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Possibilities and limitations of iterative lineshape fitting proce-
dures of MAS NMR spectra of isolated homonuclear spin pairs,
aiming at determination of magnitudes and orientations of the
various interaction tensors, are explored. Requirements regarding
experimental MAS NMR spectra as well as simulation and fitting
procedures are discussed. Our examples chosen are the isolated
3P spin pairs in solid Na,P,0, + 10H,0, (1), and Cd(NO,), *
2PPh, (2). In both cases the two 3P chemical shielding tensors in
the molecular unit are related by C, symmetry, and determination
of the orientations of these two tensors in the molecular frame is
possible. In addition, aspects of homonuclear J coupling will be
addressed. For 1, both magnitude and sign of 2J,.,(**P, **P) (J;so =
—19.5 = 2.5 Hz) are obtained; for 2, (J;;,, = +139 = 3 H2z)
anisotropy of J with an orientation of the J-coupling tensor col-
linear, or nearly collinear, with the dipolar coupling tensor can be
excluded, while absence or presence of anisotropy of J with any
other relative orientation of the J-coupling tensor cannot be
determined. © 1998 Academic Press

Key Words: solid-state NMR; magic-angle spinning; homo-
nuclear spin pairs; spectral lineshape simulations; J coupling.

INTRODUCTION

nuclear distances, or to investigate aspects of isotropic ar
anisotropic properties of homonuclehcoupling.

In general, we will encounter two different categories of iso-
lated homonuclear spin pairs. For spin pairs characterized by
large chemical shielding difference of the two spins (AX spin
pairs), only MAS NMR spectra obtained at specific MAS fre-
guencies, precisely matching a small integer multiple of the dif-
ference in isotropic chemical shielding of the two nuclei, have
properties suitable for deriving orientational or distance informa:
tion. This condition is known as rotational resonargel0 and
has been used mainly for the determination of internuclear dis
tances in*3C spin systemsi(l, 19. With regard to homonuclear
J coupling, away from any rotational resonance conditions, AX
spin pairs allow determination d¢d, |, where appropriate, either
directly by inspection of the MAS NMR spectra or indirectly by
applying pulse techniques designed for homonuclettansfer
under MAS conditions 10, 13. The MAS NMR properties of
isolated homonuclear spin pairs with a small (AB spin pairs) or nc
(AA’ spin pairs) difference in the isotropic chemical shielding of
the two nuclei are such that usually under a wide range o
experimental conditions (MAS frequencies and external magneti
field strengths) spectral lineshapes, depending on magnitudes a
orientations of all interaction parameters, will be obsenitiH

The Hamiltonian appropriate to describe an isolated, dipol&r). AA’ spin pairs, for which the two chemical shielding tensors

coupled homonuclear spin pair under MAS NMR conditionare related by a symmetry operation other than inversion symm
does not commute with itself at different times (it is homogery, represent a special case of rotational resonamee Q rota-
neous in the sense of Maricq and Waudl))( The theory tional resonance). Numerically exact spectral lineshape simule
describing the evolution of the density matrix for such isolateibns are necessary to determine the NMR parameters of AB ar
pairs of spin% nuclei has been fully described in the literaturdA’ spin pairs from MAS NMR spectra, with the beneficial side
(2—-6). Provided that numerically exact methods are employedffect that the absolute sign of the homonucléaoupling con-
for spectral lineshape simulations, combined with careful itestant may also be obtained in this way.

ative fitting procedures, simple MAS NMR spectra of isolated Here we will explore the practical possibilities and limita-
homonuclear spin pairs offer an opportunity to simultaneoustipns of obtaining reliable and precise parameters from iterativ
determine magnitudes and orientations of all interaction tefitting of spectral lineshapes of MAS NMR spectra of A@and
sors present (chemical shielding, dipolar dncbupling) with- AB) spin pairs. We will consider quality requirements for the
out having to carry out NMR experiments on oriented singlexperimental NMR spectra as well as for the simulation anc
crystals. Depending on the information wanted, the MAS NMRtting procedures used. The practical examples chosen are tl
properties of isolated homonuclear spin pairs in polycrystallingolated homonucle&'P spin pairs in two crystalline solids of
powder samples may thus be exploited to determine the rekaown single-crystal X-ray structure: 3,0, - 10H,0 (1) and
tive orientations of chemical shielding tensors, to derive inteGd(NG;), - 2PPh (2). Both compounds already have a history
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tropic indirect coupling. The time dependence of each of the

z z
] 0 . . . . .
Z, z, interactions may be expressed in terms of a Fourier series
X - X X yS 2
x Y, Y, o () = 2 wlexpime,t), [2]
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where w, is the spinning frequency in angular units and the
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coefficients take the form
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SCHEME 1. (a) Definition of Euler anglese, B, v relating, e.g., the d o is @ reduc_ed ngner eIemept, a@ﬁ,_q(_ﬂpR) IS an
chemical shielding to the dipolar coupling principal axis system; boldfacdlement of the Wigner rotation matrix describing transforma-
arrows refer to the respective axis of rotation; see text for the definition oftion from the principal axes system P of the interaction tenso
y};_z-(b) TWOdChem'Cg'_ shielding Lensors Left’led(bé’hsymme”y?Ibo'dface and through a crystal frame C to the rotor frame R. As a matter o
thin arrows denote directions above and below the paper plane, respect"’%}%ﬁhvenience, the principal axes frame of the dipolar coupling
see Eq. [4] for the corresponding relationships between the Euler angles for the . . . A
two chemical shielding tensors. mLeractlon may be taken as coincident with the crystal frame
Qpc = (0, 0, 0). The definitions of the Euler angles describing

the relative orientations of the chemical shielding and the
as model cases for isolated homonuclédP spin pairs dipolar coupling tensors, as well as the mutual symmetry
(14, 15, 18, 19 here we will in particular address aspects gelations of the Euler angles for two chemical shielding tensor:
31p chemical shielding tensor orientations and of homonucld&tated byC, symmetry, are illustrated in Scheme 1. Ry as
J coupling23(3'P, 3P). The RO, unit in 1 represents a casethe applicable symmetry operation the relationships of the
for which aJ-coupling constant of small magnitude is to b&Uler angles for the two chemical shielding tensors are
expected, while for thé*P spin pair in2 the magnitudes of
and dipolar coupling constants are similar and raise the issue of as®= af’, o=prtm, yit= v+ [4]
possible anisotropy al.

RESULTS AND DISCUSSION TABLE 1
3P NMR Parameters for Na,P,0, - 10H,0, 1, and Cd(NO,),
Numerical Simulations and Iterative Fitting 2PPh;, 2, Determined by Iterative Fitting of *P MAS NMR
Spectra®
The evolution of the density matrix for isolated homonuclear
spin—; pairs under MAS conditions, such as tH& spin pairs 1 2

in 1 and 2, has been investigated in detail in the literature

(2-6). Only a short summary of the basic equations and results 72 ((gg::))f ;92'5’1 72_54401
will be given here. The Hamiltonian of such a spin pajrS, 7eS ' 0.35+ 0.1 0.75+ 0.1
may be written as a$°): —117+ 4 20+ 20
-63+4 160+ 20

BSC): -23%2 39+5
H(D) = 0:()Sy, + @,(0S5, + wp(1) s 0-6 o0

1 b, 27 (Hz)° -791 —242

X (ZSIZSZZ - E(SlJrSZf + Slfser)) + ‘1)35152 J?SO (Hz) —195+ 2.5 +139+ 3

1
+ 03, (1)(25,S;, = 5(S1:S,- + S,-S54)) [1] =Symmetry-related angleaSS BSS 4SS for the second®P chemical

shielding tensor inl and2 as defined in Eq. [4] and Scheme 1.
. . . . o bValues calculated from the internuclear P—P distance, determined b
with w; (i = 1, 2) referring to chemical shielding (c8)p t0  single-crystal X-ray diffractionr,, = 292 pm forl (27) andr,, = 433 pm
dipolar coupling,w; to isotropic coupling, ana, _ to aniso- for 2.
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FIG. 1. Experimental and calculatettP MAS NMR spectra of N#P,0, - 10H,0, 1, corresponding to best-fit parameters given in Table 1. (a), (b)
Experimental (a) and calculated P MAS NMR spectra ofl, with wy/27m = —81.0 MHz andw, /27 = 2656 Hz. (c), (d) Experimental (c) and calculated (d)
31P MAS NMR spectra ofl, with wy/27m = —121.5 MHz andw, /27 = 2503 Hz. Insets give an expanded view of individual spinning sidebands of experiment
and calculated spectra.

Note that for the particular case @f, symmetry relating the with the P-E—P plane and bisecting the P—-E—P bond angle), r
two chemical shielding tensors in the molecule no ambiguifyee rotation of the two chemical shielding tensors around the
regarding the orientation of the two chemical shielding tensadipolar axis direction is possible. The differengg® — v5° =

in the molecular frame exists (apart from the principal dege8y$° — 7 depends on the magnitude ¢f°, and correspond-
eracy that, in the absence of a third interacting s@ipsym- ingly, the spectral lineshapes will depend on all Euler angles
metry leaves the & 2 assignment undetermined; see below}:~S, B<S, 45, and thus allow unambiguous determination of
with the symmetry axis perpendicular to the dipolar axis dthe chemical shielding tensor orientations in the molecula
rectionandfixed in the molecular frame (in our case coplandgrame @0). The situation is different for cases where a mirror
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FIG.2. Error plane, calculated for pair of fit parameters, Euler ang{esy<S, calculation based on the experimeritd MAS NMR spectrum of as shown
in Fig. 1a withwy/2m = —81.0 MHz andw, /27 = 2656 Hz. The erroe” is defined a®® = 1/N 3L, (Si @) — Sead@i))? where maxg.,{(w;)) = 1.

plane, perpendicular to the dipolar axis direction, relates the t

two chemical shielding tensors. Then rotation of the two chem- U(t, 0) = T exp{—i J H(t")dt'}, [6]

ical shielding tensors around the dipolar axis direction is per- 0

mitted, and the angle"> cannot be determined from iterative

lineshape fitting of MAS NMR spectra. .. ) )
The isotropic parA,, the anisotropy”, and the asymmetry WereT is the Dyson time-ordering operator.

parameterq® are related to the principal elements of the 1N€ moststraightforward way to numerically calcul&(e)

interaction tensorA according toAL, = (A}, + AQy + would be the_s_o—_called dlrect methoq, th_at is, to calcusétp

AM3, 8 = AL, — AL andn® = (A?,y — AM)/3, with |AL, d|re_ctly by_ dividing the time evoI_ut|on into small s_tepﬁ_

— AL = |AL - AL = |A§y — AL J. We haveAl, = mJ,,, _dunng which H(ti_) may be conS|der_ed as piecewise time

AR = 5P =0, ands® = b, = — pgy v hil(4mr3,), where independent. V_\/h|le th|s _metho_d provides an intuitive way to

b, , denotes the dipolar coupling constapt(i = 1, 2), refers calculateS(w), it is quite inefficient when high spectral reso-

to the gyromagnetic ratio of spins 1, 2, ang is the internu- lution combined with a large-frequency bandwidth is required.
clear distance. T In this case the calculation would have to be performed over

The powder spectrut(w) based on the Hamiltonian in qularge number of stepg). He_nce_, with a view to iterative fitting

[1] is the Fourier transform of p_rocedures for t_he determination of u_nkno_wn param_eters,_th
direct method will rarely be a good choice since fast simulatior

of S(w) is a prerequisite for efficient fitting procedures. A

s(t) = 2 Tr{(S/ + $)U(t, 0)(Si + S,)U'(t, 0)}.  [5] faster method for calculation of the MAS NMR spectrum of a

Qcr two-spin system is provided by the COMPUTE meth@d)(

which employs a time-domain integration of the spin propaga

Powder averaging is indicated by the summation, and tke@ over a single rotation period, while storing the intermediate
propagatoU is related to the Hamiltonian by results of this calculation. These are used in a succeedir
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FIG. 3. Error scans for individual fit parameters 8P MAS NMR spectra ofl. (a) Contour plot of minimum region of theSs, y$S-error plane shown in
Fig. 2; contour levels are drawn at 0.19 as the minimum and at integer multiples thereof. (b) Scan faSan@te scan ford,.; (a), (b), and (c) are based on
the experimental spectrum shown in Fig. kg/@7m = —81.0 MHz andw, /27 = 2656 Hz). (d) Scan fod,,, based on an experimental spectrum w27
= —121.5 MHz andw, /27 = 3493 Hz. Definition ofe? as given for Fig. 2.

Fourier transformation step to calculate the amplitudes andAnother important question is the choice of optimization
associated frequencies of the spectral lines. Due to this restrizethod, as this affects not only the speed but also the reliabilit
tion to a single rotation period, calculation of the resultingf the fitting procedure. A large variety of algorithms, differing
spectrum is fast but nevertheless with an effectively infinitargely with respect to stability and speed, exists for the gener:
frequency resolution. problem of finding the global minimum of a functioy(x,,
The situation for the computation of the powder averagexs, . .., X,) of n variablesx; (i = 1, ...,n). There is no
in some sense similar. Again, one could just imitate the phygenerally best method; the performance of all of them depenc
ical behavior of the system by calculating a random distriben the specific problem for minimization. Widely used are, for
tion of crystallites. There are about % @ifferent crystallite instance, the SIMPLEX algorithm or methods from the family
orientations present in a typical samp®?), and, accordingly, of quasi-Newton methods2§). A convenient way to apply
the random distribution method is bound to be either a poseveral of these methods for iterative fitting of NMR spectra is
approximation or a highly inefficient one, depending on thine MINUIT optimization package2g). It combines the pos-
number of different crystallite orientations one would calcuwsibility of executing different kinds of parameter analysis
late. Hence, the goal of numerous powder averaging methddsans, contours, calculation of correlations) with providing
(23) is to obtain a physically meaningful powder average whilgeveral different minimization methods. In accordance with the
only having to consider a minimum number of different crysstatements of the developers of MINUIT we find best perfor-
tallite orientations, of the order ¥@0 10°. REPULSION @4) mance with the Migrad method, a variation of the Davidon—
follows a numerical strategy by minimizing a potential funcFletcher—Powell algorithm?2§).
tion, in which way a very uniform distribution of orientational The general strategy chosen was to first fit multiple experi.
angles is achieved for relatively small numbers of crystallitmental NMR spectra, obtained at different external magnetit
orientations. field strengths and MAS frequencies, assuming perfect expe
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imental parameters, and to check afterward whether imperfec- a
tions of the experimental data—within their respective limits of
inaccuracy—would have altered the results of the fits. This

strategy is best if experimental errors can be expected to be

small. A good indication for this regime will usually be that

this “perfect experiment approximation” yields good fits with

identical parameters for experimental spectra obtained under
different experimental conditions.

¥P MAS NMR Spectra of §B,0; - 10H,0, 1 67 66 65 64 63 62 61 60

The single-crystal X-ray structure af(27) provides infor-
mation on the internuclear P—P distance and the P—O-P bond
angle in the BO, unit. The symmetry operation relating the
two *'P chemical shielding tensors in thed® unit is known b
to be aC, axis, bisecting the P—O—P bond angle. Using the
distance and symmetry information from single-crystal X-ray
diffraction as known and fixed parameters for iterative fitting
of various®P MAS NMR spectra ofl, we find good agree-
ment of all parameters from all fits (see Table 1 for best-fit
parameters), in accordance with the “perfect experiment ap-
proximation.” A comparison of two different experimentaP
MAS NMR spectra ofl with the corresponding calculated
(best-fit parameters) NMR spectra is shown in Fig. 1. Even the

interaction with by far the smallest magnitud&.() is defined
within a narrow rangeli, = —19.5+ 2.5 Hz FIG. 4. Effect of sign ofJ,, illustrated for the second-order-@) spin-
ISO . - - *

. : : 1 L .
Beyond this statement of obtaining good final agreemel?wg sideband in thé*P MAS NMR spectrum ofl. as shown in Fig. 1a with

. wo/2m = —81.0 MHz andw, /27 = 2656 Hz. (a) Experimental and calculated
between experimental and calculated spectra, a careful expiQsshape, corresponding to best-fit parametdgs & —19.5+ 2.5 Hz) where
ration of possible pitfalls and limitations seems in order. Thg, was a free fit parameter, plotted on top of each other; b): experimental an
first point to address is the sensitivity of the fits with regard tenlculated lineshape, corresponding to best-fit parameters Whgveas fixed
the various individual parameters, especially for parameters®fiso = +19.5 Hz, plotted on top of each other. All fits with,, merely
small magnitude and for strongly correlated parameters. Théfa!cted @iso > 0 converged toward,s, = 0.

are several options: we may scan through the individual pa-

rameters while keeping the remaining fit parameters fixed, wg® determined forl describes the following orientations of
may perform additional fits where the parameter under inspabe P chemical shielding tensors in the@ unit. y$5 = 0 +

tion is forced to lie outside the minimum range previouslg® renders the least shielded tensor component coplanar wi
found in unrestricted fits, and we may calculate error planes fine molecular P-Q,,.~P plane, an@f> = —23 =+ 2° then
pairwise combinations of strongly correlated parameters. Fasrresponds to the least shielded tensor component colline
the spin pairs considered here, the Euler angig3andy~° with the molecular P—Q, bond direction, while the most
represent a pair of strongly correlated parameters, both wihielded tensor component is oriented perpendicular to th
high impact on the spectral lineshapes. In fact, calculationsmblecular P-Q..,~P plane. These results from iterative fit-
error planes for pairs of fit parameters turn out an importating of 3P MAS NMR spectra ofl are supported by the
ingredient in the overall fit procedure. From calculatipp®, findings of an earlier single-crystal NMR study erCa,P,0,
v$=-error planes for varioud'P MAS NMR spectra ofl (see (28). Also shown in Fig. 3 (see Figs. 3c and 3d) are scans o
Figs. 2 and 3a), we find that both anglgg® = —23 + 2°and J,, for fits of two different experimentaf’P MAS NMR
v$S = 0 + 6° are well defined, with high sensitivity. For8$S  spectra ofl. While, in accordance with the small magnitude of
describes the angle between tkastshielded tensor compo- this parameter, the sensitivity of the fitsdg, is much reduced
nent and the unique axis of the dipolar coupling tensor. Th@ comparison with, e.g., the angg{S, the scans of,, still
lesser sensitivity fon$S = —117 =+ 4° (see Fig. 3b) arises alsodisplay defined minima in good mutual agreement. Note tha
as a consequence of the asymmetry param¢ftér= 0.35+ the scans imply a negative sign fdy,, and that, in this
0.1, not deviating much from axial symmetry for tH&P particular case, the sensitivity is not inferior to the sensitivity
chemical shielding tensors i By arbitrarily choosing one of for oSS, Given that the smallest of all contributions to the
the two possible %> 2 assignments, the set of angtés®, 855,  calculated spectral lineshapes is the effec,gf we have to

[ppm]
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FIG.5. Experimentaf’P MAS NMR spectra of, with wy/27 = —81.0 MHz andw, /27 = 1807 Hz. (a), (b§*P MAS NMR spectra of a very finely ground sample
of 1, obtained with single-puls&'P excitation (a) and with cross polarization (b). i CP MAS NMR spectrum of a slightly less finely ground samplé.of

further investigate the possibility that only a local, false mirficiently well reproduced by these restricted fits, as is illus-
imum for J,, may have been found. Additional fits with,, trated in Fig. 4.

fixed to zero, or withl,., restricted tal,,, > 0O, help to exclude  Up to this point, we are still implicitly operating within the
this possibility and to further confirm both sign and magnitudeassumption of sufficiently “perfect” experimental NMR data.
of Ji... The final errors of such restricted fits are found to bdence, our next step posteriorihas to justify this assumption
inferior to the minimized errors obtained from fits whéfg is by discussing the influence experimental imperfections woulc
unrestricted with respect to magnitude and sign; in particuldrave had on the final fit results. As a matter of completeness w
the fine structure of individual spinning sidebands is not sushould mention the prerequisites of stable MAS frequencie
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within =2 Hz and of an optimized Shomogeneity. Shimming
the probe such thafC MAS NMR spectra of a full rotor with
adamantane yield undistortédC resonance lineshapes with a
width at half height not exceeding 3 Hz (e.g.Bat= 7 T) is
necessary: slightly less optimize, homogeneity already
leads to a loss of fine structure in the various spinning side-
bands of'P MAS NMR spectra ofl.. Another practical matter

of optimization concerns the adjustment of the magic angle.
We find that the very sharg’®P MAS NMR resonances of
isolated magnetically equivaleftP spin pairs, such as, for
instance, in tetraethyldiphosphine disulfid29), allow very
accurate setting of the magic angle. Another possible, and not
entirely unlikely, source of distortion of the spectral lineshapes
in experimenta®’P MAS NMR spectra might be the use of
cross polarization (CP). Possible speqtral Ilneghape dlsrortl%pn%le—crystal X-ray diffraction. Selected bond lengths (pm) and bond angle:
caused by CP can be excluded fowithin experlmental error (°): Cd-P 259.2(1), Cd-O(1) 243.7(3), Cd-0O(2) 237.5(2), N-O(1) 123.9(3),
3P MAS NMR spectra, obtained by conventional Hartmanm—0(2) 126.2(4), N-O(3) 120.7(4); P-Cd-P113.3(1), O(1)-N-O(3)
Hahn cross polarization and by direct single-pul¥e excita- 122-3(3), O(1)-N-0(2) 115.8(3), O(2)-N-0O(3) 121.9(3).

tion, display identical spectral lineshapes (see Figs. 5a and 5b).

All our 3P MAS NMR spectra have been obtained from a very
finely ground sample df. Trivial as it may seem at first glance, 5,
this aspect of sample quality is of practical importance with
respect to reliable lineshape fitting procedures. An “imperfect From a chemical point of viewl and 2 have very little in
powder average” in the rotor, caused by the presence of onlg@mmon. Viewed from the properties of their respectivie
few, slightly coarser grains in the sample, is sufficient to yielsbin systems] and2 are more closely related: the two P atoms
misleading spectral lineshapes (see Fig. 5¢). That it may orlse separated by two chemical bonds in a nonlinear P—E-
take a minor powder imperfection of the sample for sucrrangement; the twdP chemical shielding tensors are related
distortion effects to occur is illustrated by the following geby symmetry C, axis, see below) and represent the interactior
dankenexperiment. Suppose we have a rotor, containingvéh the largest magnitude within the spin pair. Distinct dif-
perfect powder sample with %Ccrystallite orientations, to ferences betweeh and2 concerns®® (1) > 5°°(2), n°° (1)
which we add one crystallite in one particular orientation. The 1°° (2), and|Jid (1) < [Jisd (2). An earlier report of'P
size of this crystallite amounting to 1% of the sample misad#AS NMR spectra of Cd(NG), - 2PPh, 2 (19) gave an
justs the weighting factor for this particular orientation to 20 estimate for{Jis)| = 131 + 7 Hz and predicted the twd'P
instead of 108, In short, if we wish to be able to significantIyChem'Cal shielding tensors in the molecule to be related®y a

determinel parameters of small magnitudes from MAS NMRSymIn;_e”y axis, with theozélcom_pone;ts of tr;]e ch;micsl
spectra, we have to avoid as much as possible all Contributioéﬂe ing tensors supposedly oriented near the Cd-P bor

from experimental imperfections which would generate loss gectlons. The magthde Diso a”d_Te g(_aome_try of the
A o . L ~Cd-P fragment i@ are such that thid'P spin pair appears
of sensitivity or precision in the iterative fitting procedures.

: . a suitable object for a more detailed search of possible contr
Finally, we need to compare our results bto previously

_ _ > butions from anisotropy af by means of iterative fitting of'P
1
obtained®P NMR parameters for this compound. Magnltude'@IAS NMR spectra of2.

and orientations of th&'P chemical shielding tensors bfnow In order to be able to operate on safe grounds concerning t

determined by numerically exact spectral lineshape simulgqecyiar symmetry and internuclear distances, it is desirabl
tions, agree within error limits with these parameters Ior it ot necessary, to know the single-crystal X-ray structure o
obtained earlier from various other approactig (5, 18,30 o Cd(NO,), - 2PPh crystallizes in space group2/c; the two
However, previously neither magnitude nor signJgf, could  p sites in the molecule are crystallographically equivalent an:
be determined forl (14,15,18. Our finding of Js, = related by a twofold axis of symmetry, with an internuclear
—19.5 = 2.5 Hz for 1 agrees well with the results of'P P—P distance of 433 pm (correspondingtg/ 27 = —242.4
TOBSY experiments1(3) on the BO; units in solid CgP,0; Hz) and a P-Cd—P bond angle of 113.3°. Figure 6 shows a pl
(3P AB spin pair, |Ji] = 23 = 4 Hz (15) and in the of the molecular structure &.

pseudo-cubic phase of SIB, (3*P AB and AX spin pairs|J;s| The following discussion of th&'P MAS NMR spectra of
ranging from 17 to 23 Hz3Y1)). only takes into account the spectral contributions from thos

IG. 6. Molecular structure of Cd(Ng), - 2PPh, 2, as determined by

P MAS NMR Spectra of Cd(ND - 2PPh, 2
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FIG. 7. Experimental and calculatet®? MAS NMR spectra of Cd(Ng), - 2PPh, 2, corresponding to best-fit parameters given in Table 1. (a), (b)
Experimental (a) and calculated &P MAS NMR spectra oR, with wy/2m = —81.0 MHz andw,/27m = 2767 Hz. (c), (d) Experimental (c) and calculated (d)
31P MAS NMR spectra o2, with w2 = —202.5 MHz andw,/27 = 2851 Hz. Insets give an expanded view of individual spinning sidebands of experiment
and calculated spectra. In the experimental spectra (a), (c), * indicate satellites due to miAGdE*P), and**3Cd(*P), isotopomers; the intense zeroth-order
spinning sideband is shown truncated in all spectra.

(majority) isotopomers of representing an isolatettP spin  The value ofs“S for the 3*P chemical shielding tensors th
pair; the properties of (minority) three-spin system isotopomeisssmaller by approximately a factor of three tharlirEven in
B3CdEP),, M'CdCP), in fragments CdPsuch as in2 are the P MAS NMR spectrum of2 obtained at an external
described elsewher82). The best-fit'P NMR parameters for magnetic field strengtB, = 11.8 T and at théowest possible

2 are given in Table 1. In Fig. 7 the corresponding simulatioMdAS frequency for which no overlap problems occur, the
are compared to two experimentaP MAS NMR spectra o. amplitude of the zeroth-order spinning sideband is nearly five
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FIG. 8. Error plane, calculated for pair of fit parameters, Euler angigd v$S, calculation based on an experiment#® MAS NMR spectrum of with
wy/2m = —121.5 MHz andw,/27m = 1413 Hz. The erroe? is defined as for Fig. 2.

times larger than the amplitudes of the first-order spinnifg-Cd—P plane, with an angle of 24° between the Cd—P bon
sidebands. Obviously, we have to operate in a less than oplirection and the most shielded tensor component. The set ¢
mum experimental regime and need to specify the accuracyvalues fora$S, 855 v$° determined for2 thus only excludes
the 3P chemical shielding tensor parametersZobespite the the intermediate shielding tensor components from being ori
necessarily nonideal experimental conditions, the Euler anglaged close to the Cd—P bond directions. A resolution of thes
¢S and y$S again represent sensitive and strongly correlatediientational uncertainties for ti&P chemical shielding tensor
fit parameters (see Figs. 8 and 9a), and Wth= —25.0+ components in the molecular frame would require to include
1.0 ppm andn°S = 0.75 + 0.1 are well defined, with good information derived from taking a third interacting spin into
sensitivity, as is shown in Figs. 9b and 9c. We find one fairlgccount 82). In the absence of such information, we can only
narrow minimum region fog$® = 39 = 5° andy$°= —5 = qualitatively argue that, in analogy to the results of'®
10°. The scan for$™ shows a broad minimum region fe>  single-crystal NMR study on a closely related mercury com-
= 20 £ 20°, with the steep ascent of the error curve safeplex, Hg(NGQ,), - 2PPh (33), an orientation of the most
excluding all anglesx$® > 40° (see Fig. 9d). Fo2, BS = shielded tensor component near the Cd—P bond direction als
39 £ 5° describes the orientation of tieastshielded tensor in 2 may appear the more likely circumstance.
component to the direction of the unique component of the Other than forl, we find for 2 that, owing to its magnitude,
dipolar coupling tensor. If we wish to relate this information td,,, can be regarded immediately as a well-defined paramete
the molecular frame a2, we are again faced with the principal(J,;, = +139 = 3 Hz). The scan fod,,, (see Fig. 10a) shows
1 < 2 assignment uncertainty. One of the two possible optioasclearly smaller error fod,,, > 0 than forJ,, < 0. The
would correspond to an orientation of the least shield# question arises of whether we may neglect possible contribt
tensor component nearly coincident (within 6°) with the maions from anisotropy of for 2. Only if the tensor describing
lecular Cd—P bond direction and with the intermediate shielthe anisotropy of is collinear with the dipolar coupling tensor
ing tensor component nearly perpendicular to the P-CdaRd if its asymmetry parametej’ = 0 may an effective
plane. The second possible option again renders the most dipblar coupling constantbes = by, = %6" be defined
the least shielded tensor components nearly coplanar with {i8, 34 from which 8> may be directly obtained. If this
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FIG. 9. Error scans for individual fit parameters 3P MAS NMR spectra o, based on the experimenttP MAS NMR spectrum withoy/2m = —202.5
MHz andw,/27 = 2851 Hz as shown in Fig. 7c. (a) Contour plot of the minimum region of3ffie v$S-error plane shown in Fig. 8. Contour levels are drawn
at 1.56 as the minimum and at integer multiples thereof; and error scans f&7S(c) n°S, (d) anglea$s. €? is defined as for Fig. 2.

condition does not hold, obviously a full calculation (Eq. [1]eters. We might stop at this point, concluding thgt, plays
including anglesy”, andé” is necessary. However, also in thiso significant role for thé*P spin pair in2. However, given
case for non-negligibld,.s, we may still find a (somewhat that the symmetry of the P-Cd—P fragmeniexcludes the
loosely defined) pseudos; from iterative fits wherel,,i.oiS assumption of a well-definebl., this conclusion leaves an
not explicitly included, but where the dipolar coupling constaninsatisfying aftertaste. The results of fits with,/27 =

is a free fit parameter. We then may take a significant deviatier42.4 Hz as dixed parameter, but taking,s, fully into

of pseudob.; from b;,, as calculated from the known inter-account according to the complete Hamiltonian in Eq. [1], are
nuclear distance, as an indication for the presencd,gf, shown in Figs. 10c and 10d. Introduction of this additional
With possibly non-negligiblel, s, in Mind, we inspect more term as free fit parameters does not lead to further improve
closely the corresponding fit parameters. Figure 10b shows thent of errorsee?. The sensitivity of these fits t8”, however,
scan forb, ,, resulting from a fit wherd, , served as a free fit strongly depends on the orientation of theoupling tensor to
parameter but wheré, s, was not explicitly included. The the dipolar principal axes system. If the orientation of the

minimum range found fob,,/ 27 = —240 = 20 Hz (corre- J-coupling tensor is arbitrarily chosen collinear with the unique
sponding to an internuclear P—P distance of 4382 pm) is axis of the dipolar-coupling tensor, then a scan throégh
centered precisely at the value fbg,/27 = —242.4 Hz, essentially mirrors a scan throudh,, even forn” # 0 with

calculated from the internuclear P-P distance2ias deter- a well-defined minimum a8’ = 0 = 50 Hz (see Fig. 10c).
mined by single-crystal X-ray diffractionr{, = 433 pm). The situation is different for orientations of thkcoupling
Furthermore, despite now having used an additional fit paratensor not collinear with the dipolar-coupling tensor: scans
eter, neither do the final errors of this fit improve significantlyhroughé” then show a very low sensitivity for this parameter
(<8%) in comparison to fits whete, , was a fixed parameter, (see Fig. 10d), precluding the determination of its magnitude
nor do we find a significant change of any of the other parar/e may conclude foP that we can exclude a large anisotropy
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FIG. 10. Error scans for individual fit parameters, based on the experim&RaAS NMR spectrum of with wy/27 = —202.5 MHz andw,/27 = 2851
Hz as shown in Fig. 7ce? as defined for Fig. 2. Error scans for (&), (from fit with b, , fixed to the value calculated from the internuclear P—P distance, an
not includingJ,nisd; (b) by, (but not includingd,.isd; (¢), (d) 87 (all other parameters as given in Table 1); the asymmetry parameter of the anisotioppef
7’ = 0.5, and theEuler angles describing the orientation of theoupling tensor in the dipolar axes system were= 8’ = y’ = 0° (c) anda’ = 12°,
B’ = 43°, v’ = 0° (d), respectively.

of the J-coupling tensor collinear with the dipolar-couplingsolved in the minimum amount of hot EtOH; large single
tensor. Accordingly, we would have determined the correctystals of puré grow from the slowly cooled solution. From
internuclear P—P distance f@ralso in the absence of knowl-this yield of single crystals o2, several crystals suitable for
edge of the single-crystal X-ray structure. We cannot excluderay diffraction have been selected; the remainder of the
anisotropy ofJ coupling for2 in a more general sense: therematerial has been used, after grinding it, fé® MAS NMR
still might be considerable anisotropy with an orientation of thexperiments.

J-coupling tensor such that this parameter becomes “invisible”

from our experimentaf’P MAS NMR data 85). Single-Crystal X-Ray Diffraction

A colorless crystal, suitable for X-ray structure determination,
was irregularly shaped and of dimension 0:85.18 < 0.15 mm.
C3eH30N,04P,Cd (2) crystallizes in the monoclinic space group
C2/c (Nr.15) with the lattice parameteis = 13.748(2),b =

Compoundl, Na,P,0, - 10H,0, is commercially available 13.837(2)c = 18.021(2) A 8 = 95.47(2)°, and = 4. The unit
(Aldrich Chemicals) and has been used without further puriféell volume is 3412.6(8) A and the absorption coefficient 0.781
cation. Compoun@, Cd(NGQ;), + 2PPh, is obtained from the mm™*. The intensities of 7937 reflections in the range 3°-55°
reaction of one equivalent of CAd(NB - 4H,0 with two (29) were measured on a Siemens P4 diffractometer witKé&lo
equivalents of PPin refluxing EtOH under inert gas atmo-radiation & = 0.71073 A) in thew-scan mode. After merging,
sphere. The crude produ2tprecipitates upon fast cooling of 3918 unique reflections remained, and 3280 reflections were a
the EtOH solution. After drying, the crude product is redissigned to be observedr{ = o(Fy)). The intensity data were

EXPERIMENTAL

Compounds
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