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Carbon-13 Chemical Shielding Parameters in Liquid Hexafluorobenzene Determined by
NMR Relaxation Measurements
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Simple pulse sequences have been used to determine and isolate most carbon-13 and fluorine-19 longitudinal
relaxation parameters in pure hexafluorobenzene (carbon-13 in natural abundance). The derived parameters
include fluorine-19 and carbon-13 specific relaxation rates (at different field values), dipolar fluorine-carbon
cross-relaxation rate, and dipol&¥G—*°F)-chemical shift anisotropyC or'°F) cross-correlation rates. From

these experimental parameters, it was possible to estimate the reorientational anisotropy of liquid
hexafluorobenzene and to extract the shielding tensor elements of fluorine-19 and carbon-13. Comparison
with those elements as determined from solid-state NMR shows a good agreement for fluorine-19 but one
important difference (for one element) in the carbon-13 shielding tensor. This feature is confirmed by quantum
chemistry calculations and can be explained by the particular ordering in pure solid.

Introduction will be considered first and a posteriori justified. A detailed
. ) ) theoretical report along with methodological aspects related to
Although chemical shift anisotropy (CSA) effects can be e hresent study has already been presented in a previous paper
determined in solid-state NMR spectra, the rapid molecular ye\qted to the reorientational anisotropy of bengaad will
reorientation in the liquid phase provides only a direct measure- i arefore be summarized here. The starting point is the well-
ment .of the _iso'gropic shift, i.e., one-third of the trace of thg known Solomon equations for a two-spin system, which are
chemical shielding tensor. Nevertheless, CSA affects spin gytended to account for the cross-correlation effect between the

relaxation in a general way and can interfere with the dipolar ~ga relaxation and the dipolar relaxation mechaniéts:
interaction mechanisir3 The resulting process named cross-

correlation is generally measured by observing its effects on ¢ .
longitudinal relaxatiofr” and can also be reliably measured alz =
through transverse relaxation as demonstrated in recent gdpers.
Previously we have studied the molecular reorientation of pure d
liquid benzen® using carbon-13 shielding parameters deduced &'z =
from solid-state NMR data. The scope of this paper is an
extension of this methodology in order to determine also d
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shielding parameters. One of the reason for which benzene andﬁ(ZIZ I2) = —R(@l; le) OCSA(C)VO(IZ 'eo}
its derivatives have been the subject of numerous studies in solid IF_|F
GCSA(F),O( z eq)

and liquid phases is that they form molecular complexes. The
case of hexafluorobenzene is particularly appealing because a

important variation of the isotropic shift of about 20 ppm occurs . . -
upon going from pure solid to liquid or to liquid mixtures or superscript X being F for fluorine-19 or C for carbon-13 whereas

even to solid mixtures. To the best of our knowledge the 21 1F stands for the so-called longitudinal spin order. Their

carbon-13 shielding tensor of hexafluorobenzene has not beerfForresponding equilibrium magnetizations and their IongituFdinaI
measured in the liquid state, and this led us, with appropriate 'elaxation rates are denoted Hy andRy, respectively; £1;
NMR experiments and reliable quantum chemistry calculations, iS Zero at thermal equilibrium. The two longitudinal magnetiza-

to attempt to determine this quantity and discuss the unusualtions are coupled by cross-relaxation whereas cross-correlation
behavior of the carbon-13 isotropic shift. (the interference CSA-dipolar terms) couples longitudinal

magnetization and longitudinal spin order. The description of
the hexafluorobenzene reorientation requires only two correla-

rIEach longitudinal magnetization is denoted lﬁ/with the

Theory tion times: 7 associated with the tumbling of the symmetry
Although dipolar fluorine-fluorine and remote fluorine axis perpendicular to the molecular plane ajpassociated with
carbon interactions provide non-negligible relaxation mecha- the rotation around this axis (Figure 1). These two dynamical
nisms, the simplifying assumption of an isolat€8—13C pair parameters are involved in the longitudinal relaxation, dipolar
cross-relaxation, and CSA-dipolar cross-correlation rates through
t Laboratoire de Mthodologie RMN. the following expressions, valid in extreme narrowing condi-
* Laboratoire de Chimie Thique de Nancy. tions, satisfied here. For the dipolar cross-relaxation rate one

S1089-5639(98)02697-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/14/1998



7200 J. Phys. Chem. A, Vol. 102, No. 36, 1998 Guenneau et al.
the form
RSSA(X) =(2/ 15)(BonA0x)ZTCSA(X) (6)

wherercsax) is an effective correlation time that can be written
as

()

1+ néSA(X) + ZX)
a]

TesAX) 1+ 2

On the other hand, the specific longitudinal relaxation rate for
the two-spin order can be decomposed according to the other
relaxation parametels

14
RIF =R+ R — Toce ®)

T//

Figure 1. Molecular axis systenXYZand the principal axis system

for the carbon-13 and fluorine-19 shielding tensors (displayed at the Setti iat trat f . th .
level of each atom), which are all coincident for symmetry reasons. eting up an appropriate strategy for measuring the six

The X, Y, Z labeling is consistent for each tensor with the usual elaxation rates involved in egs 1 (possibly, for some of them,
convention|a,J = |gy| = |ox. This has been determined from solid- ~at different magnetic fields) could hopefully lead to the
state NMR for fluorine and from quantum chemistry for carbon. The characterization of hexafluorobenzene molecular reorientation
relevant rotational motion is schematized for each correlation time. (¢ andz;) and to some pieces of information about carbon and
fluorine shielding tensors.

has

Measurement of Relaxation Rates

Ocr = (112)(ug4m)? Ir&)%r, 2
or = (U4 (reyehinee) @) Chemicals purchased from Aldrich and Fluka were of the
where rce stands for the bond length angl is an effective highest available quality and were used without further purifica-
correlation time related to the reorientation of the in-plane vector tion. An NMR 5 mm o.d. sample tube, containing pure
CF hexafluorobenzene with 2% v/v of hexadeuterobenzene added
for field-frequency locking purpose, was carefully degassed by

_1 9 gl a sequence of “freezgoump—thaw” cycles; the liquid being
Ui Z(TD + 2t + r”) ®) frozen, the tube was subsequently sealed under vacuum. All

experiments were carried out at 26. Longitudinal carbon
All other symbols have their usual meaning. and fluorine relaxation rates were measured at different fields:
Because of the symmetry in the hexaflurobenzene molecule,2.1 and 4.7 T with home-made spectrometers, 7.04 T with an
the CF vector can be assumed to be collinear to one of the Avance Bruker DSX spectrometer, 9.4 T with an Avance Bruker
principal axes of the fluorine-19 or carbon-13 chemical shift DRX spectrometer, and 14.1 T with an Unity Varian spectrom-
tensors (see Figure 1). This yields the following expressions eter. Cross-relaxation and cross-correlation experiments were
for the CSA-dipolar cross-correlation rates: only performed at a field value of 9.4 T.
Longitudinal relaxation rates of fluorine-19 were obtained
Ocsacya= (112)ue/am)*(y oy lreD)y cBoAocTesacya  (4) by means of the saturation-recovery experirféat high field
(Bo >3 T), which was preferred to the classical inversion-
Ocsa@a= (1/2)u o/4n)2(VcVFh/r?:F)VFBOAUFTCSA(F),d ) recovery experimeﬁﬁ owing to the necessjty .of avoiding
radiation damping effects. Carbon-13 longitudinal relaxation
Bo is the static magnetic field value afdrc  represents either ~ rates were measured using both the fast inversion-recovery and

the carbon or the fluorine shielding anisotropy definedhas ~ the super fast inversion recovétymethods. Because of the
= 05, — (0xx + 0y)I2 (x, y, z principal axes of the molecular ~ small influence of the carbon CSA relaxation mechanism and

shielding tensor witha,4 > |0y = |0wd; the same axis system of the required accuracy, all;Tarbon-13 measurements were

turns out to be valid for carbon and fluorine nucledesacc)d repeated (at least five times) for each magnetic field value.
andrcsag,qare effective correlation times that depend on the ~ The pulse sequence sketched in Figure 2 is designed for
shielding asymmetry parameteygsa(c) andncsacry the latter measuring the sole cross-relaxation rate associated with the

is defined as (3/2),y — ox)/Ac. Denoting byy = 70/7 the dipolar interaction between directly bonded carbon-13 and
reorientation anisotropy parameter and X referring either to fluorine-19 and therefore fulfills the aSSUmption of an isolated
carbon-13 or fluorine-19, we can express these effective Pair of spins. For a detailed description of this experiment, the

correlation times as: reader is referred to a previous wdfkthe important feature
being that it is derived from the X-filtered HOESY experi-
1+ 3ncsppy + 2 mentst® A typical experimental build-up curve is shown in
TesAX)d — 1+ 2 ! (5) Figure 3. In the same work we used an experiment (Figure 4)

aimed at measuring the spin order longitudinal relaxation rate
Longitudinal relaxation rates involve different contributions and one of the CSA-dipolar interference terms, depending on
arising mainly from intramolecular and intermolecular dipele ~ the observed nucleus. Assuming that the considered nucleus
dipole interactions and from the anisotropic nuclear shielding (carbon-13 in the following) is set on-resonance, we can see
tensor, both modulated by molecular motion. The only magnetic that, at the end of the interval of duration J¢2 an antiphase
field dependent mechanism is the one coming from CSA, its configuration exists; it can be represented U)? IZ and is
contribution to the longitudinal relaxation of each nucleus is of converted by the next(2).y pulse into longitudinal spin order,
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(on resonance) Jer l decoupling I

13C

Figure 2. Pulse sequence used to measure selectively the cross-
relaxation rates between directly bonded fluorine-19 and carbon-13.
The spectrometer carrier frequency is set at the resonance of the
fluorine-19 bonded to carbon-13 (average of the satellite frequencies) ™™
so that the heteronuclear coupling governs exclusively the evolution Figure 5. Data recorded with the experiment of Figure 4 for a null

during the interval 1. The first step of the phase cycle inverts mixing time. A symmetric antiphase doublet was expected. Presumably,
selectively fluorine bonded to carbon-13 while, during the second step, the creation of multiple quantum coherences during the evolution delay
fluorine is not perturbed and the corresponding result serves as aleads the complex pattern in the left part of the doublet, which precludes
reference. an accurate measurement of the CSA-dipolar cross-correlation term.

Same experimental parameters as for Figure 3.
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0 -— Figure 6. Spectra resulting from a simple inversion-recovery experi-
0 5 10 15 20 25 30 t,(s) ment applied to carbon-13 without fluorine-19 decoupling as a function

of the mixing timety,. A 20 Hz line broadening has been used to remove

Figure 3. Typical build-up curve obtained from the experiment of Il the small splittings and to emphasize the intensity difference of the

e e e e o eos ) Wo remaining I n the catbon-L3 specium, Creston of e
parameters used at 9.4T: 32 scans; recgvery time. 308 secondsjongitUdinal spin order can be appreciated by the doublet asymmetry
acquisition, 16K complex data points for a spectral width of 1000 Hz. as the mixing time is increasing. Number of scans, 64, recovery time,

An exponential broadening of 2 Hz and one zero filling were applied 800 s; acquisition, 16K complex data points for a spectral width of
p : 9 9 pp 1000 Hz. One zero filling was applied before Fourier transformation.
before Fourier transformation.

other coherences are created that will survive the phase cycling.

%x GL %x An example of what happens is shown in Figure 5. The main
19R ) antiphase configuration arises, as expected, from the longitudinal
t + in order that ted at the beginni f the mixing ti
or 13C Der [(SL), m spin order that was created at the beginning of the mixing time

whereas an unexpected antiphase configuration is seen to be
present in the left part of the doublet. This phenomenon is

Figure 4. Pulse sequence used to measure the relaxation of the certainly interesting by itself but is beyond the scope of this
longitudinal spin order. The spin lock (SL) pulse purges out all article. In order to circumvent these difficulties we preferred

unwanted magnetization. See text for other details. to rely on two classical experiments that do not include
transverse magnetization evolution.
iZIf If. During the mixing time, the longitudinal spin order The simplest is a carbon-13 inversion-recovery experiment

decays according to its specific relaxation rate. The la&)( without fluorine decoupling. It starts with the inversion of the
pulse acts as a read pulse and converts the longitudinal spincarbon-13 magnetization, which subsequently recovers to its
order back into an observable antiphase configuration. Phaseequilibrium value during the mixing time; this magnetization
cycling removes the carbon-13 longitudinal magnetization, may be partly converted into longitudinal spin order by way of
which would reconstruct through its specific relaxation, while the dipolar {3C—19F)-CSA(C) cross-correlation mechanism.
carbon-13 and fluorine-19 longitudinal magnetizations resulting The last {t/2) pulse reads any kind of longitudinal magnetization
from the CSA-dipolar cross-correlation terms are preserved. including the longitudinal spin order, which appears in the form
Transferred carbon-13 magnetization is thus edited through theof an antiphase doublet superimposed to the in-phase doublet
last pulse of the sequence and normally yields a pure in-phasearising from the inverted normal longitudinal carbon-13 mag-
configuration superimposed to the antiphase, which arises fromnetization. The experimental results, presented in Figure 6,
the longitudinal spin order. In the case of hexafluorobenzene, exhibit nonequal intensities for the two doublet components;
it was impossible to extract unambiguously this contribution this indicates an antiphase contribution originating from the
from experimental data. The reason is that during the evolution longitudinal spin order. Theoretically this experiment could be
delay 1/3crk, and due to the complexity of the spin system, used for each nucleus, but, in practice, it proved difficult to
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TABLE 1. Chemical Shielding Tensor Parameters (ppm) of
19F (g)x | (2g), Fluorine-19 and Carbon-13 at Various Levels of Theory
......... C F
[g) Oxx Oyy Ozz Oxx Oyy Ozz

GIAO-B3LYP 2.32 1256 95.34 279.47 285.12 460.86

CSGT-B3LYP 541 1353 95.64 267.48 285.99 453.45

tm IGAIM-B3LYP 541 13.53 95.64 267.48 285.99 453.45
. GIAO-BLYP 6.43 7.17 88.73 258.93 272.09 455.87
yrée GIAO-B3PW91 6.53 17.55 98.53 278.24 282.61 460.50
GIAO-BPW91 1156 13.55 92.81 257.39 269.52 455.24

13C

Figure 7. Pulse sequence used to measure the diptiar-{3C)-CSA- ;
(*%F) cross-correlation rate. A total saturation of the fluorine spin system accurate results (some ppm). If for most chemical systems the

is obtained by way of two high-powd; gradient pulses of 1.5 and 3 Hartree-Fock approx!mation gi\_/es suitable results, there are
ms duration, respectively. During the mixing time both cross-relaxation SOMe cases that require to take into account electron correlation

and cross-correlation occur. The last pulse reads the state of anyeffects!® Moreover, it is well-known that values for the
longitudinal magnetization. shielding tensor appear to be very sensitive to basis set size
effects and to the geometry employed. In order to fulfill these
three requirements (inclusion of the electronic correlation, basis
set near the limit of completeness, and a reliable geometry),
we decide to use the CC-PVi%asis set. This basis set, well-
adapted to the treatment of correlation, is quite large (360 basis
functions for the @ molecule) and is expected to give results
near the basis set limit. Inclusion of the electronic correlation
can be done in many ways (MBPT, MCSCF, CCSD, ...), but
J J J J methods based on density functional theory (DFT) are by far
the cheapest with respect to computer time. At the present time
DFT methods are the only one affordable for a system as large
as GFes with our computer facilities. DFT potentials give

002505 112515 2 25 3 35 4 45 5 55 6 7 8 10 12 14 tn(s)

Figure 8. Data recorded with the experiment of Figure 7 (same
conditions as for Figure 6). The creation of the longitudinal spin order

can be followed (as a function of the mixing time) by i€ doublet accurate results for systems in the ground state and at the
asymmetry. The overall intensity increase is due’—13C cross- equilibrium geometry, in particular when nonlocal electronic
relaxation. density effects are included. However, since many functionals

exist, we try some combination of exchange (B and?8%)
obtain reliable fluorine-19 data. This is due to the huge central and correlation (LYP and PW9%)24 functionals to examine
peak corresponding to fluorines bonded to carbon-12, which their influence on the shielding tensor. Opposed to the Hattree
impairs the accurate quantification of the two small and largely Fock-based methods, it is not possible to grade the level of
splitted doublet components (corresponding to fluorines bondedtheory of these functionals. Also, to the best of our knowledge,
to natural abundance carbon-13). Existing methodsuld be no systematic study has been performed to test the performance
used so as to remove this central line, but, as they involve free of various functionals to reproduce experimental shielding
precession intervals, they must be avoided here for the reasonsensor. It is then a priori impossible to distinguish which
mentioned above. A solution to this problem consists of calculation will be the best. Moreover, from the variety of
observing the carbon-13 magnetization after a complete saturatheories available to compute shielding tensors, we decided to
tion of the fluorine spin system (Figure 7). This sequence starts adopt the gauge including atomic orbital (GIAO) metPftr
with two long B, gradient pulses delivered by a specific ¢8il,  the numerous advantages it preséhemd, in addition, methods
which completely defocus the fluorine magnetization. Thus (i) developed by Bader et al., CSGT and IGARwere consid-
the initial fluorine magnetization state is perfectly known and ered. All calculations were carried out with the Gaussian-94
is zero, (ii) during the mixing time, the carbon-13 magnetization package®
will evolve from equilibrium via the dipolar cross-relaxation
term and longitudinal spin order can be created by the dipolar
(33C—19F)-CSA(F) interference mechanism. As in the previ-
ous experiment the lastz{2) pulse reads the state of any
longitudinal magnetization but here at the carbon frequency
without the aforemenﬂoned drayvbapks. The e.xpenmental dataworking geometry is the one optimized at the B3LYP/CC-PVTZ
are shown in Figure 8. Again, inequality in the doublet level of theory
intensities assesses the creation of the longitudinal spin order )
by way of the dipolar 1BC—19F)-CSA(%) cross-correlation _It can be seen, from the results_(TgbIe 1 and 2), that all
mechanism. At this point, we possess relevant and reliable eigenvalues of the carbon atom shielding tensor are close to

methods to measure the whole set of relaxation rates that govern§n€ another within a range that is less than 10 ppm (20 ppm
egs 1. for the fluorine atom). These discrepancies decrease signifi-

cantly in the calculation of the parametets, Ao, andy, owing

to average cancellation (ranges of about 6 ppm for carbon and

13 ppm for fluorine). The fact that both CSGT and IGAIM
For the past several years, calculation of nuclear magnetic methods give the same results (truncated after the second digit!)

shielding constants has become an increasingly popular aredandicate that the first-order current density distribution is

for quantum chemical applicatioA%. From the several contri-  adequate to describe outside the atomic bassin even though the

butions on this topic, one can elaborate a strategy to obtain quitegauge origin is coincident with the nucleus of the atom.

To check the reliability of our procedure, we compared the
equilibrium geometry parameters obtained at the B3LYP and
at the MP2 (full electrons) levels. Differences in the C and
in the C-F bond lengths are found to be 0.008 and 0.004 A,
respectively, which are negligible for our purpose. Thus the

Quantum Chemistry Calculations
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0 2 4 6 8 1o 1z 4 e m(®) Figure 10. Build-up curve obtained by subtraction of the intensities

Figure 9. Typical build-up curve obtained by subtraction of the of the two doublet components (data shown in Figure 8). The curve
intensities of the two doublet components (data shown in Figure 6). was fitted (solid line) according to eq 1 and yields the dipot&F-¢

The curve was fitted (solid line) according to egs 1 and yields the dipolar 13C)-CSAQ%F) cross-correlation rate. Comparison with Figure 9 il-
(*9F—13C)-CSA(=C) cross-correlation rate. lustrates the larger effect of the CS#) mechanism.

TABLE 2: Chemical Shielding Asymmetry and Anisotropy

_ —3 1
of Fluorine-19 and Carbon-13 Deduced from Table 1 Ocsac)d™ 6.66x 10 ”s

c F From there one might go onto the second cross-correlation
Oiso Ao Oiso Ao experiment (Figure 7), which is aimed at measuring the dipolar
(ppm) (ppm) u  (ppm) (ppm) 7y (33C—19%F)—CSA(%F) cross-correlation ratecsag)das well as

GIAO-B3LYP  36.74 87.90 0.175 341.82 17856 0.047 the (nonselectivellcross-relaxation ratelr (the notation ns
CSGT-B3LYP 3819 86.17 0.141 33564 176.72 0.157 actually means that all fluorines have been perturbed). The
IGAIM-B3LYP 3819 86.17 0.141 33564 176.72 0.157  g|gepraic sum of the carbon-13 doublet intensities (Figure 8)

g:ﬁgzgég\?vgl 34%1817 8816%139 06011;1 332480'9465 119800'3077 061003?6 yields a build-up curve resulting from cross-relaxation interac-

GIAO-BPW91 39.30 80.26 0.037 327.38 191.79 0095 tions (data not shown), while their algebraic difference is
associated with the creation of the longitudinal spin order via

Results and Discussion the dipolar {*C—19F)—CSA(C) term (Figure 10). Again cross-
correlation data were fitted according to eqs 1, here without

The cross-relaxation experiment (Figure 2), which relies upon any restriction, and this leads to

the selective inversion of fluorine directly bonded to carbon-
. . C

13, is dominated by the three parametéls ocr, and Ry Ocsama= 3.72% 10 2gt

(which was determined from a separate experiment). Corre- '

sponding data (Figure 3) were fitted very satisfactorily by using only the initial behavior of the cross-relaxation build-up curve
egs 1 restricted to a two-spin system in setting cross-correlationyas used to extract the nonselective cross-relaxation rate, which
terms to zero. Influence of cross-correlation is negligibly small myst be greater than the selective one
with respect toRf andocr even for long mixing times. At a
field of 9.4 T, we obtain, with an accuracy that is believed to o5=147x10%s "
be better than 5%, the following results:
This is reminiscent of the results obtained in the case of benzene:
RI=0.198S" 0,=119x10°s " and 10 3 non-negligible intermolecular dipolar contribution is the
RS =330x 1025} only way to explain the rglatlvely important difference between
1 selective and nonselective cross-relaxation rates. Then, the
] . o ) assumption of an isolated pair of spins in egs 6 could be fulfilled
It must be pointed out tha, is the longitudinal relaxation rate  py ysing the selective cross-relaxation rate, which depends solely
of fluorine directly bonded to carbon-13. From the experiment g5 the two nucleus directly bonded. Finally, we have checked
sketched in Figure 4, the only reliable parameter that could be the consistency of our results by fitting again the whole
measured is the longitudinal relaxation rate of the two-spin experimental data set according to the full relaxation matrix.
order: Carbon-13 and flurorine-19 longitudinal relaxation rates have
oF . been measured with the help of different spectrometers as a
R"=0.174s function of the magnetic fiel@,, and the resulting longitudinal
relaxation rates are displayed in Figure 11. The linear slope
In the first cross-correlation experiment (Figure 6), the algebraic with respect toBS is deduced from eq 6:
difference of the doublet intensities represents the buildup of

the longitudinal spin order magnetization through the dipolar (2/15)0’xA0x)2Tc5A(X) 9)
(*3C—19F)—CSA(3C) mechanism. The obtained curve (Figure
9) was fitted using eqs 1 in whiabcsar),awas set zero. This From all these measurements, it proves possible to extract

approximation is relevant because effects of this latter quantity the two correlation timeg; andt and the chemical shielding
should occur only at long mixing times. Taking into account tensors. First, the assumption of an axial symmetry for the
the relative signs of the in-phase and antiphase componentdluorine shielding tensor can be justified by the results of
along with the phase cycling provides the sign of the cross- quantum chemistry calculations and the fact that the isotropic
correlation raté:*29we find chemical shift remains unchanged between the solid and the



7204 J. Phys. Chem. A, Vol. 102, No. 36, 1998 Guenneau et al.

R, (s TABLE 4: Chemical Shielding Tensor Parameters of
0.184 19 Carbon-13?
0161 solid-state liquid-state quantum
NMR33 NMR chemistry
0.14 4 (T=233K) (thiswork) (this work)
0.121 Oxx 14+6 8.4+ 6 2.3t011.6
Oyy 14+6 22.6+ 6 7.2t017.6
010 02 54+ 8 106.9+ 6 88.71098.5
0.08 isotropic shift ¢ scale) 27.3 45.9 34.11040.9
isotropic shift ¢ scale) 157.2 138.5 150.4 to 143.6
0.06 anisotropyAo 40 91.3+5 81.91t087.9
0.04. . asymmetryy 0 0.23+0.1 0.01t00.19
02 8 M aChemical shifts §) are referred to TMS. All data, except the
212472 704> 042 14.12 B2 (Tesla?) dimensionless asymmetry parameter, are given in ppm.

Figure 11. Linear behavior of carbon-13 and fluorine-19 longitudinal The little difference between the liquid- and the gas-phase
relaxation rates with respect to the square of the static magnetic field (quantum chemistry calculations) tensors suggest that only a
value B). In order to increase the reliability of the carbon-13 data (so weak molecular complex formation could exist in the liquid
as to determine the relevant slope with a better accuracy), it was state as determined experimentally in the case of berzene

necessary to go to the highest field available and to repeat several timesn -
: exafluorobenzene mixturés®3%and also suggested by other
the measurements performed at each field. . . )
P quantum calculation¥. Comparing experimental data and

TABLE 3: Chemical Shielding Tensor Parameters of theoretical results shows that a good agreement is reached for
Fluorine-19* the carbon atom, although it is not clear which exchange-
solid-state  liquid-state  quantum chemistry correlation functional of the electronic density reproduce the
NMR3  NMR (this work) (this work) shielding tensor elements the best. If one look at GIAO and
O 209+ 6 301.8+ 7 257 410 279.5 CSGil (or IGAIM) results, one can hardly select one method to
Oyy 299+ 6 301.8+7 269.5 to 286.0 be better than the other since they are doing as well (as bad) as
Oz 457+ 6 453.2+7 453.5 10 460.9 the other. Absolute values concerning fluorine-19 are less
isotropic shift ¢) 352 352.2 329.010 341.8 satisfactory. Nevertheless, from a relative point of view, the
isotropic shift §) —166.0 —166.3 —143.010-155.8 maximal difference between the calculated values corresponds
anisotropyAo 158.0 151.6 176.7t0 191.8
asymmetryy 0 0 0.04100.16 to about 10% of the mean value, thus not larger than for carbon.

It is noteworthy that these calculations concern an isolated
system and that the solvent bulk may have a non-negligible
effect that could explain the discrepancy between theory and

liquid state agrees this hypothesis; it must be stressed that thi€xPeriment. Calculations taking into account the electrostatic
axial symmetry is accidental. Now, settinpgsae = 0 in eqs ~ Solvent effects are in progress. _ o
5 and 7 and using a-€F bond lengtf of 1.33 A, we are able Regarding the variation of the carbon-13 isotropic shift, we

to extract the three following parameters using eqs 2add 6 can adopt here the explanation proposed by Bueshe has
shown that the carbon-13 isotropic shift varies dramatically, in

@ Chemical shifts§) are referred to trichlorofluoromethane. All data,
except the dimensionless asymmetry parameter, are given in ppm.

7;,=6.9+ 0.5 ps the same way, between pure solid hexafluorobenzene and a solid
mixture 1:1 of benzenehexafluorobenzene. Her explanation
7,= 2.6+ 0.4 ps can be extended to the difference between the liquid and the
solid state. In the solid state, it is known that two neighboring
Aor = 151.6+ 8 ppm rings are approximately perpendicular to each Gtheith two

fluorines of one ring pointing toward the ring of the other. These

Both correlation times are in good agreement with previous two fluorines will distort thez-electronic distribution in the ring
work 3132 Chemical shielding tensor elements could be easily and therefore give rise to the less shielding (i.e., an increase of
derived from the isotropic fluorine chemical shift which has the isotropic shift) in the solid state. This interaction completely
been measured relative to trichlorofluoromethane. Table 3 vanishes in the liquid state even if molecular complexes exist
shows previous solid-state NMR results compared to those @s inferred from this work.

(experimental and calculated) obtained in this work. The .

assumption of an axially symmetric tensor for fluorine is fully €onclusion

justified as there is no significant difference between our results  we have demonstrated that by using simple but judiciously
and those derived from solid-state NMR3#* We can turnnow  chosen experimental NMR methods combined with quantum
to the main objective of this work, which is the determination chemistry calculations, it is possible to determine the chemical
of the carbon-13 shielding parameters. With the knowledge of shielding tensor in the liquid state even in the case of a
o it is possible to extract the chemical anisotropy and the complicated spin system. Modifications of the electronic
asymmetry factor of carbon-13 from the variation of its distribution around the carbon nuclei in hexafluorobenzene when
longitudinal relaxation rate with respect B (eq 9) and from going from pure solid to pure liquid or solutions can be
the value of the dipolar'fC—1%)-CSA(C) cross-relaxation  satisfactorily explained by the particular arrangement in the solid
rate at 9.4 T (eq 4). The chemical shielding parameters arephase.

summarized in Table 4. As is made clear by these results, the

downfield isotropic shift of about 20 ppm in going from solid Acknowledgment. We are most grateful to Prof. Jacques
to liquid phases can be explained by the sole modification of Reisse, Dr. Kristin Bartik, and Mr. M. Luhmer for the use of
the z shielding tensor component. Quantum chemistry calcula- the Varian 600 MHz spectrometer at Univetsitédbre de
tions assuming an isolated molecule confirm nicely this trend. Bruxelles.
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