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The first investigation and analysis of **Co 2D NMR homo- Owing to the large quadrupole moment of 04210 % m?,
nuclear chemical shift correlation spectra are reported for the %Cq in an unsymmetrical environment, as found in cluster
tetrahedral mixed-metal cluster HFeCo,(CO).uPPh,H. For this |eaqds to broad lines that are often unobservable. Pioneer
cluster in solution, the “Co 2D COSY and DQF COSY NSLV'R work (19-21 and more recent studie®Z—29 have shown that
spectra prove the existence of a scalar coupling between ~Co *Co NMR measurements in heterometallic tetrahedral cluste

nuclei. In order to obtain a value of this coupling, the 2D COSY | i idths of a f K hich all
and DQF COSY NMR spectra for a three-spin 7/2 AX, system ead to line widths of a few kHz which allow an easy obser

H 59
have been simulated by numerical density matrix calculations, The ~ Vation ofCo N!V'R resonances. In the pres.ent paper, we wa
comparison between experimental and theoretical 2D NMR spec-  t0 report the first homonucleafCo chemical shift corre-

tra gives a spin-coupling constant |'J(*Co — *Co)| = (115 + 20) lation experiments and theoretical simulations which hay
Hz for this cluster. Experimental measurements of T, and of the been performed on the tetrahedral mixed-metal clust
line widths for cobalt 59 as well as theoretical *Co 1D NMR HFeCq(CO),,PPhH (Fig. 1), even though the line widths of
spectra are reported and support our findings. © 2000 Academic Press  the peaks in the 13°Co spectrum are greater than 1 kHz
SC;§¥ Xgﬁ;‘:;g%ﬁgi?p’:&%UZC'IDBiCOSY and DQF COSY NMR: ¢\, thermore, the wide spectral width involved fico NMR
' ' led us to tackle these experiments using solid state NM
transmitters and probes to obtain very short pulses.
The related cluster provides an interesting system to obsel
for the first time a scalar coupling between cobalt nuclei usir

Two-dimensional (2D) NMR spectroscopy has proved to P COSY experiments and eventually to determine its ma

a very powerful tool for studying dynamic process, determir'i‘-'tu‘_je' In .order.to prowde conflrmatloq of our .results, a Fhe
ing coupling patterns, or separating different interactid)s (oretlcally investigation based on density matrix calculation

Among the various 2D NMR experiments for structural reVas performed. This investigation was done for 2D COSY ar

search, chemical shift correlations are without doubt the mddpuble Quantum Filtered (DQF) COSY experiments in th
useful. The first 2D experiment proposed by Jeener in 19y1 £ase of a weakly coupled three-spin 7/2 system. The theore
was a homonuclear chemical shift correlation or COSY expéi@!ly pred|ct|ons will be qsed to investigate quantitatively th
iment. The resulting 2D spectrum exhibits diagonal Ioeap@(penmental 2D spectra in order to obtain a value for the sca
corresponding to chemically different sites and cross-peak<cfupling between cobalt nuclei. It should be noted that unt
scalar spin—spin couplings exist between each sites. A parftesent, only one experimental and theoretical investigation
ular attractive feature of the COSY experiment is that scaldP COSY experiments involving quadrupolar nuclei has af
couplings can be detected even when they are not resolved@@red in the literaturel7). A numerical approach was used by
the one-dimensional (1D) spectruB+§). However, very short Moskauet al. (17) to stimulate 2D COSY spectra for two-
relaxation times and/or very small scalar coupling may averagein-1 and two-spin-3/2 systems. The determination of a sca
the spin coupling interaction to zero and prevent the detectie@upling between two quadrupolar nuclei provides very usef
of cross-peaks. Therefore, COSY experiments are expectedtigictural informations and opens up the opportunity of usir
be not instructive in the case of fast relaxing nuclei. Neverththis coupling to probe the bonding between transition metals
less, COSY experiments for quadrupolar nuclei have beendgster compounds of the type studied here.

far successfully performed for'B (3, 4, 6-123, >V (5), °H In the following, we shall briefly outline the theory of
(13, 19, °Li (15-17, andLi (16—18. However, all of them homonuclear 2D chemical shift correlation spectroscopy at
imply very small quadrupolar moments and consequently raliscuss the 2D COSY and DQF COSY spectra of a three-spi
atively narrow lines ranging between 10 and 150 Hz. 712 AX, system.

1090-7807/00 $35.00 64
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

I. INTRODUCTION
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FIG. 1. Schematic of the HFeG@CO),,PPhH cluster.

Il. THEORY

The simplest COSY experiment is based on the seque
(7l 2)—t,— (7l 2)—t,. The first @/2) pulse applied to a spin
system in thermal equilibrium, creates coherentgsi| for all
allowed transitions between statés and |u). All coherences
precess during the evolution tinte with their characteristic
angular frequencw,, around thez axis and decay with their
transverse relaxation timé&,; . At the end of the evolution

period a second{/2) pulse is applied. This mixing pulse

partially transforms the coherence between two stdjeand
|u) into coherence between two other stdtgésand|s). At the
end of this pulse all coherenc$(s| evolve during the detec-
tion time t, with their characteristic angular frequenay;,
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S+(t11 tz) = I E % Zr,s,t,uexd_iwu,ttl)exrﬂws,rtz)

1S t>u

X exXp(—ty/ Touu) XA —t/ Ty g) [3]

with the complex factork)

Zr,s,t,u = S;rg{r,s,t,uot,u(tl = 0) [4]

In Eqg. [3], N is the number of quantum states of the spil
system. The complex intensigy ,, , defined in Eq. [4] contains
three factors. The density matrix element,(t; = 0) repre-
sents the initial amplitude and phase of a coherence compon
associated with a transitioi) <> |u) at the beginning of the
evolution period. The selection rules of observation are repr
sented by the raising operator matrix elem&gjt = S, +
ISy, WhereS, andS, are thex andy components of the total
angular momentum spin operator. The coherence transfer &
plitude N, ., which describes the transfer of coherence from
transition between two staté$ and|u) to a transition between

Wo other stategr) and |s) is equal to the product of two

rotation matrix elementsl( 26

iﬁr,s,t,u = R;thU,S = R’{,I'RU,SI [5]

whereR is explicitly given by

(6]

The peak intensities are determined by the amplitudes of c

around thez axis and decay with their transverse relaxatioference transfer, taking into account the limitations impose

time T,, 4. During the detection time,,
netization is acquired.
The time-independent Hamiltonidd which describes the

the transverse mag-

by coherence transfer selection rules. Equation [3] represent
signal modulated in phase as a functiont pfrom which the

sign of the modulation frequenay,, is automatically deter-

Zeeman and chemical shift interactions of the nuclear Spifsneq in a two-dimensional complex Fourier transformatio
with the external magnetic field as well as the scalar coupl|reg7)_

of the spins among themselves is given by

H=2> QS+ 2 %S-S;. [

i=1 j<i

Similar chemical shifts correlation information may be
gained through the application of a multiple quantum correl
tion experiment28). Double quantum filtration is probably the
most widely applicable since it employs routine/Z) phase
shifts. The modification to provide double quantum filtering o
a COSY spectrum is quite simple since the normal COSY pul:

In Eqg. [1], the symbols have their usual meanings and tRequence is followed by a thirdz{2) pulse whose phase is

summations over andj are over all theK nuclei of spinSin

cycled independently of those of the two first/2) pulses.

the spin system. In this work, the angular frequency variableguble quantum coherences are generated by the two fi

wo5 = (e|H|a) = (BH[B) (2]

(m/2) pulses and are converted into observable single quantt
coherences by the additional pulse, while the filtering of sing
and higher order multiple quantum coherences is provided |

correspond to the offsets with respect to the carrier frequentlye phase cycling. Since the evolution of double quantu
The complex signal obtained by simultaneous observation@asherences after the second?) pulse is not desired, the delay
both x andy components by quadrature detection may Heetween the second and thira/2) pulses must be kept as short

written as 26)

as technically possible2). Indeed, the simplest DQF COSY
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TABLE 1
The 8 x 8 Matrices S,, S*, and R for a Single Spin 7/2

7000 O 0 O
0500 0 0 O
0030 0 0 0 O
1o o o1 0 0 o0 O
S$=5l0 0 0 0 -1 0 0 O
0000 0-3 0 O
0000 O O0-5 0
0000 O O O0-7
0 7 o0 0 0 o0 0 0
0 0 23 0 0 O 0 0
0 0 0 J15 0 0 0 0
g _|0 O 0 0 4 0 0 0
“lo o o 0 0 15 0 0
0 0 0 0 0 0 23 0
0 0 0 0 0 O 0 7
0 0 0 0 0 O 0 0
V2 14 - 42 —if70 J70  i42 —-14 -i2
iyla -5\2 -3i6 10 -i\10 36 5,2 -.14
-42 -3i6 V2 —i430 V30 —iy2 3.6 42
N J70 (10 -iB0 32 -3i\2 30 -iy10 70
16| 70 -iy10 30 -3iy2 3,2 -i30 10 -i70
iJ42 36 -i\2 B0 —iB30 V2 -3i6 —\42
-J14 &§5\2 36 -iy10 10 -3i\6 -5,2 14
—iy2 -\14 ia2 70 -iJ70 -42 14 V2

experiment is based on the sequengt)—t,—(w/2)—(w/2)— system are defined frold = 1 toN = 512, in thesame order
t,. The complex signal is obtained by simultaneous obsenas they appear by forming the direct product

tion of bothx andy components by quadrature detection. The
required complex signal was calculated in a manner analogous
to that described for the standard COSY experiment by adding
the third (/2) pulse and taking into account the phase cycle
(26,30. A DQF COSY sequence allows the detection of =712, my) @ [7/2; my) @ [7/2; My, (8]
signals from all coupled spin systems but suppresses single

quantum coher_ence from singlets. The rr_lain advantage is _ teremA, m,,, andm, are the quantum states of the single

the DQF experiment generally reduces diagonal peak mtensg%nA' M, andX, respectively. Note that the quantum state
to the level of the cross peaks. defined by Eq. [8] are the eigenstates of the oper8tor=

S, + S,y + S, The matrix representation of the time

1. COMPUTER SIMULATIONS independent Hamiltoniakl (Eg. [7]), expressed in the eigen-

o ) ~states ofS,y, is diagonal. Thus, the transition frequencigs;
In our case, it is less prone to errors to consider at first@ gq. [2] are simply formed from the differences of compo

|712, 712, 7/12;m,, my, my)

three-spin-7/2 AMX system and Eq. [1] becomes nents inH expressed in the eigenstatesSof. Even in the case
of 512 X 512 matrices, it is relatively easy to derive analytica
H = Q:Sa+ QuSu + QxSix + IanSiaSiv expressions of the transition frequencies. Therefore, the co
plex intensitiesZ, ., are the central quantities which have tc
 InxSaaSox + JuxSawSae [71 be computed in Eq. [3]. The matrices for the raising and th

rotation operators of the spin system are given 2B) (
where the hypothesis of first order is used. The matrices for the

angular momentum operatoBs,, S,y, andS,y are built up by

means of direct products of the corresponding single spin 8 St =Sa + Sy + Sx

8 matrix S, (Table 1) and the & 8 unit matrixE (31). The

(2S + 1)® = 8° quantum states for the three-spin-ARX Rr = Ra* Ry Ry [9]
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and are built up by means of direct produc3d)( The 8 X 8 possible to detect small cross peaks in a 2D COSY spectru
matricesS™ andR are defined in Table 1. At thermal equilib-On the other hand, and for similar cases, these cross pe:
rium, the density matrixr., is assumed to be equal 8, and appear to be comparable to the diagonal peaks in a 2D D(
the density matrix at the beginning of the evolution period BOSY spectrum. The 2D COSY simulations in Fig. 2 als
expressed as show the particular shape of cross peaks more marked for hi
T,a values. From the simulations of 2D COSY spectrum (Fic
2) and contrary to those of 2D DQF COSY spectrum (Fig. 3
it should finally be noted that the maximum of the cross peal
correspond to frequencies slightly different from,( wy) and
For a three-spin-7/2 system, there are (3t@mplex inten- (wy, w,). This feature comes from the fact we are facing som
sitiesZ, ;.. and these factors were calculated numerically withverlapping problems. As can be observed from Fig. 2, dia
a program written in FORTRAN 77. The knowledge of thenal peaks are high enough to provide feet of comparak
complex intensities allows us to expand Eg. [3] and a secomdensity relative to cross peaks. Keeping in mind these cro
program written in C uses the expressions we have obtainegtaks have in-phase and anti-phase components, an enha
compute the free induction decays for incremented valuesmént of the formers is expected while the latters are partially
t;. In both cases, calculations were performed on a Silicdotally canceled with diagonal peaks feet. As a result, distorte
Graphics Computer (MIPS R4000 SC monoprocessor) withoss peaks with positions shifted toward their in-phase cor
programs written by the authors. The complex arithmetic wasnents are observed. This effect is well exemplified in Fig. :
implemented with double precision floating point numbers$n Fig. 2a, as there is not any cross peak, the diagonal pe
The generation of 12& 512 data matrices containing the timeexhibits a classical shape with its wings following a linea
domain signals for a three weakly coupled spin-7/2 systeimajectory. In Figs. 2a to 2f increasing values |68(*°Co—
required 8 min. *°Co)| give stronger effects on the diagonal peaks wings. Tho:
In a second step, we will suppose that our three-spin-7&et which are overlapping with cross peaks deviate more a
AX, system may be treated as a three-spinAK2X system, more from the linear trajectory. They seem to “avoid” cros
whereJax = Jaw, Jux = 0, andwy, = wx. This approach is peaks and this arises from their cancellation with the latt
valid as long as multiexponential relaxation among the equigross peaks anti-phase components. On the other hand,
alent spins can be excludet))( This is verified since, as will DQF COSY (Fig. 3) do not show this phenomenon. It can b
be seen later, the decay of coherences for ndckeidX in the seen that diagonal peaks feet are negligible relative to crc
three-spin-7/2AX, system is described by a single transvergeeaks, so there is not any overlapping effect. Undistorte
relaxation timedl ,, andT .y, respectively. For adX, weakly diagonal and cross peaks are obtained and appear at the
coupled spin system, the relatibm, — wy| > |2mJ.y still  pected frequencies.
holds and the peak intensities depend on the two transversé is of interest to note that these deviations from righ
relaxation timesT,, and T, and also on the value af,«. frequencies form a way to decide if a cross peak is a true o
Figures 2 and 3 illustrate the effect of the transverse relaxationa simple wing superimposition artifact. In this case, diagon
timesT,, on the intensities of the peaks, using, in the calcyeak wing superimposition would lead to an additive scheme
lations of s™(ty, t,), a set of values corresponding to thoseuch a way that no shape deviations would be observed. Th
found experimentally on our tetrahedral cluster. Figures 2a-2ftifacts would appear unshifted from exact frequencies. Tt
(COSY) and 3a—3f (DQF COSY) are generateddq@r= 4000 will be illustrated in the last section.
Hz, wx = —3000 Hz,J,x = 100 Hz, T, = 500 us, and
T,» = 100, 200, 300, 400, 500, arid00 us, respectively. IV. EXPERIMENTAL
Data were apodized in both dimensions by a squared sine bell
function with 7/2 shift. The data matri§(w,, »,) obtained The cluster HFeCgCO),,PPhH has been synthesized from
after Fourier transformation of"(t,, t,) in both domains is the tetranuclear mixed metal carbonyl hydride HFC®),,
drawn in the power mode as a contour plot. As expected, thesal PPhH according to the published procedug?), Figure 1
2D spectra are symmetrical about the diagonal, S€w,, presents the structure of this compound which was dissolved
0,) = Yw,, w,), and independent of the sign of the coupling@DCl,. The concentration was around 0.02 FMiCo NMR
constant] .. measurements were carried out on a Bruker MSL 300 spe
These simulations show that if scalar coupling is presemmbmeter operating aB, = 7.1 T. The corresponding’Co
between two nucleh andX, short transverse relaxation timed.armor frequency is 71.213 MHz. Chemical shifts are reporte
of one of these two nuclei can attenuate the intensity of tldewnfield from the external reference®o(CN); saturated in
cross peaks. Moreover, the vanishing of cross peaks may ocby®. The temperaturd, ~ 300 K for all the experiments, was
in situations with small coupling and very short relaxationegulated with a Bruker B-VT 1000 unit. Experiments wer¢
times. Note particularly that even for a small coupling constaperformed using a Bruker MAS probe with a cylindrical 7-mr
and relatively short relaxation times where the multiplet struzirconium rotor. This allows us to use a shaf? pulse length
ture is not apparent in the 1D spectrum, it is nevertheleg2.25 us necessary to cover adequately the whole spectru

o(ty=0) = R‘I_'lo'eqRT = RT_lszTRT- [10]
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FIG. 2. Theoretical 2D NMR COSY power spectra for a three-spinAAX system. Contour plots (a) to (f) correspondatg = 4000 Hz,wx = —3000
Hz, Jax = 100 Hz,T,x = 500 us, andT,, = 100, 200, 300, 400, 500, arkDOO0 us, respectively.

The *Co COSY spectrum of HFeGECO),,PPhH was ob- time 10.24 ms, 512 points, recycle delay 125 ms, 2720 scal
tained using the subprogram COSYN.PC from Bruker with thHE28 decays in F1, squared sine bell apodization with shift
following parameters: SWE SW2 = 50 kHz, acquisition and power spectra in both dimensions. The interpulse delay
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FIG. 3. Theoretical 2D NMR DQF COSY power spectra for a three-spinAX2 system. Contour plots (a) to (f) correspondd@ = 4000 Hz,wx =
—3000 Hz,Jax = 100 Hz, T,x = 500 ws, andT,, = 100, 200, 300, 400, 500, arkD0O us, respectively.

was incremented by the dwell time and the transmitter fr&OSYDQ.PC from Bruker with the same parameters as for tl
®Co COSY spectrum, except for the number of scans whic

quency was placed within the middle of the spectrum. T@e
DQF COSY spectrum was obtained using the subprogramas equal to 3584.
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ertheless, th&, values of Col and Co2 estimated from the line
widths Av,, are around 190us far below theT, values.
Moreover, the analysis of th&P saddle shaped spectra ha

(@) given a value of' J(**P-°Col) ~ 450 Hz for this compound
(33) and the line width of the peak corresponding to the tw
equivalent cobalt nuclei Co2 is expected to be essential
unaffected by the coupling constant betweg@o and *'P
nuclei. The explanation of this difference betwdgrandT, is

(b) given by the existence of a scalar relaxation of the second kir
where T, is different from T,. This mechanism implies a
coupling constant which can be estimated with

(c) o1 —4—7723233+1T Col). [11
T,(C02) ~ Ty(Coz) ~ 3 I S(SF DTe(Col). [11]

"7 2700 2800
(ppm)

—
-2600
If we take theT, values previously obtained,,(Co2) = 190
FIG. 4. *Co NMR spectra of the cluster HFe60),,PPhH. (a) Exper- uS and taking into account that a Co2 nucleus has a relaxati
imental spectrum in CDGlat T = 300 K. (b) Theoretical spectrum with mechanism of the second kind arising from nucleus Col, ol
T2(Col) = 470 us, T,(Co2) = 330 ps, and’J(*Co1=P) = 450 Hz. (¢)  gpiains’I(*¥*Co1-°Co2) = 165 Hz. Furthermore, it was pos-
Theoretical spectrum witfi,(Col) = 470 us, T,(Co2) = 330 us, *J(**Col- ible t th imulati f {EC 1D’ t
Ip) — 450 Hz, and-J(*Col-*Co2) = 120 Hz. sible to compare the simulation o o spectrum
obtained after Fourier transformation of the first free inductio

decay from the COSY experiment, corresponding to a shc

For T, measurements 6fCo nuclei, the standard inversion-€volution time. The experimental line widths (Fig. 4a) ar
recovery SeqUeI’lCGﬂTI—’T—(’TT/Z)—ACQUiSitiOﬂ, was used. We significantly Iarger than those obtained by Considering th
have taken up to 350 scans and at least 22 valuedsarsfeach relaxation data, taking into account the scalar Coupling (
T, measurement. The peak areas were used in a nonlinelli P—"Col) = 450 Hz for the cobalt nucleus bound to the
three-parameter least-squares fit of data according to the ugi¥@sphine ligand (Fig. 4b). These results provide further su
equation:l(r) = l.(1 — K exp(—7/T,)). As the frequency Port for the presence of other unresolved coupling in the 1
difference between the two resonances is large, we verified tRBeCtrum. On the other hand, Fig. 4c shows that the simulati
two measurements with the carrier frequency set at the re§bthe *Co 1D spectrum, taking into account the experiment:
nance of each®Co nuclei and one measurement with thehemical shifts and relaxation timé@s(Col) andT,(Co2) as
carrier frequency set within the middle of the spectrum give thyell as the coupling constantd(*Co1-'P) = 450 Hz and
same relaxation times. The maximum errorsTarvalues are J(**Col-°Co2) = 120 Hz is in good agreement with the
estimated to be less than 10%.(*Co) values were estimatedeXxperimental ones of Fig. 4a. It was therefore of interest |

from the line widthsAv,,. obtain the®Co COSY spectrum of our cluster. In addition, the
use of the double quantum correlation experiment could pr
V. RESULTS AND DISCUSSION vide information frequently obscured in the 2D COSY expel

iment by the overlap of intense diagonal peaks with the cro
The *Co spectrum of the cluster HFeG0),,PPhH pre- peaks.

sents two resonances having intensities in the ratio 2:1 (Fig.The 2D *Co COSY and DQF COSY NMR spectra are
4a). The cobalt nucleus bound to the phosphine ligand (Col)sisown in Figs. 5a and 6a, respectively. In the 2D COSY NMI
found at —2610 ppm while the two other equivalent nuclespectrum, cross peaks between the two resonances are w
(Co2) are observed at2714 ppm. The direct measurement obut clearly resolved. One of the best proof that these cro
the longitudinal relaxation times givds(Col) = (470 = 40) peaks are not arising from overlapping of the long wings of th
us andT,(Co2) = (320 = 30) us. For both cobalt nuclei, the lines is provided by the DQF COSY NMR spectrum. In orde
inversion—recovery sequence leads to a monoexponential teeobtain a value of'J(**Co-°Co)|, the 2D *Co COSY and
havior and excellent agreement between the experimental da@F COSY spectra were analyzed according to the formalis
points and the theoretical recovery curves is obtained. On tiiescribed above. In this analysis, it has been assumed that
other hand, it has been recently shov@8)(that the cobalt the *Co relaxation is described with the assumptions of e
relaxation timesT, for this cluster are temperature dependenteme narrowing and single correlation time and (b) the dec:
but not field dependent. This result shows, in addition to tled coherences for nucleA and X is described by a single
extreme narrowing conditions, that tf€o relaxation is dom- transverse relaxation timés,, and Ty, respectively. To take
inated, as previously observed on analog compoudds35, into account the coupling betweefiCo and *P nuclei, the
by the quadrupolar relaxation mechanism, ilg.= T,. Nev- calculations were done by considering a free induction dec:
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FIG. 6. *Co 2D NMR DQF COSY power spectra of the cluster
HFeCq(CO),,PPhH. (a) Experimental spectrum in CDCit T = 300 K. (b)
Theoretical spectrum witfi,(Col) = 470 us, T,(Co2) = 330 us, *J(*Col-
3Py = 450 Hz, and'J(*Co1-°Co2) = 115 Hz.

as the sum of two ones calculated with a shift of the offse
frequency corresponding to the cobalt nucleus bound
the phosphine ligand equal te-#'J(*Col1-'P) and to
—7J(*°Co1-"P).

Experimental and simulated results for the related cluster &
shown in Figs. 5a and 5b (COSY) and 6a and 6b (DQF COSY
The best parameters used to generate the calcufd@ul
COSY and DQF COSY spectra of Figs. 5b and 6b ar
T,(Col) = 470 us, T,(Co2) = 330 us, |Jcorcod = (115= 20)
Hz. The error is reported on the basis of the accuracy estimal
for simulation observations. This error limit o£17% is
probably underestimated in view of unknown errors due to tf

FIG. 5. ®Co 2D NMR COSY power spectra of the clusterassumptions used in the determination'&f°Co—°Co). Note

HFeCq(CO),;PPhH. (a) Experimental spectrum in CDCAt T = 300 K. (b)
Theoretical spectrum witli,(Col) = 470 us, T,(C02) = 330 us, *J(**Col-
¥p) = 450 Hz and'J(*Co1-°Co2) = 115 Hz. (c) Theoretical spectrum with

that the relaxation times used for these simulations are in go
agreement with those obtained by the inversion—recovery ¢

T,(Col) = 470 pus, T,(Co2) = 330 us, “J(*Col-P) = 450 Hz, and duence. On the other hand, the experimental and simulaf

13(*Co1-°Co2) = 0 Hz.

spectra are very similar. As can be seen in Figs. 5 and 6, t
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experimental spectra mimic well the features of the predicté@nsition-metal clusters containing quadrupolar nuclei wit
spectra in the presence of scalar coupling between cobadmparable or smaller quadrupole moment and high recept
nuclei. Finally and for comparison, Fig. 5¢ shows tH€o ity such as®Sc, *'V, *Mn, and *Nb.
COSY spectrum generated with the same parameters as in Fig.
5b, except for the coupling constadt,, ., which was set
equal to 0. As can be seen, the maximum height of the two
cross peaks corresponds to the frequencies of the diagonghe umR 50 CNRS-Bruker—ULP thanks the region Alsace for its partici
peaks. This is not the case in the presence of the scalaton in the purchase of the Bruker MSL 300 spectrometer.
coupling where the maximum intensities are slightly shifted
from the frequencies of the peaks positions. This feature, in
addition to the shape of the peaks, can be used as an indication
of the presence of a scalar coupling between quadrupolar r. r. Emst, G. Bodenhausen, and A. Wokaun, “Principles of Nu-
nuclei. clear Magnetic Resonance in One and Two Dimensions,” Claren-
It is of interest to compare this only knowd(*Co—°Co) don, Oxford (1987).
data to other metal to metal coupling available from the liter2. J. Jeener, Ampere International Summer School, Basko Polje, Yu-
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