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The values of longitudinal nuclear spin relaxation rates for'tfeg (spin-1/2) and“N (spin-1) nuclei and

of the quadrupolar cross-correlation coefficient for ths nuclei are determined for a toluene solution of
bis(hexamethyldisilylamido)mercury(ll) in a broad temperature range. Estimates of the latter quantity were
obtained from iterative line shape fits of th&Hg resonance signals. Sensitivity of tH8Hg resonances to

the quadrupolar cross-correlations is because in the temperature range investigated the quadrupolar relaxation
rates of the*N nuclei become comparable to tH8Hg-1“N scalar coupling. The data obtained are shown to

be consistent with the structure in which theNsHg-NSk skeleton maintain®,q geometry on the time

scale of the overall molecular reorientation. Under a well-justified assumption involving the extent of the
possible anisotropy of the latter, the principal axes of'theelectric field gradient tensors, corresponding to

the gradients of maximum absolute values, can be unambiguously located along the direction-ofitieNN

chain. The value of the electric field gradient asymmetry parameter, calculated from the experimental data
assuming perfectly isotropic reorientation, amounts to 0.62. The present study seems to provide the first
evidence of the utility of quadrupolar cross-correlation effects for structural studies in isotropic liquids.

Introduction effects that were once developed by Vold e£&linvolve

partially ordered systems the NMR spectra of which exhibit
resolved quadrupolar splittings. The specific case of symmetric
diatomics with large rotational constants, dissolved in liquid
crystalline media, where the signal splittings can be different

The bulk of literature data documenting usefulness of nuclear
spin relaxation phenomena for structural studies in solutions
involves the dipolar relaxation mechanism. This is due to an

prlicit depen_dence of the dipolar relaxat?on rates on the for the ortho and para species, was addressed by ter Beek and
internuclear distances. Relaxation mechanisms arising from Bumell For isotropic fluids, where the quadrupolar splittings

fluctuating interactions that engage single nuclei, such as nucleardo not occur. an appropriate aeneral methodoloay has not been
quadrupole-electric field gradient (EFG) and nuclear dipole worked out ,et Hs\l/Jvevper ing stems where res%;]ance signals
external magnetic field modulated by chemical shift anisotropy of the adry 6Iarn cIe'b erlé at least partiallv. there eg'sts
(CSA), may seem to be of limited interest in this context because quadrup ucler overiap, at partially, >XI

of a lack of any straightforward dependence on the intra- a pqssmlllty to evaluate the interesting effects .by examining
molecular distances. However, randomly modulated interactionstﬂe I|_ne shlape of al ?ley r;]ucleus, p(;eferszly a slpl_n-ll 2 n duc(;elrj]s,
of any sort that lead to relaxation can interfere with one another tNat s scalar coupled to these quadrupolar nuclel, provided that
to produce the so-called cross-correlation contributions to the qugdrupolar Ipng|tu<j|nal relaxatlon rates are not prohlbl_tlvely
relaxation. Cross-correlations may even arise between inter-/a7g€ in comparison with the coupling constants. This is an
actions that operate in remote parts of the molecule. Thus, inference from extensive line shape S|m_ulat|ons performed by
although they still do not bear any functional dependence on US: based on the BloetiwangsnessRedfield (BWR) theory

the distances, in some cases they may provide crucial structuraPf nuclear spin relaxation in multispin systeffsFor systems
information. According to a recent review on the cross- where the quadrupolar nuclei are magnetically equivalent certain
correlation effectd,in the past the research was predominantly aspects of the above line shape problem that are crucial for
concentrated on the instances where the cross-correlated interobtaining an unbiased estimate of the cross-correlation coef-
actions share one nucleus in common; cross-correlation officient, r, were thoroughly discussed in our former_wof‘k%. _
fluctuating dipolar coupling between ®C nucleus and an  Actually, our results for a benzoselenadiazole derivative dis-
adjacent proton, and fluctuating, CSA-mediated interaction of solved in aromatic solvents, obtained from line shape fittings
the former is a typical example. Little attention was devoted to of 7’Se spectrd,seem to be the only unbiased estimates of
cross-correlation effects in systems of quadrupolar nuclei quadrupolar cross-correlations in isotropic fluids reported so far.
interacting with the EFGs. The methods of evaluation of such  In the present work, the approach of ref 8, augmented with
standard NMR relaxation measurements, will be applied to the
*To whom correspondence should be addressed. E-mail: sszym@ problem of solution structure of bis(hexamethyldisilylamido)-

icho.edu.pl. . mercury(ll) 1. In neat liquids, the structure afand its cadmium,
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Si Si Si TABLE 1: Values of Selected Indirect Nuclear Spin-Spin
\ / \ s Coupling Constants in 1
yiol
N——-Hg—N N——-Hg—N-<«<
g g ~g; constant absolute value (Hz)
/ \ / LJ(1%Hg-15N)? 316.2
Si Si s 2)(19%Hg-29Si)° 32.8
3J(*Hg-1*C)* 33.6
D2d 13(25Si-15N)a 9.4
JEesi-*Cye 55.7
ZJ(lsN_14N)d <9

aMeasured directly from th&°Hg and?°Si satellites, respectively,
in the natural abundand&N NMR spectrum £ 0.2 Hz), recorded by
the refocused INEPT pulse sequence (base@l@PN,Si,C!H) ~ 1.8
Hz) with *H decoupling® Measured directly from th&°*Hg satellites
in the?°Si NMR spectrum+£ 0.2 Hz), recorded by the refocused INEPT
pulse sequence (based &(*°Si,CH) = 7 Hz), with *H decoupling.
¢ Measured directly from thé&*®*Hg and?°Si satellites, respectively, in

. . . 13C{1H} NMR spectrum £ 0.2 Hz).9 Determined from the spectrum
the N=M—N chains are linear, and the MNSragments are at T = 353 K using the relationshipnW = (8/3)37T1q (see e.g. ref

planar. Regarding the mutual orientation of the MN&jands, 15), where AW is the broadening ofN signal andTiq is the

the IR/Raman mutual exclusion principle did not allow to longitudinal relaxation time of th&N nucleus.

discriminate between the eclipsddb{ symmetry) and staggered

(D2¢ symmetry) conformations (see Figure')n gas phase,  as compared with the magnitude &{*9*Hg-1“N) = 226 Hz

of the models with assumeD, and Dog geometries of the  calculated from the corresponding quantity in Table 1, for the
SibNMNSi, skeleton only the latter could be satisfactorily line shapes of**Hg to become increasingly informative, along
brought into agreement with the experimental electron diffrac- with further temperature increase, about the magnitudesabf
tion (ED) data for1,'! 2,2 and 3.3 However, in the final the individual temperatures. The computer routine to iterative
structure refinements, it had proven advantageous to postulatdine shape analysis, based on BWR theory, reported previéusly,
the occurrence of large amplitude librations around thévN-N is not applicable at hand to the present problem. This is because
axis. The estimated librational energy barriers were low, about both 19Hg and “N resonances il are superpositions of
8+ 4 kJ mol%, and their origin was attributed to intramolecular  contributions from a number of isotopomers in which these
steric rather than electronic effedtsin view of these findings, nuclei, beyond their mutual couplings, suffer additional scalar
a straightforward extension of the above conclusions to the couplings to the?Si and 13C nuclei. The relevant natural-
solution structures of the compounds in question did not seemabundance isotopomers bf grouped into classes of the same
justified. This was one of our motivations to undertake the spin coupling patterns to tH8Hg and“N nuclei, are listed in

Figure 1. D2, and Doy conformations ofl. Inset: Principal axes of
the EFG tensors of thEN nuclei.

present study on the solution structurelof Table 2. The above-mentioned computer routine was rendered
) . capable of fitting a weighted sum of theoretical spectra, all of
Experimental Section which are dependent on the same adjustable parameters, to the

The compound, which is a nonvolatile liquid under ambient given experimental spectrum. Its cap_abilities were also extended
conditions (mp 12C), was synthesized and purified according 0 handle the spectra measured using the so-called Hahn echo
to a published proceduf@All of the NMR data referred to in ~ téchnique (in which the pulse sequence preceding signal
the present work were obtained fa 1 mol/L solution ofl in acquisition is also known as Carr-Purcell sequenéd.ur
toluene-d8, sealed in NMR tube (0.d. 5 mm) under argon at €arlier experience, gained in solid-phase NMR line shape
ambient pressure. NMR measurements were performed on sstudiest’ is that some line shape details that are barely visible
Bruker DRX 250 and Bruker DRX 500 MHz spectrometers. in standard spectra usually undergo amplification when one uses
All variable temperature measurements were performed on the@n €xperimental technique based on a delayed signal acquisition.
latter machine equipped with temperature control unit BVT In the present studies, due to accelerated quadrupolar relaxation,
3000. The sample temperature was determined from reads of &t temperatures below 333 K, th#Hg resonances gradually
thermocouple placed within the NMR probehead which were lose nontrivial features reflecting the degree of the quadrupolar
calibrated against the methanol (fér< 303 K) and ethylene cross-correlations while such features can still be discerned in
glycol (T > 303 K) chemical shift thermometers. TA&Hg the Hahn echo spectra measured for appropriately long echo
and “N spectra to be subject to iterative line shape analysis times. However, this gain in the information content is at the
were obtained by collecting data from 100 68600 000 and cost of a substantial elongation of the experiment time, which
4000-10000 scans, respectively. The spectra®fat natural is needed to achieve satisfactory signal-to-noise ratio.
abundance, measured to determine scalar couplings (J-couplings) Actually, we were able to determirrewith relatively high
to the nitrogen atoms, were obtained by collecting 10 000 scans.accuracy in the range of 318 403 K, where the estimates of
The magnitude of th&N-15N coupling constant was estimated r atT < 333 K were obtained from Hahn echo spectra. Results
from line shape broadening of th®N signal and from of the line shape analyses are given in Table 3. Our present
longitudinal relaxation time of th&N nucleus!® Values of the way of proceeding was as follows: At each temperature, we
scalar coupling constants that are relevant for the line shapefirst performed line shape fits for théN signal (the measure-
analysis are listed in Table 1. ments of!**Hg and'“N spectra could be performed at exactly

Evaluation of Quadrupolar Cross-Correlations. In the the same temperature because the same NMR probehead was
molecule ofl, the 1°*Hg nucleus is the only candidate for the used in each case). In these fits, the magnitudes of the relevant
“spy” nucleus whose resonance line shape is to provide coupling constants were kept fixed; the only nontrivial parameter
information on the quadrupolar cross-correlation coefficient,  which was to be adjusted was the quadrupolar autocorrelation
for the pair of isochronousN nuclei. Above room temperature,  spectral densityj, (in the extreme narrowing approximation
longitudinal relaxation times of the latter become long enough, which is applicable here, 20= 1/T1qg = 1/Taq, See e.g., ref
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TABLE 2: Natural-Abundance Isotopomers of 1 Contributing to the Observed 1*Hg and “N Signalst

19%g signal statistical weight (%) N signal statistical weight (%)
(CsSi),NHg*N(SiCs)2 72.16 (GSi)NHgN(SICy), 68.07
(CsSi),NHg*N(Si*C ) (SiCs) 14.23 (GSi),NHgN(Si*C5) (SiCs) 13.43
(C3Si).NHg*N(SIC,C*) (SiCs) 9.70 (GSi)NHg*N(SiCs)2 12.82
(CsSi),NHg*N(Si*C ,C*) (SiCs) (CsSi)NHg*N(Si*C3) (SiCs) 2.4
(C3Si)NHg*N(SIC,C*) (Si*C) 2.61

(C3Si)(CSi*)NHg*N(SiC2C*) (SiCs)

2 Spin-1/2 isotopes of Hg, Si, and C are denoted by asterisks“hg isotope is treated as magnetically nonactive because of its large quadrupole
moment and, accordingly, extremely rapid quadrupolar relaxation in compounds with nonspherical electric field symmetry at the nuclear site.
Contributions from isotopomers whose relative abundances are below 1% are neglected.

TABLE 3: Auto- and Cross-Correlation Quadrupolar
Spectral Densities Obtained from Lineshape Fits of NMR
Spectra of YN and 1%*Hg Nuclei in 12

T(K) Ja(s ™) j«(s7) r

313 169.46+ 0.31 126.9- 1.3 0.749+ 0.007
323 146.2°A 0.25 111.8+ 0.6 0.764+ 0.004
333 128.55+-0.31 94.24+ 0.6 0.733+ 0.005
343 108.32:0.25 84.2+ 0.6 0.777+ 0.006
363 85.07+ 0.19 66.6+ 0.6 0.783+ 0.008
383 67.92+ 0.19 54.04+ 0.6 0.795+ 0.010
403 54.73+ 0.19 42.1+ 0.6 0.769+ 0.011

aErrors listed in columns 2 and 3 are standard errors delivered by
the fitting routine; they may be underestimated because of possible
statistical cross-correlations between the estimatgsaoflj, and those
of the remaining line shape parameters.

18). From the theoretical considerations confirmed by numerical
simulations’ it is known that in systems such as that considered *
presently the signal of the quadrupolar nuclei is independent of
the quadrupolar cross-correlation spectral dengitfwherejd/

ja = r). The value ofj, was then used as a nonadjustable
parameter in the line shape fit of tH&Hg signal. Here the
only nontrivial adjustable parameter wgs As was once
deduced from the theoretical considerations cited aboudch
were recently confirmed by experimental findirffighe estimate

of j. delivered at convergence may be critically dependent on : ‘
the absolute value of the J-coupling constant between the _ _
quadrupolar nuclei, especially in the instance where the latter 1000 Hz 2000 Hz

are magnetically equivalent. In the present studies, we could Figure 2. Experimentaf®Hg (left side) and“N (right side) spectra
only assess the absolute valueJ§fN-14N) to be smaller than of toluene solution ol for selected temperatures, and the superimposed

- . . . “best fit” theoretical spectra. ThE*Hg spectra afl = 313 K are the
6 Hz (see Table 1). Our estimates jefobtained assuming  j,pn echo spectra (see text). Lorentzian line shape was assumed for

V_arious values of(**N-*“N) from the range 66 Hz did not the narrow impurity signal (originating from admixture of the free
differ among themselves by more than 0.5%. However, assum-ligand) in the!*N spectra.

ing a unrealistic value of(**N-1“N) to be greater than 30 Hz
leads to an increase of the estimated valug: dfy more than  corresponding values delivered at convergence are also negative,
7%. One more point that needs to be commented upon in theand their absolute magnitudes are nearly the same as those
present context involves the impact on the estimated values ofobtained from positive starting values. These “negative” solu-
ja andjc of the line broadenings caused by factors other than tions have been rejected since the corresponding rms errors were
quadrupolar relaxation. While the field inhomogeneity broad- consistently larger, by 1 to 7%, than those achieved for the
enings, the magnitudes of which we can assess to be smallerespective “positive” solutions.
than 0.5 Hz, are of little significance, those originating from Longitudinal Relaxation Times. T, relaxation times of%%-
relatively fast'®Hg relaxation, dominated by the CSA mech- Hg in 1 were measured in temperature range of 243 to 403 K
anism, are nonnegligible, especially at low temperatures. To using the standard inversion recovery techniqud.ds in other
make a proper account of these CSA-relaxation broadenings incovalent compounds dP*Hg,!° the relaxation behavior of this
our line shape fits, we performed independent measurementsnucleus is dominated by the CSA mechanism. An Arrhenius
of the longitudinal relaxation times 6¥*Hg, which are described  plot of the observed®Hg relaxation rates is shown in Figure
in the next subsection. In the line shape fits, the CSA-relaxation 3. The deviations of the experimental relaxation rates from the
effects on thé**Hg resonances were accounted for as Lorentzian |east-squares straight line (described in caption to Figure 3) do
broadeningsv(Hz) = 7/(67T4).1° not seem to bear a systematic character. They can be attributed
For selected temperatures, the experimetftdlg and 1N to random errors in determining the integral intensities of the
spectra with the superimposed “best fit” theoretical spectra are relatively broad**Hg resonances for the recovery times at which
displayed in Figure 2. It must be added that these solutions of the magnetization recovery curves cross zero.
the least-squares problems for #i8Hg spectra are not unique. At temperatures below the room temperature, the relaxation
When negative values of, are assumed at the start, the times of the!*N nuclei become too short to be measured with
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10.0 1 L ! 6.0 dependent intramolecular interactions that contribute to nuclear
spin relaxation are in general dependent on both geometrical
and dynamic factors. These include orientations of the corre-
sponding interaction tensors relative to the principal axis system
of the rotational diffusion (RD) tensor, and the anisotropy of
5.0 the latter. In the specific instance where such a molecule
possesses symmetry center, the pairs of interactions whose
respective tensors are transformed into each other under
inversion in the center remain perfectly cross-correlated; as was
once shown theoreticalRp,this holds true for any microscopic
mechanism of rotational diffusion and any symmetry of the RD
tensor. Such perfect cross-correlations would be maintained even
in the presence of intramolecular motions provided that the latter
are sufficiently fast as compared with the overall tumbling. In
typical situations, upon changing the temperature the rates of
3.0 the overall reorientation would be affected more substantially
than those of the fast intramolecular processes. By an increase
of temperature, the original disparity between the corresponding
time scales might be diminished, which could manifest itself
in a gradual decorrelation of the symmetry-related interactions.

6.0 ! ' ! 2.0 For the compound investigated presently, we were able to
2:25 2.75 3.25 3.75 4.25 evaluate the quadrupolar cross-correlation coefficiernt) the
1000/T temperature range over which the overall tumbling, monitored
Figure 3. Arrhenius plots of thé®*®Hg (solid circles) and“N (squares) by thel9Hg relaxation rate (see below) is accelerated by more
relaxation rates T (s™). The corresponding least-squares regression than a factor of 3. However, the estimated values,dll of
lines are: InTy) = —(13.41+ 0.25 kJ mot™)/RT + (1.66+ 0.11) and which fall below 0.8, do not show any systematic increase
In(Ty) = —(13.49+ 0.13 kJ mof')/RT — (2.96+ 0.06). Open and 1 arq the limiting value 1 along with decreasing the temper-
solid squares designate data obtained from line shape fit¥\oénd o
199g spectra, respectively (see text). ature from_ 403 _ down to 313 K. Actually, tq vylthln the
corresponding triple standard errors they remain independent
reasonable accuracy using either the inversion recovery or theof temperature. These observations can be rationalized if one
line shape analysis technique. In this temperature range, theassumes that the BIHgNSk, skeleton behaves like a rigid body
longitudinal relaxation times (and, in fact, theparameters)  on the time scale of the molecular reorientations that are relevant
were determined indirectly from line shape fits of tHéHg for quadrupolar relaxation. In agreement with the inferences
signals. In these fits, the paramejtgwas varied while the values ~ from the ED data for gas phase;'3the possibility that it exists
jc were set equal toaja, Wherer,, is an arithmetic average of  in Doy conformation ought to be excluded because the values
the estimates of obtained at temperatures above the room of r are substantially different from 1. Moreover, regardless of
temperature. As in the line shape fits carried out to determine what is the true conformation df the possibility that the EFG
r, the broadening of th€%Hg spectra due to the CSA relaxation tensors for the'N nuclei are axially symmetric around the
was calculated from the independently measured longitudinal N—Hg—N axis should also be excluded since otherwise the
relaxation times of thé®*Hg nucleus. The bias of the estimated values ofr would be close to unity. However, the above
values ofj, caused by fixing the magnitude ofis negligible conclusions are rather critically dependent on how realistic is
since in the temperature range considered line shapes of thehe assumption about an essential rigidity of theNSigNSh
19%Hg spectra measured in the standard way are essentiallyskeleton. To verify it further, we measured longitudinal relax-
insensitive ta'. An Arrhenius plot of the longitudinal relaxation  ation times for thé*N and9®Hg nuclei, which could be done
rates of thé"*N nuclei is shown in Figure 3. As can be seen in over much broader temperature range, i.e., 243 to 403 K, than
Figure 3, the experimental points are nearly perfectly aligned for r.
along a straight line. It is noteworthy that the slope of the latter  over the whole range, a perfect parallelism between the
1%%Hg relaxation rates (see caption to Figure 3). rates is maintained (see Figure 2). As is pointed out below, this

The 2Si and **C Spectra.In both #*Si and™*C spectra, the  gpservation provides another essential argument against a
satellite lines due to coupling with thé®Hg nucleus do ot fiexibility of the SiNHgNSH, fragment (anticipated in view of
show any extra broadening beyond that caused by relatively the occurrence of large-amplitude librations in gas pHas®
rapid longitudinal relaxation of*®Hg. This holds true even for o, 4 time scale commensurable with that of molecular tumbling.
the highest temperaturé= 403 K, at which such spectrawere | gt ys note that, because the-Ng bond is essentially a single
measured. These observations allow us to exclude the occurrencg 1014 the CSA tensor of thé®Hg nucleus can to a good
of intermolecular ligand exchange; in the cadmium analogue approximation be regarded as axially symmetric around the
of 1, such process does occur in toluene solutions of comparabIeN_Hg_N axis, regardless of what is the true conformation of
molecular concentration, causing significant broadenings and, | (for D,q conformation, this would be an exact symmetry).
?gt elevated temperatures, collapses of the correspofifingnd For any mutual orientation of the HgNSjroups, the latter,

Si doublets into singlets. which will further be referred to a& axis, will remain an
effective symmetry axis of the whole molecule. Hence, the
relaxation behavior of th&®*Hg nucleus will be controlled by

For a molecule whose structure is rigid on the time scale of reorientations around axes perpendiculalZ taxis and will be
molecular tumbling, cross-correlations between various time- insensitive to any motions around it. On the other hand,

9.0+

8.0

Ln[1/T1 {(N—14}]

T

S

(o)
Ln[1/T1(Hg—199)]

7.0+

Discussion
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reorientations around must contribute to the relaxation rates absolute magnitudes of the corresponding principal values be
of the 1N nuclei, since the possibility for the EFG tensors to ordered according t&

be axially symmetric with respect to the latter must be rejected

(see above). Therefore, the parallelism betweerifég and IVid =IVyyl =1V 1)

14N relaxation behaviors could be rationalized when reorienta-
tions aroundZ and around the axes perpendicular to it were
controlled by the same microscopic mechanism. Our experi-
mental findings seem to confirm the occurrence of such a single
mechanism. Its temperature behavior follows Arrhenius law
rather closely, what can be seen from the Arrhenius plots of
the“N and!%®Hg relaxation rates shown in Figure 3, revealing
the same activation energy of 13.4 kJ molThis points to an

Then, the corresponding EFG asymmetry parameter (Vi

— Vyy)/Vz; is nonnegative and never exceeds 1. Depending on
which of the three principal EFG axeg, y, and z, whose
associated principal values obey eq 1, happens to coincide with
the Z axis of the RD tensor, a different functional dependence
of r onn andé is obtained. All these three relationships can be
described by a single expression

essential irrelevance for the observed relaxation effects of the 1— A ()L + 28)
possible large-amplitude librations arouddIn liquid phase, = u 2)
such librations can be considered in terms of some large-angle, 1+ 4,1+ 28)

rotational jumps modulating the small-angle, diffusional reori- i .

entations around. Such jumps would affect tHéN relaxation where for the orientations of||Z, y||Z, and Z||Z, thg corre-
rates only, via the asymmetries of the corresponding EFG SPonding fUZnCt'O”QZx' Ay, andiz, are [(3+ 7)/(1 — n)]% [(3 —
tensors: because of axial symmetry arodraf the CSA tensor, /(1 + 7)]* and #?, respectively. Our experimental results,
they would not be reflected in relaxation rates of #iéHg combined with an assessment of the probable magnitudes of
nucleus. It is highly unlikely that the temperature dependence the motional anisotropy parametgrallow one to discriminate

of such jumps be exactly the same as for diffusional reorienta- between these_three orientations. Ngmely, if the gradient of the
tions. Thus, the temperature behavior of #8 and 1%Hg smallest magnitude was aloZgaxis (i.e.,x||Z), then only for

relaxation rates discussed above, observed over temperaturéhe v_alues of excgedlng 40 eq 2 would dellver_physmally
range exceeding 150 K, can be rationalized if the mean lifetime sen_S|bIe values of (i.e., ones fulfilling 0= n= 1). Itis worth

of the molecules ofl between the possible large-angle jumps noting that the Sm‘?‘"‘??" va[ue @c that is, ca. 40, would
happens to be much longer than the orientational correlation correspond to the limiting situation where each of the EFG

time for the small-angle diffusion. This may mean that the tensors was aX|aIIy_ symmetricy (= 0) _aro_u_nd an axis
relatively low, ca. 8 kJ mot, librational barrier found in gas perpendicular taZ (with the axes of the individual tensors

phasé! is substantially increased in liquid phase due to subtending agihedral angle °f%?‘e above); for the values
intermolecular interactions. In conclusion, in the observed of # approaching 1 the corresponding valuesafiould tend

relaxation behavior of the system discussed there are no SuChtosInrgrr]r:gfrA?olftEgl?r:g?ezzltebsetlh?i\;v’eil:éhmﬂ e;(;?iite?f rsctitr'gt]al
features that would necessitate going beyond the standard®>Y y y Y

. L : e the possibility ofx being parallel t&Z can be excluded. For the
interpretation in terms of rotational diffusion. Moreover, the data hypothetic orientation of||Z, the limiting values of are about
collected reveal no flexibility of the SNHgNSL fragment on yp . 9

the time scale of the overall molecular tumbling. In view of 4 (for = 1) and about 40 (for = 0, in which instance the
. L olng. 1 orientationsy||Z andx||Z become nondifferentiable by defini-
what was pointed out at the beginning of this section, and of

. . tion). It is illuminating to compare these estimates&oivith
:Cv?szzgtrzgiiiﬂ:gtg;ecsh Vgl['[r:]eiht? t\évr? TQ%L(?#DS pe;m?ﬁnggly the predictions derived from the two already invoked theoretical
. . ; )y angles different fro models of anisotropic rotational diffusion in liquids, the extended
hlghly [mprobable, one s Ieft.wnh thBzq geometry as the only rotational diffusion (ERD) in the limit of small angle displace-
possibility for the conformation of the SIHgNS, skeleton. ments?? and hydrodynamic (HB§2* models. In the former
Thls_ |sl|lql?greement with the inferences from the gas-phasethe a|:1isotropy parametet is given by the ratio of thé
studies: corresponding principal values of the molecular inertia tensor
Detailed questions regarding the nature of the rotational |,/|, (= Iy/17); for the gas-phase geometry hfthe value ofs
diffusion mechanism of the molecules bfand, more specifi-  calculated in this way amounts to ca. 2.5. In various versions
cally, whether it is dominated by purely ineréiaf? or micro- of the HD model, the motional anisotropy is related to the
viscosity effect$32*must be left open. Nevertheless, in accord anisotropy of the molecular shape; for molecules of ap-
with D2y geometry, axial symmetry around axis is to be  proximately spherical shape isotropic reorientation is predicted,
assumed for the relevant RD tensor; in what follows, the two regardless of the properties of the molecular inertia tensor. In

diffusion constants characterizing reorientations aragrahd the Doy conformation, the molecules df are approximately

around axes perpendicular Zowill be denoted byD; andDp, spherical. Moreover, they do not contain any peripheral
respectively. Now, for each of th&N nuclei, one of the  functional groups that might engage in specific interactions with
principal axes of its EFG tensor will be directed alahghile the solvent molecules, which would render the HD approach
the two remaining axes, perpendicular Zo will lie in the inapplicable. In any case, it seems reasonable to assume that

symmetry planes of the corresponding W§ioups (see inset  the value of¢ falls somewhere between 1 (isotropic reorienta-

in Figure 1). The system of the two principal axes perpendicular tion) and 2.5. Therefore, the possibility §f|Z can also be

to Z of each EFG tensor is twisted by the angle of 88lative excluded and, accordingly, the most likely orientation of the

to the corresponding system of the other. Using the expressionsEFG tensor for each of th¥N nuclei is such that the axis of

for auto- and cross-correlation spectral densities that are maximum gradient is directed along the-Nlg bond ¢||2).
applicable to interaction tensors without axial symme#sp, Putting forr in eq 2 the arithmetic average of the corresponding
one can derive relationships connecting the observed values ofvalues from Table 3, 0.77, the valuesipfalling in the range

r with both the RD anisotropy parametér= Dy/Dg and the of 0.62 (for isotropic reorientatiorg, = 1) to 0.88 (for§ = 2.5)
characteristics of the EFG tensors. For any such tensor, it isare obtained. Thus, even such a nonprecise assessment of the
customary to label its principal axes in such a way that the reorientational asymmetry can yield reasonable estimatgs of
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To the best of our knowledge, this is the first attempt of (4) ter Beek, R. C.; Burnell, E. BRhys. Re. B 1994 50, 9245.
determining the properties of an EFG tensor from quadrupolar _, (5) Wangsness, R. K.; Bloch, Phys. Re. 1953 89, 728. Bloch, F.

. : . R Phys. Re. 1956 102 204;Phys. Re. 1957, 105, 1206.
cross-correlation effects in an isotropic liquid. (6) Redfield, A. G.Ady. Magn. Reson1965 1, 1

(7) Szymaski, S.J. Magn. Reson1997, 127, 199.

Conclusions (8) Bernatowicz, P.; Bjorlo, O.; Morkved, E. H.; Szyhskin S.J.
Magn. Reson200Q 145 152.

The data on temperature dependences pf both the quadrupolar g(g) Bernatowicz, P.; Szymiaki, S.J. Magn. Resan2001, 148, 455.
cross-correlation and longitudinal relaxation@fl and 19Hg (10) Burger, H.; Sawodny, W.; Wannagat,JJOrganomet. Chem 965
nuclei for a toluene solution of are shown to be consistent 3, 113. . _
with the structure in which the $i—Hg—NSi, skeleton (11) Alyea, E. C.; Fisher, K. J.; Fieldberg, T..Mol. Struct.1985 13

maintains!I)Zd geometry on the time scale o_f overall molecular (i2) Alyea, E. C.; Fisher, K. J.: Fjeldberg, T.Mol. Struct.1985 127,
reorientation. The extent of the possible anisotropy of the latter, 325.
described by the rati@ = D,/Dg of the relevant rotational (13) Haaland, A.; Hedberg, K.; Power, P. IRorg. Chem.1984 23,
diffusion constants, must be confined to relatively narrow 1972

I . . . ' 14) Harris, D. H.; L t, M. F.; Pedley, J. B.; Sharp, Gl.XChem.
limits: from isotropic reorientation§ = 1) expected from SO(C. )Dalt"j{;'?rransm@%&eg_ eaey ap em

hydrodynamic models to the anisotropy controlled by the  (15) Abragam, A.The Principles of Nuclear Magnetisn€larendon
properties of the moment of inertia tensor, in which caseght Press: Oxford, 1962. .
not to exceed 2.5. Accordingly, the principal axes of i (16) See e.g. Ernst, R. R.; Bodenhausen, G.; WokauRrificiples of

G d with di f . bsol nuclear magnetic resonance in one and two dimensiGf@rendon Pres:
EFG tensors, concerned with gradients of maximum absolute oxford, 1987; p. 208; the acquisition of the NMR signal is delayed by

values, can uniquely be located along the direction of the time interval 2 from stimulating 7/2 radio frequency pulse which is
N—Hg—N chain. The value of the EFG asymmetry parameter, followed by az pulse applied at time (obviously, in calculating the line

. g . . shape, the evolution of the spin system during thisr2erval, including
calculated from the experimental data assuming iSOtropic geacts of ther pulse, is taken into account).

reori_entation,_ amounts to 0.62. The present work seems t0 (17) Szymaski, S.; Olejniczak, Z.; Detken., A.; Haeberlen, U Magn.

provide the first evidence of the utility of quadrupolar cross- Reson200] 148 277. _ _

correlation effects for structural studies in isotropic liquids. (18) Werbelow, L. G. irEncyclopedia on Nuclear Magnetic Resonance
Grant, D. M., Harris, R. K., Eds.; Wiley: Chichester, 1996; p 4092.

. . (19) Benn, R.; Guenther, H.; Maercker, A.; Menger, V.; Schmitt, P.
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