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As was pointed out in our earlier work)( the spectrum of and 9 vectorgp)|SM), where|a) and|B) are eigenvectors of
a spin-1/2 nucleus scalar coupled to a group of magnetically and|SM) are the simultaneous eigenvectors of the squart
equivalent nuclei of spit> 1/2 can be dependent on the scalaotal X-spin, $* = (S, + S,)?, and the totalX-spin z-compe
couplings between such nuclei. Such a disturbance of magnetdmt,éz =5, + 85, operators, concerned with eigenvalue:
equivalence is predicted from the Bloch—-Wangsness—Redfi&6 + 1) (S= 0, 1, and 2), andMl = —-2S, —2S+ 1, ...,
(BWR) theory @, 3 when spin relaxation of the equivalent2S, respectively. The vectoly)|1M) are antisymmetric while
nuclei is nonnegligible. When the values of the coupling cothose|y)|2M) and|y)|0OM) are symmetric under permutation
stants between the latter are unknown, effects of such a di$-the X nuclei. If there were no permutation symmetry (i.e.
turbed magnetic equivalence may be a source of a systemati@croscopic symmetry”g)) between thex nuclei, the man-
bias in a quantitative analysis of the spectra. These theoretiald relevant to the single-quantum spectratofvould include
predictions were recently confirmed by our experimental studl of the 19 coherencés. )| SMSM), where|l .) = |a)(B],
ies on the 2,1,3-benzoselenadiazole molecdle Ve have and|SMSM) = |SM)(S'M|, that engage all pairs of states
found that the cross-correlation quadrupolar spectral densityncerned with the same eigenvaluéfif, as in the instance
for the equivalent’N nuclei, obtained from iterative lineshapeconsidered presently, such a symmetry does occur (what,
fits of the experimental spectra, shows a significant dependencght to be emphasized again, does not imply conservation
on the value of(*N-"N) assumed in the calculatiord)(We magnetic equivalence of té nuclei (1)), one can discard all
therefore had to assess the magnitude of the latter in a@fnthe 8 coherences combining pairs of states that transfo
independent measurement involving tHE—"N isotopomer. differently under permutation of th¥ nuclei. By virtue of
In a study on quadrupolar cross-correlation if*@D, spin macroscopic symmetry invariance obeyed by the BWR rela
system, Werbelovet al. (5) reported an approximate, closedation matrix ), such coherences are uncoupled from one
form expression for the lineshape of the spin-1/2 nucleus fengaging pairs of same-symmetry states and are never
the limiting case where quadrupolar relaxation rates of tlserved. Hence, in the system considered, the relevant manif
equivalent spin-1 nuclei are small in comparison with this spanned by 11 symmetry-allowed coherences. For 9 of t
heteronuclead-coupling constant, in which instance the multatter, those described by the superkéts|SMSM, the total
tiplet (pentet) of the spin-1/2 nucleus remains well resolvedpin of theX subsystem is a good quantum number. For th
However, such a simplification was achieved at the cost oframaining two/l . )|2000 and|l ,)|0020), the totalX spin is
neglect of the possible effects of disturbed magnetic equivast conserved. Coherences of the latter type, which invol\
lence on the lineshape. In the present contribution, we spedifyeaking of magnetic equivalence, were once termed “part
the range of validity of the above approximation and identifgllowed coherences’lj because for negligibly slow relaxation
the instances of practical significance where it fails in thihey become irrelevant: when they are effectively uncouple
description of resolved spectra of a genekad, (1, = 1/2, from the remaining, “fully allowed” coherences, they becom
I« = 1) system. Our discussion will involve the case in whichindetectable in NMR experiments as being perfectly orthog
relaxation mechanisms other than quadrupolar can be mel to the magnetization observabléis,)|Ex) in the present
glected in the description of spin dynamics in the zero-quantumtation, whereu = x, y, z, and E, is unit operator for
manifold of subsystenX,. Validity of the extreme narrowing subsystenX. However, for finite relaxation rates, including the
approximation is assumed for the quadrupolar relaxation. presently considered limit of slow relaxation,

In our formal considerations we will use the same Hilbert
space basis as in Refd.,§). It comprises 9 vectorky)|SM) 27|[Ipx > LT o= w, [1]

"To whom correspondence should be addressed. E-mail: ) ]
sszym@icho.edu.pl. Fax: +4822-6326681. wherew = 1/T% describes an “extraneous” (i.e., caused b
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factors other than quadrupolar relaxation of tKenuclei) 3 subblock. Werbelovet al. (5) found the latter to be further

broadening of theA reasonances, these offending coherenctsctored into 1X 1 and 2X 2 sub-subblocks, which allowed

can be relevant. This becomes evident when one considerstiiese authors to derive closed-form lineshape expressions
structure of the 11x 11 BWR spectral matrix describing theeach of the individual components of the pentet in the limit c
lineshape ofA. Its real part comprises the 0-quantum block ofjow quadrupolar relaxation.

the BWR quadrupolar relaxation matrix, with the diagonal Below we give the corresponding limiting lineshape eque
elements augmented hy. The imaginary part is a diagonaltons, in matrix forms, in the instances where the frequencies
matrix. Nine of its elements, those concerned with the SUPfe coherences with broken magnetic equivalence coinci
kets|l ,)|SMSM, describe the individual frequencies of tRe \yith the frequencies of (i) the outer componets, (i) the inne

pentet,—i(wos + 2mMJ,); for [M| = 0 and 1 these eIememsoomponents, and (iii) the central component. In writing dow
are three- and twofold degenerate, respectively. The elemetlﬁ

. S lineshape formulas involved we exploit the fact that th
cqncerned with the supgrke@)|2000) and|| *>|0.020> are spectra of the system considered are independent of the ak
—i(woa + 67Ixx) and —i(wea — 67Ixx), respectively. For

. . ; lute and relative signs al,x and Jyx (4, 6). For the sake of
slow relaxation, the impact of the coherences with brokecnm actness. in the equations presented below the quanti
magnetic equivalence can be nonnegligible when their frequep- P ' e P a

|Jax| and 2m|J«y| will be denoted bya andx, respectively,

cies happen to coincide, to within a few quadrupolar relaxati h : A h |
rate constants, with those of the individual pentet componerfidd the quantity,, — @ by Aw. The quadrupolar auto- and

If there are no such coincidences, in a description of the spectf@Ss-correlation spectral densitigsand k, respectively, ex-
of A one can retain only the 8 9 block of the spectral matrix, Pressed in rad s, are calibrated according to ReT)(so that
concerned with the magnetic-equivalence-conserving cohéfl = 1/Tio. The relevant spectral submatrices listed beloy
ences. In view of Eq. [1], this retained part undergoes a furtheg@ntain explicit expressions for all of the BWR relaxatior
approximate factoring into independent subblocks accordingmtrix elements which in the full 1 11 spectral matrix
the degeneration pattern of its imaginary (diagonal) elemeng@gscribe couplings between the two coherences with brok
each of the two outer components of the pentet will then eagnetic equivalence and the remaining coherences.
described by a X 1 subblock, each of the two inner compo- Thus, in case (i), each of the outer components will b
nents by a 2x 2 subblock, and the central component by’a 3 described by

B i(Aw * 2a) + W + 24 —-8.2(j + k)/3 !
Yol@) =[L101X| g p(j+ ki3 i(Aw*3x) +w+ (80 +44/3] ~|0]" [2]
In case (ii), the corresponding equation for each of the inner components reads
—Yi(w) =[110]
i(Aw + a) +w + 26 + 2k —6(j — k) 4.2(j + kI3 M
X —6() — k) i(Aw * a) +w+ 26] — 14k 0 x| 1. [3]
4.2(j + kI3 0 i(Aw = 3X) + w + (80j + 44k)/3 0
Finally, in case (iii), one of the two subcomponents of the central signal will be described by
—Ye(w) =[1100Q
[iAw +w+80(j + k)/3 —16(j + k)/3 0 0 -1
—16(j + k)/3 iAo + W + 24 8,2(j + k)/3 8\2(j + k)/3
X 0 8,2(j + k)3 i(Aw +3x) + W + (80 + 44K)/3 ~16(j + k)/3
i 0 8\,@(] + k)/3 —-16(j + k)/3 i(Aw — 3x) +w + (80 + 44k)/3
1
1
X1o [4a]
| 0
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while the other will remain unaffected by the coherences with ag
broken magnetic equivalence, and th&} ( '

4.4

—Yeo(w) = (iAw + w + 24j — 16k) . [4b] 4.2

ight ratio

S 4.0 -
When the above equations are to be used in practical Iineshapé
calculations, numerical problems may arise when the spectrag
are calculated using the standard approach of numerical diago- 3. -

nalization of the spectral matrix. This is because, especially for

3.8

Eq. [4a] when the magnitude df,, is much smaller than 347

1/7T,,, the matrices to be diagonalized are only in a trivial T S —
way different from real symmetric matrices. For matrices of -0.75 -0.50 -0.25 0.00 025 050 075 1.00
such a form, the standard numerical routines designed to han- r

dle complex matrices usually calculate correct eigenvalues butiG. 1. Theoretical dependences on the quadrupolar cross-correlati
incorrect eigenvectors_ The numerical calculations to be rfactor of the height ratios of the central and outer components i thentet
ferred to in the following were performed using a numerica”'y the AX, sr_)in system, calculated with_(solid lines) and \(vithou‘t taking intc
stable method of matrix inversior8( A similar warning a}ccountthe |mpactofthe_ coherences with broken mflgnetlc equivalence on
. . . lineshape. The calculations were performed 3 = 21.5 Hz, and the
pertains to numerical calculations of the resolved spectra US@aneous line broadening = = 0.52 Hz. Thesolid curves were calculated
the complete 11< 11 matrix. assumingly, = 0.24 Hz; for the top anBiottom pairs of curve, the values of
Note that the relaxation-mediated couplings between the (1/20T,o) are 0.434 and 0.217 rad’s respectively.
coherences with conserved and broken magnetic equivalence,
entering Egs. [2]-[4], would vanish only in a nonphysicalalues (attainable in the limit of negligible quadrupolar relax
situation where the fluctuating quadrupolar interactions at th&on) were proposed as quick measures of the instances
X nuclei were perfectly anti-correlated, in which instance thehere the magnitude gf could be determined independently.
corresponding cross-correlation factor k/j would be equal Below we show that this generally useful approach may k
to —1. Note also that for a perfect cross-correlation= 1), prone to substantial errors when applied to systems with sm
impact of the coherences with broken equivalence on tbe vanishingJyyx coupling constants. In Fig. fwo pairs of
lineshape ofA will attain a maximum. The latter observationh/h, curves as functions afare displayed. In the calculations,
brings out the difference, exposed in detail in R&j, pbetween the values ofl,x (21.5 Hz) andw/7r (0.52 Hz)were assumed
the notion of microscopic conservation of nuclear permutati@ccording to the findings for deuterated ethylene glycol re
symmetry 6) (which does apply to the system consideredorted in Ref. §). In each pair, the solid curve was calculatec
whenr = 1) and that of conservation of magnetic equivalenaecording to Eqg. [4] in which the value dfx was put equal to
symmetry. Note at the end that the couplings between tBe24 Hz, which is probably the maximum value for the gemine
equivalence-conserving and equivalence-breaking coherendesterium pair in ethylene glycoB) that could be expected.
do survive even when the tw¥ nuclei do not “sense” each The dashed curve is calculated from Eqg. [17] of RBf, Wwhich
other directly, i.e., when bothy, andr happen to vanish. gives the same results as our Egs. [2] and [4] when a lar
The situation to which Eq. [4] is referred to is likely to bevalue (but different from 2,,/3) is substituted fodyy in the
encountered in practice, especially f6€D, spin groupings, latter equations. The bottom pair corresponds to the value
since the corresponding deuterium—deuterilsooupling con- j(T = 323 K) = 0.217 rad §' reported in Ref.§). The top
stants are generally of the order of a fraction of a hertz apair was obtained assumifg= 0.434 rad §*. The display in
therefore fall in the range of deuterium quadrupolar relaxatidtig. 1 is limited to the values af above—0.75. A consider-
rates in liquids of moderate viscosity. Experimental studies @tion of the predictions based on the rotational diffusion mod
guadrupolar cross-correlations in such a system in perdeutefr-molecular reorientationslQ) allows one to conclude that
ated ethylene glycol are reported in Reb).(The observed strongly negative values ofare unlikely to be encountered in
specta were described in terms of the equivalence-conserviimgctice. The corresponding pairstpfh, curves are not shown
coherences only. Within such a simplified approach, the doecause in the case considered (the coherences with bro
thors cited could in a unique way relate the ratios of the heightgegnetic equivalnece interfering with the central componer
of the central and inner peaks of the pentet to those of the oubeir formalism would merely reproduce the results Bt (
peaksh./h, andh;/h,, respectively, to both the cross-correla Inspection of Fig. 1 reveals that for the system mentione
tion factor,r, and the “extraneous” relaxation rate expressed @bove the neglect of the coherences with broken magne
units of j, p = w/j. The observed departures of the abovequivalence may impose a systematic bias on the assessmel
lineshape parameters from their respective limiting 3:1 and Z:based on the lineshape paramétgh,. This is clearly seen
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if we compare the maximum difference between the correquivalence, delivered forthe value of 0.52= 0.02 while for
sponding values oh./h,, calculated with and without taking [Jy < 5 Hz, which is a realistic assumption, the corresponc
into account the latter coherences, with the range of variationg estimate was 0.1& 0.21. The latter value is in good
of this parameter in the displayed rangerof(Although the agreement with the prediction based on both quantum chemi
maximum difference generally occurs foapproaching 1, itis calculations of the relevant electic field gradient tensors and t
an adequate measure of the effect discussed sinaevimues assumption of isotropic reorientation. Generally, knowledge
above 0.5 both the curves go nearly parallel to each other.) Floe value of the coupling constant between the equivale
the top pair of curves, the maximum difference amounts tpuadrupolar nuclei is a prerequisite for an unbiased assessn
about 13% of the whole variability range, and it is increased tf the quadrupolar cross-correlation factor. In the limit of slov
about 18% when the parameteyh, is calculated assuming quadrupolar relaxation, use of the convenient, closed-for
Jxx = 0. For the bottom pair, the corresponding figures are lideshape formulas of Ref5) must be restricted to cases in
and 20%. The latter value is close to an upper limit of thehich the frequency gap between the equivalence-conservi
discrepancies between the peak height ratios calculated in thesd equivalence-breaking coherences (controlled by the me
two ways. For the sake of transparency, thgh, curves nitude ofJ coupling between the equivalent nuclei) is large
calculated assumindy, = O are not shown in Fig. 1. Becausecompared to the quadrupolar relaxation rate and/or to su
even minor changes in the values &f; can lead to such cases where it is a priori known that the valuer a§ strongly
significant variations of the course of thgh, curves, in order negative.

to get an unbiased estimate ofrom the peak height ratio in

resolved spectra a very precise knowledge of the magnitude of ACKNOWLEDGMENT
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