paramagnetic sporbit (PSO) contribu-
+ 'Feg tion to the reduced chlorinefluorine nuclear spifrspin coupling constant
XFe 6 K(X,F) —310 —456 —1228 functi f th b f f | val hell el | :
XFe~ 7 K(XF) 274 543 as a function of the number of formal valence shell electron lone pairs on
’ the chlorine atom. Boxes are placed around the data as a guide to the
a Al coupling constants are reported in units offa® A=2 m~3. All approximate range covered for a particular number of lone pairs. The data
results are from spinorbit ZORA-DFT calculations? Total number of are from calculations on C§f (0 lone pair), CIg* (1 lone pair), Clf (1
valence electron pairs around XThe tetracoordinate xenon species XeF  lone pair), CIk~ (1 lone pair), CI* (2 lone pairs), CIg (2 lone pairs),
is not isostructural with the group 17 fluorides XF and CIF (3 lone pairs).

smaller for the octahedral species than for the correspondingthe experimental data, new insights into the underlying
diatomics. In general, excellent agreement is obtained reasons behind the experimental trends may be achieved. In

between experiment and theory for the octahedral speciesthe present section, an interpretation of the observed trends

For example, the experimental value G{3Cl %), for in K(CI,F) andK (Xe,F) coupling tensors is developed based

CIFs* in hydrogen fluoride at 40°C, £337 Hz2 is on the combined theoretical and experimental data.

overestimated by only 7 Hz. In Ramsey’s original nonrelativistic formalism for the
A very interesting point is that while BgF and Brig~ interpretation of spirspin coupling constant8,the PSO

seem to have very similar isotropic coupling constants basedmechanism accounts for the interaction of the magnetic
on the available experimental datd("*Br,*%F),s, = £1575 moment of a nucleus with the magnetic field established by
Hz*! for the cation andJ("°Br,2%F),s, = +1571 HZ° for the orbital motion of the surrounding electrons (see Background
anion, the calculations show that in fabese two coupling  and Theory section). While empirical relationships between
constants are of opposite sighhe calculated values;1398 coupling constants and the number of lone pairs on a central
Hz for the cation and+1663 Hz for the anion, are in very atom have been discussed bef8¥&?!the chlorine fluoride
good agreement with the experimental data (Table 2). Theand xenon fluoride series discussed presently represent an
same phenomenon is observed for ££1Bnd CIk~ (Table excellent situation for isolating the effects of the number of
1), although there are no experimental data available for thevalence shell electron lone pairs (in the sense of VSEPR
chlorine hexafluoride anion to our knowledge. The value of theory*’) on the central heavy atom. Indeed, a plot of the
1J(*27,19F), predicted for IE" is —2793 Hz. No evidence ~ ZORA PSO contribution to the calculated isotropic reduced
for J coupling in IR™ was observed in the early study of chlorine—fluorine and xenofrfluorine coupling constants
IFs*AsFs~ of Hon and Christé? perhaps due to efficient  versus the number of lone pairs on the central chlorine or
relaxation of thet?l nucleus. xenon atom yields a clear-cut correlation (Figures 6 and 7).
(v) Interpretation of the Indirect Nuclear Spin —Spin For zero or one lone pair on the central atom, the PSO
Coupling Tensors. The ZORA-DFT calculated indirect  contribution to*Kis, is roughly constant, approximately zero,
nuclear spir-spin coupling tensors discussed above are and generally negative. For two lone pairs, the PSO
generally in very good agreement with the available experi- contribution increases substantially to yield a positive
mental data. Presented in Table 4 is a summary of some ofcontribution to *K(Cl,F)s, and *K(Xe,F)so. Although the
the calculated results, which serves to illustrate some of thenumber of data points is limited by the number of com-
general trends in the isotropic coupling constants involving pounds, the PSO contribution due to two lone pairs is
19F coupled to a heavier halogen or to xenon. The most consistently larger than the contribution observed for zero
obvious trend is that, for a given set of isoelectronic and or one lone pair. Finally, when three lone pairs reside on
isostructural compounds, the valuek(fX,F)is, (Where X= the central atom, the PSO contribution increases approxi-
Cl, Br, I, Xe) tends to increase as the atomic number of X mately 4-fold compared to the contribution from two lone
is increased. Another important point is thdX,F)iso, Where pairs. A large range is observed for the xenon fluorides with
X is kept constant, may be either positive or negative. For three lone pairs (XeFand XeF); nevertheless, the full range
example, in the case of GJFand Xek™, the values of lies above the maximum PSO contribution calculated for two
K(X,Fegiso andK(X,Fayiso are of opposite signs for the two  lone pairs (see Figure 7).
different types of fluorines within a single molecule.
For chlorine fluorides and xenon fluorides in particular, (98) ggh”Stev K. O.; Hon, J. F.; Pilipovich, norg. Chem1973 12, 84—
there exists a sufficient number of experimental isotropic (99) Hon, J. F.: Christe, K. Q. Chem. Phys197 52, 1960-1962.
coupling constants for fluorine and the heavy atom to enable (100) See ref 2, Chapter 4, Section 2.2.1.
an analysis of trends in these coupling constants. Further-:09 4%!;'_\23'\6" S.; von Philipsborn, WMagn. Reson. Chen198g 27,
more, by utilizing the calculated results in combination with (102) Fabricant, B.; Muenter, J. 3. Chem. Physl977, 66, 5274-5277.
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Figure 7. Plot of the calculated paramagnetic sparbit (PSO) contribu-
tion to the reduced xenetfluorine nuclear spirrspin coupling constant
as a function of the number of formal valence shell electron lone pairs on
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Figure 9. Plot of the calculated combined Fermi-contacspin-dipolar
(FC+SD) contribution to the reduced xenofiuorine nuclear spifrspin
coupling constant as a function of the xerdluorine bond length. See
caption to Figure 7 or Table 3 for the molecules included in the plot. Linear
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the xenon atom. Boxes are placed around the data as a guide to theregression provides the relationst{FC+SD)sy/10° N A=2m~3 = 6021
approximate range covered for a particular number of lone pairs. The data (r/A) — 10896.

are from calculations on XeF (0 lone pair), XeE" (1 lone pair), Xek~

(2 lone pairs), Xek(2 lone pairs), Xeg" (2 lone pairs), Xek(3 lone pairs),
and XeF (3 lone pairs).
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Figure 8. Plot of the calculated combined Fermi-contacspin-dipolar
(FCH+SD) contribution to the reduced chlorinfluorine nuclear spifspin
coupling constant as a function of the chlorirfeuorine bond length. See
caption to Figure 6 or Table 1 for the molecules included in the plot. Linear
regression provides the relationst{f=C+SD)s/10° N A2 m~3 = 2386
(r/A) — 3862.

The remaining contributions to the xenefluorine and
chlorine—fluorine isotropic coupling constants arise from the

the value olK(FC+SD)s, is negative for short bond lengths,
passes through zero, and becomes positive for large bond
lengths. This explains the small negative values of the total
K(Xe,F)so coupling constant for both fluorine sites in XeF
where exceptionally short XeF bond lengths result in a
negative FG-SD contribution, and the lack of lone pairs on
Xe also results in a negative PSO contribution.

From the correlations presented in Figures 6 and 7 for the
PSO mechanism, and Figures 8 and 9 for thet+BD
mechanisms, all of the chlorirdluorine and xenonfluorine
isotropic coupling constants discussed herein seem to be
related to (i) the number of valence shell electron lone pairs
on the central atom and (i) the chlorin@uorine or xenon-
fluorine bond length. For the diatomics CIF and XeFor
example, bond lengths of intermediate value result in an inter-
mediate contribution from the FESD mechanism; however,
since Cl and Xe possess three lone pairs, the isotropic coup-
ling constants for these diatomics are larger than for any of
the polyatomic species. It should be noted that molecular

Fermi-contact and spin-dipolar mechanisms. Since these twoCharge has ndirect effect on any of the coupling constants

mechanisms are not separated in the ZORA-DFT forma-
lism, the combined FESD term must be considered. In
the nonrelativistic formalism, the FC term describes the

interaction between the nuclear spin and the electron spin a

the nucleus, while the SD term describes the dipolar

interaction between the magnetic moment of the nucleus andV SR A )
nFC+SD contribution, which is negative at 1.55 A and

gpositive at 1.778 A (Figure 8). The relationships presented

the electron spin angular momentum. Whereas the PSO ter
depends on excited singlet state energies, the FC and S

discussed herein. For example, the difference in the sign of
the isotropic chlorinefluorine coupling constants for C4F
and CIk~ arises primarily due to the relatively vast difference

in the C=F bond lengths in these compounds: an average

of 1.55 A for the cation, and 1.778 A for the anion. The
alue ofKis, for both of these species is dominated by the

terms both depend on excited triplet state energies, and" Figures 6-9 should apply equally well to the analogous

thus there is a basis for considering the combined-BD
term; this is done implicitly in the ZORA-DFT imple-
mentatior??

Shown in Figures 8 and 9 are plots of the F8D
contribution toKis, as a function of the chlorinefluorine
and xenon-fluorine internuclear distances for all of the
compounds listed in Tables 1 and 3. As the plots indicate,
there is a general increase K{FC+SD)s, with the inter-

series of bromine fluorides and iodine fluorides.

Conclusions

The present work has extended the application of the
ZORA-DFT computational method for the calculationJof
coupling tensors to include a variety of polyatomic species
of diverse geometries. The chlorinfluorine, bromine-
fluorine, iodine-fluorine, and xenorfluorine indirect nuclear

nuclear separation for a given series of compounds. Certainlyspin—spin coupling constants have been calculated and
the linear fits to the data are not ideal, as there is some scatteinterpreted for a large number of chemical species. Overall,
of the points about the lines of best fit. It is important to the agreement between the calculated and experimental
realize that this relationship with the experimental data does isotropic spir-spin coupling constants is excellent. The

not imply in general that the derivative of the #SD term importance of employing accurate geometries for these
with respect to bond length is positive. Of interest is that calculations cannot be overemphasized. Recent calculations
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have demonstrated the large dependendegfind AK on In many cases, indirect nuclear spispin coupling tensors

internuclear separation for interhalogen diatonifcs. involving fluorine are highly anisotropic. For the series £IF
The incorporation of solvent effects into the calculations BrFs, XeR™, the ratioAK/Kis, may be as large as 4.8; the

may provide even better agreement with experiment. relatively large values oK for these species arise due to

Several trends in the isotropic coupling constants have large anisotropic PSO contributions. In general, this ratio is
been elucidated. Investigation of the complete calculated much closer to unity for the other group 17 fluorides and
coupling tensors for a series of seven chlorine fluorides and xenon fluorides.
seven xenon fluorides has allowed for the interpretation of In conclusion, it is apparent that the ZORA-DFT method
the heavy atomfluorine isotropic coupling constants for is well-suited for the prediction and interpretation of NMR
these species in terms of the ZORA paramagnetic-spin spin—spin coupling constants for moderately sized poly-
orbit and combined ZORA Fermi-contaet spin-dipolar atomic systems containing relatively heavy atoms. In par-
mechanisms. In particular, it has been demonstrated that aticular, xenon is a heavy fifth-row atom for which relativistic
correlation exists between the number of lone electron pairseffects must be considered. The agreement between experi-
on the central heavy atom and the value of the PSO mentand theory reported in this work is partly a consequence
contribution to the reduced isotropic coupling constéit, of considering both scalar and spiorbit relativistic cor-
Similarly, the value of the FESD term seems to increase rections to the computed coupling tensors. This work also
approximately linearly with the separation between the reinforces the need to calculate all contributions to the
central heavy nucleus and the fluorine nucleus for a given coupling tensors.

ies of ds.B idering both of th tribu-
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of the coupling constants has been assigned. The analysi
holds the potential to be extended to a variety of bromo-
fluorides and iodofluorides.

The experimentalist should be aware thatvalues may
have opposite signs for compounds which may seem to be
closely related; this may lead to an incorrect interpretation
of trends in the coupling constants. For exampléCl,F)iso
may be of either sign even within the same molecule (e.g.,
K(Cl,Faiso andK(Cl,Feg)iso In CIFs are of opposite sign) and
in closely related molecules (e.d(Cl,Faiso in CIFs and
CIFs~ are of opposite sign). In general, it must be emphasize
that reduced coupling constants for halogéalogen or
halogen-noble gas spin pairs may be either positive or
negative, and may be relatively small or large in magnitude. 1C020025U
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