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Figure 1. Energy level diagram for AB two spin system, p, q, r, and s 
show energy levels, respectively, and A], A2, B] and B2 represent al­
lowed transitions, respectively. 
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Figure 2. Time sequence of the pulse trains. Pulse at u2 is used for ir­
radiation, pulses at o>i are observed. 

An Application of Fourier Transform Techniques in 
the Proton Homo Double Resonance Mode. 
Internuclear Double Resonance 

Sir: 

Internuclear double resonance (INDOR)1 is well accept­
ed as one of the convenient methods to find hidden reso­
nance lines and/or to determine relative signs of spin cou­
pling constants in high resolution nmr studies. In this meth­
od, the change in level populations as the result of spin 
pumping is detected through the monitor line as the intensi­
ty variation which occurs when the frequency, a>2, of the 
perturbing field //2 coincides with the frequency of a line 
that has an energy level in common with the monitor line 
transition at W]. 

For simplicity, assume a spin coupled two-spin system 
AB. The energy level diagram is shown in Figure 1. Quanti­
tatively, the intensity of the monitor line corresponding to 
the transition Bj, for example, increases when the popula­
tion at the level q increases through spin pumping by the ef­
fect of the swept irradiation frequency u2. Spin pumping to 
the level r reduces the intensity of the monitor line. The rf 
level at the frequency «1 for monitoring is adjusted below 
saturation in an INDOR experiment.2 

However, consider the spectrum to be measured after the 
transition Bi is irradiated by frequency 0)2. The irradiation 
must be sufficient to perturb the population in levels q and r 
but be short in time so as not to cause the rearrangement of 
the population in p and s. The difference in peak intensity of 
lines corresponding to transitions A1 and A2 as measured by 
conventional single resonance methods and the peak intensi­
ties measured using the procedure outlined above must be 
analogous to the INDOR spectrum. 

This kind of peak intensity is maximized if it is observed 
in a spectrum measured just after the level populations in r 
and q are interchanged. This measurement, however, is dif­
ficult to make using conventional swept mode nmr equip­
ment because the required time to span the whole spectral 
range is usually long enough to reach thermal equilibrium. 

The Fourier transform technique is the best way to solve 
this difficulty. The information on peak intensity in the fre­
quency domain is available at the beginning of the free in­
duction decay. That is, the information may be correct if 
data acquisition time is comparable to relaxation time T1 

and if relaxation times of each of lines are not equal. 
Figure 2 is a schematic representation of pulse train. To 

obtain optimum effects at frequency OJ?, the irradiation 
field strength H2 and the pulse width T2 must meet the re­
lationship yH2r2 = 7T, where 7 is gyromagnetic ratio of a 
proton, and, in addition, the frequency distribution must be 
narrow enough so as not to perturb other transitions. In ex­
treme cases, these conditions can be achieved by using con­
tinuous wave irradiation; however, this mode of operation 
causes generalized Overhauser effects3 or spin tickling,4 de­
pending on the spin system involved. 

The first pulse at frequency «1 is used to observe the ef­
fect on the irradiation at o>2- The second pulse at frequency 
a; 1 is used to measure the spectrum of the spin system at 
thermal equilibrium in the external magnetic field. The dif­
ference in free induction decays after these two kinds of 
pulses occur is then accumulated and transformed into fre­
quency domain. For a meaningful measurement, the sum of 
the aquisition time T and the pulse delay time 7~d must be 
long enough compared to all of relaxation times T\ of the 
spin system under study. 

An experiment to illustrate this principle was carried out 
on a Varian NV-14 high resolution nmr spectrometer modi­
fied for proton FT use. The data system used was a Varian 
Data Machine's ADAPTS computer system. An internal 
deuterium lock was used to hold the field/frequency ratio 
constant. The output frequency of the NV-14's standard 
spin decoupler was pulsed and amplified to obtain an appro­
priate pulse for sample irradiation purposes. 

The result of one experiment is reproduced in Figure 3. 
The bottom trace is a part of a norma! spectrum of a deu-
teriochloroform solution of Maltol (Figure 4) measured by 
using the Fourier transform technique. The middle shows 
the effect of w2 on the same part of the spectrum. The upper 
one is the result of using the procedure described above. 
The line at the far left of the trace was irradiated in this ex-
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Figure 3. A part of spectrum of Malto! in CDCL3: (a) normal spec­
trum; (b) the same part of the spectrum with 012 irradiation; and (c) 
difference of (a) and (b). Middle small singlet corresponds CHCL3 in 
the solvent used. 

Figure 4. 

ample. All traces are the result of five transient accumula­
tions and are read out with absolute intensity mode. 

As expected, the line corresponding to the regressive 
transition411 appears negative313 and the one due to the pro­
gressive transition appears positive, respectively. 

The intensity of the partner line of the irradiated doublet 
can be interpreted in terms of the relaxation during a period 
between the time irradiated at u? and that observed at OJI.5 

The intensity estimated by making use of the equation de­
veloped by Wangsness and Bloch6 under appropriate as­
sumptions gives the same result as obtained from simple 
consideration based on the level population difference. 
However, the effect of the pulse at the frequency o>i must 
be small enough to act as the perturber for an unperturbed 
state which is established by the external field and the pulse 
at the frequency co2. Generally, the sensitivity seems still 
much higher in this method than conventional INDOR 
even under this condition. 

In summary, the method described has benefits which in­
clude short experimental time, higher sensitivity, and ease 
of accumulation. There is promise of wide application to the 
analysis of many organic compounds, even in very dilute so­
lutions. 
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Compressed Tetragonal Distortion in Rb2PbCu(N02)6 at 
2950K 

Sir: 

We wish to report the first example of compressed tetra­
gonal distortion for six-coordinate Cu(II) with equivalent 
ligands. Single-crystal X-ray diffraction shows the rubidi­
um lead hexanitrocuprate(II) crystals to be orthorhombic 
with space group, Fmmm. The crystallographic site sym­
metry for Cu(II) is Dih (mmm), but two of the three pairs 
of Cu-N distances are equal within experimental error. 
Thus, Cu(II) has a compressed tetragonal environment with 
an average Cu-N bond length of 2.171 (5) A for the long 
bonds and 2.063 (4) A for the short bonds. The bond dis­
tances and bond angles are given in Table I, and the hexani-
trocuprate(II) anion is shown in Figure 1. 

Crystal data for the greenish black crystals are: a = 
10.8296 (7), b = 10.8196 (7), and c = 10.6113 (7) A; V = 
1243.35 A3 (X = 0.70926 A for the cell determination); or­
thorhombic, with space group Fmmm (D2h

2}, No. 69); 
four formula units (M = 717.7 daltons) per cell; Dx = 
3.834 g cm - 3 ; JX = 223.9 c m - 1 for Mo Ka radiation. 

Intensity data were collected with an automated four-cir­
cle diffractometer, a NaI scintillation detector, and Mo Ka 
radiation with a Nb incident beam filter. The 8-20 scan 
technique was used to measure all 5313 reflections out to 261 
= 90° (±h, +k, ±1). The data were corrected for absorp­
tion and averaged to give 1427 independent reflections. 
Full-matrix least-squares refinement gave a conventional R 
factor of 0.026 based on all reflections. 

Examples of Cu(II) in a compressed tetragonal environ­
ment cited by other authors are potassium tetrafluorocu-

Table I. Bond Distances (A) and Bond Angles (deg) for 
Rb2PbCu(NO,)6 at 295 0K.» 

Cu-N(I) 
Cu-N(2) 
Cu-N( 3) 
N(I)-O(I) 
N(2)-OC2) 
N(3)-0(3) 
Pb-O(I) 
Pb-0(2) 
Pb-OC 3) 
Rb-O(I) 
Rb-OC 2) 
Rb-OC 3) 
Od)-N(I)-O(I) 
0(2)-N(2)-0(2) 
OC3)-N(3)-0(3) 

063 (4) 
176(5) 
166 (5) 
241 (3) 
241 (4) 
250 (4) 
808(3) 
789(3) 
783 (3) 
168 (1) 
127(1) 
145(1) 

117.5 (3) 
116.6 (4) 
114.8 (4) 

" Standard deviations of last significant figure are given in paren­
theses. 
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