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to DNA. Studies currently underway with defined sequences of 
oligonucleotides should provide a more detailed picture of the 
peptide conformation in the bound drug. Other drugs should also 
be amenable to 15N NMR, provided that isotopic enrichment is 
possible. 
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In this communication, we describe an NMR technique that 
provides a direct measure for the homogeneity of solids on a 
molecular level. Most solid systems are to some degree disordered. 
Disorder may range from rare stacking faults in single crystals 
to heterogeneous mixtures of amorphous substances. For example, 
in a solid consisting of two or more molecular species, isomers, 
conformers, or ions, it is possible that phase separation has oc
curred on a microscopic scale. 

Diffraction methods, which are most suitable for the study of 
periodic structures, also provide information on disorder.1"5 

Further insight can be obtained from thermal analysis6 and from 
electron microscopy.7 However, strongly disordered solids remain 
difficult to characterize. 

The method proposed in the present communication is based 
on the phenomenon of nuclear spin diffusion that may occur 
between pairs of adjacent spins. Pairs of nuclear spins i and k 
in the solid are coupled by magnetic dipole-dipole interaction 
which can induce mutual spin flips with a rate proportional to 
l/rik

3 in the case of a rigid lattice and proportional to l/>ik
6 in 

the presence of motional processes.8"15 Due to the strong de
pendence on nuclear separation rik, spin diffusion is almost ex-
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Figure 1. Two-dimensional carbon-13 spin diffusion spectra of mixtures 
of adamantane and 2,2,3,3-tetramethylbutane: (a) mixture of powders; 
(b) mixture by melt. Note the absence of cross-peaks between signals 
belonging to different species in the heterogeneous sample in Figure la. 
The spectra were recorded with static samples at room temperature with 
a Bruker CXP 300 spectrometer according to the procedure described 
in the text (rm = 5 s) and are presented in phase-sensitive mode. The 
phases of the last two 90° pulses were cycled together through x,y,-x,-y 
phases while the signals were alternately added and subtracted. 

clusively confined to neighboring molecules. If spin diffusion can 
be measured between two different species, then these species must 
be intimately mixed on a microscopic level. 

A prerequisite for the measurement of spin diffusion rates is 
the ability to resolve NMR signals characteristic of the species 
under investigation. Carbon-13 solid-state NMR is particularly 
suitable because the dispersion of the chemical shifts is large 
compared to the line widths. The low natural abundance of 
carbon-13 reduces the spin diffusion rate due to large average 
nuclear separation. However, experiments have shown that in 
most solids with and without motional processes carbon-13 spin 
diffusion can be detected.16,17 

Spin diffusion between individual sites in solids is formally 
analogous to cross relaxation and chemical exchange in liquids 
and can most conveniently be traced out by two-dimensional (2-D) 
exchange NMR spectroscopy, a method that has been used in 
liquids18"21 and has recently been applied to solids by Szeverenyi 
et al.16 and by Suter and Ernst.22 After initial cross polarization, 
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the carbon-13 magnetization precesses during the evolution period 
tx in the presence of proton decoupling. A 90° pulse converts 
transverse coherence into longitudinal magnetization, which is 
allowed to migrate by spin diffusion for a time rm (typically 1-102 

s). In this interval, no decoupling is applied. Finally, a 90° pulse 
reconverts longitudinal polarization into observable transverse 
coherence, which is detected in the presence of proton decoupling. 

An illustration of 2-D spin diffusion spectroscopy is shown in 
Figure 1, where heterogeneous and homogeneous disordered 
mixtures of adamantane and 2,2,3,3-tetramethylbutane are com
pared. The one-dimensional spectra of the two samples cannot 
be distinguished and show four resonances: A] and A2 correspond 
to the CH and CH2 carbons of adamantane, H1 and H2 to the 
quaternary and methyl carbons of 2,2,3,3-tetramethylbutane, 
respectively. 

Figure la for a heterogeneous mixture of finely powdered 
material exhibits besides the four diagonal peaks four cross peaks 
connecting pairs of signals belonging to the same species, sug
gesting that spin diffusion proceeds exclusively within domains 
containing either one of the pure species. 

Figure 1 b shows a similar spectrum of a sample prepared by 
melting and cooling equal amounts of adamantane and of 
2,2,3,3-tetramethylbutane. The spectrum exhibits all 12 possible 
cross peaks, indicating that spin diffusion proceeds with similar 
rates between all four carbon sites. This is unambiguous evidence 
that the two molecules form a mixed crystal. 

The elongated shape of the signal peaks, shown in phase-sen
sitive representation, indicates the absence of spin diffusion be
tween microcrystallites whose resonances are shifted in frequency 
by susceptibility effects. 

Although the presence of cross peaks, as in Figure lb, is suf
ficient evidence for the existence of mixed crystals, care must be 
taken in interpreting the absence of cross peaks as in Figure la. 
In unfavorable systems, spin diffusion rates may be low and indeed 
undetectable if spin diffusion is much slower than spin lattice 
relaxation. However, the ratio of the amplitude of cross peaks 
connecting different species to the amplitude of cross peaks relating 
signals of the same species provides a quantitative measure of the 
homogeneity. 

The combination of 2-D spin-diffusion spectroscopy with magic 
angle spinning may greatly enhance resolution. This is particularly 
useful for rigid solids where the shielding anisotropy is not averaged 
by molecular motion. Experiments by Szeverenyi16 and ourselves17 

have indicated that such combined 2-D MAS experiments are 
straightforward, although spin diffusion rates may be reduced by 
sample rotation due to averaging of dipolar interactions.17,23 For 
the nonspinning samples presented in Figure 1, the efficiency of 
spin diffusion is enhanced by rotational and translational molecular 
diffusion,24,25 which increases the likelihood that pairs of carbon-13 
spins interact. 

The spin diffusion experiment described here is by no means 
restricted to carbon-13 NMR. Diffusion between protons is 
particularly efficient and sensitive to heterogeneity. To achieve 
better separation of the signals, the proton magnetization may 
be transferred to the carbon-13 nuclei by selective cross polari
zation or pulsed coherence transfer.26 

In conclusion, spin diffusion provides a useful technique for the 
study of microscopic heterogeneity in a wide variety of materials. 
The most promising applications appear to be in the field of 
synthetic and of biological polymers. Applications in mineralogy 
and in solid state physics are also conceivable. 
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Recently we reported the structure and electrochemical prop
erties of a new dirhodium(II) complex that had trifluoracetamido 
in place of carboxylato bridging ligands.1 This compound, 
Rh2(HNOCCF3),,, undergoes reversible oxidation to yield 
[Rh2(HNOCCF3)4]+, similar to the rhodium(II) carboxylates2 

but at a much lower potential than Rh2(OOCCF3)4. This sug
gested to us that the synthesis of other rhodium(II) dimers with 
RNOCR' ligands could result in a system for which the electronic 
structure could be "tuned" for redox processes by varying R and 
R'. This indeed is the case as we report in this communication. 
Tetrakis(/i-acetato)dirhodium(II) reacts with 7V-phenylacetamide 
to produce a complex mixture of partially and totally amide-
substituted dinuclear rhodium(II) complexes and their isomers. 
The reaction was carried out by heating a mixture of 1 g of 
Rh2(OOCCH3)4 and 30 g of 7V-phenylacetamide at 150 0C for 
48 h. After excess /V-phenylacetamide was removed by subli
mation, the product was a mixture of organic impurities and 
several different rhodium complexes. The organic impurities were 
separated from the rhodium complexes by HPLC using a CN-
bonded phase column with methanol eluent. As shown in Figure 

I there are four possible isomers of the totally amide-substituted 
product. Two of the four isomers were isolated and studied. 
Elemental analysis of one blue isomer complex corresponds to 
Rh2(C6H5NOCCHj)4(H2O), I (Found: C, 50.61; H, 4.56; N, 
7.80; Rh, 26.96. Calcd: C, 50.50; H, 4.58; N, 7.40; Rh, 27.1). 
Elemental analysis of a second green isomer corresponds to Rh-
(C6H5NOCCH3)4, II (Found: C, 51.69; H, 4.50; N, 7.45; Rh, 
27.73. Calcd: C, 51.75; H, 4.31; N, 7.54; Rh, 27.76). The 
molecular weight of complexes I and II were determined by liquid 
chromatography/mass spectrometry, operating in the negative 
ion mode and showed a parent mass of 742. This is the calculated 
molecular weight of the dinuclear rhodium(II) complex with four 
bridging A^-phenylacetamado ions. 

The 1H NMR spectrum of II gives three CH3 proton resonances 
at 1.72,1.77, and 1.92 ppm with an area ratio of 1:2:1 and strongly 
suggests that II is isomer C in Figure 1. In addition the 13C NMR 
spectrum shows that the amide group carbon as well as the o-, 
m-, and p-benzene carbons are split into three bands, also sug
gesting isomer C. Compound I shows only one 1H NMR reso
nance for the CH3 groups, at 1.75 ppm, and none of the 13C 
resonances are split. This is the NMR spectra that would be 
characteristic for either A, B, or D. Cotton and Felthouse3 have 
also reported isomers for dinuclear rhodium(II) complexes with 
2-oxy-6-methyl-pyridine and 2-oxy-6-chloropyridine bridging 
anions. The N,0 bonding combination of isomers B and C were 
found for these ligand systems. 

As shown in Figure 2, the electrochemical oxidations of I and 
II proceeds in two steps without destroying the dimeric cage 
structure. The currents observed by differential pulse polarography 
and cyclic voltammetry were of equal height, indicating an 
identical number of electrons transferred in each step. In addition, 
the /Tpa - Ejx. = 60 ± 5 mV from the cyclic voltammograms, 
indicating that one electron is transferred in each step. Potentials 
and coulometric data for each process are given in Table I. It 
is interesting to note that the initial potential for oxidation of 
Rh2(C6H5NOCCH3)4 in CH2Cl2 is over 400 mV more negative 
than for any other rhodium(II) dimer of the form Rh2(O2CCR)4. 
More important, however, the second oxidation has never been 
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