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In previous papers”*, we have analysed the chemical shifts and line-shapes of 
cross-polarisation (c.p.)&magic-angle sample-spinning (m.a.s.) ‘V-n.m.r. spectra of guest 
p-nitrophenol (PNP), p-hydroxybenzoic acid, benzoic acid, and m-nitrophenol included 
in the host cyclomaltohexaose (cyclohexa-amylose, a-CD) and cyclomaltoheptaose (cyclo- 
hepta-amylose, p-CD) in the solid state. In these papers, we demonstrated that this is a 
sensitive method for obtaining microscopic information about chemical and physical 
properties of the guests included in the CD cavities. The c.p.-m.a.s. 13C resonances of the 
protonated carbons of the guests broaden and disappear from the spectra following com- 
plexation with a-CD, whereas all the carbons of PNP included in P-CD show sharp reso- 

nances. Although we have explained these phenomena in terms of the molecular motion 
of the guests in the CD cavity, there were some ambiguities. We now report a reinvestiga- 
tion involving new data on the inclusion complex of hexakis(2,3,6-tri-O-methyl)cyclo- 
maltohexaose (a-TMCD) with PNP. The molecular structure of the crystalline a-CD-- 
and o-TMCD-PNP inclusion complexes have been characterised by X-ray diffraction3’4. 

cr-TMCD was synthesised from o-CD’, and recrystallised several times from hot 

water. The crystal of ar-TMCD-PNP (1: 1) complex was prepared by the reported method4. 

C.p.-m.a.s. t3C-n.m.r. spectra were recorded with a JEOL JNM FX-200 spectrometer 
operated at 50 MHz. The instrumental conditions were m.a.s. rate, -3.5 kHz: c.p. contact 
time . 2 ms; proton-decoupling field strength (at), SO-55 kHz. The details of the prep- 

aration of other materials and of the n.m.r. operations have been reported*. 
Figs. 1-4 show c.p.--m.a.s. 13C spectra of crystalline PNP”‘, and PNP com- 

plexed with o-CD”*, P-CD*, and (Y-TMCD. There are several striking changes in the PNP 
resonances upon complexation. The most outstanding difference between the spectra of 
PNP in the free state and in the @-CD complex is. as pointed out previously”*, the virtual 
disappearance of the C-2 and C-3 resonances upon complexation, whereas all of the PNP 
resonances appeared clearly in the spectra of the P-CD- PNP and CY-TMCD-PNP com- 
plexes. However, in the spectrum of the o-TMCD complex, the PNP C-3 and C-3 reso- 
nances have decreased intensities with severe line-broadening, as compared with the C-l 
and C-4 resonances in the same spectrum. 

*To whom mquiries should be addressed. 
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Fig. 1. C.p.-m.a.s. %n.m.r. spectrum of PNP (6000 scans; contact time, 2 ms; repetition time, 
10 s). The insert shows the expanded spectra. Obvious side-bands are indicated by “s.b.“. 
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Fig. 2. C.p.-m.a.s. ‘3c-n.m.r. spectrum of the c&D-PNP inclusion-complex (700 scans; contact time, 
2 ms; repetition time, 5.0 s). The signals at higher field are the resonances of (U-CD. The insert shows 
an expansion of the PNP region. 
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Fig. 3. C.p.-m.a.s. ‘3c-n.m.r. spectrum of the BCD-PNP inclusioncomplex (620 scans; contact 
time, 2 ms; repetition time, 5.0 s). The signals at higher field are the resonances of O-CD. The insert 
shows an expansion of the PNP region. 
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Fig. 4. C.p.-m.a.s. ‘%n.m.r. spectrum of the &TMCD-PNP inclusion-complex (500 scans; contact 
time, 2 ms; repetition time, 5.0 s). The signals at higher field are the resonances of a-TMCD. The 
insert shows an expansion of the PNP region. 
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The spinning side-bands, which appeared clearly in the spectra of the free state 
PNP (shown by “s.b.” in Fig. l), were reduced in their intensities and could not be 
detected in the spectra of the inclusion complexes (Figs. 2-4) although the spinning 
side-bands were not removed artificially. The non-equivalence of two PNP C-2 carbons, 
leading to line-broadening and splitting of their resonances, also disappeared upon com- 
plexation with &CD and o-TMCD. 

For free PNP, the resonance of the carbon bonded to nitrogen (C-4) was split 
into an asymmetric doublet because of the 14N-13C dipolar coupling, which cannot be 
completely suppressed by m.a.s. 677 . The splitting of this doublet (-60 Hz) is comparable 
with that found for the nitro carbons of crystalline 4-nitrotoluene6 and 2,6-dimethyl-3- 
nitroaniline7. This result shows that the free PNP molecule in the crystalline state is al- 
most static. In contrast, the r4N-13C splitting of the PNP C-4 resonance could not be 
observed in the spectra of complexes with a-CD, P-CD, and (u-TMCD. 

All these observations indicate that the PNP molecule included in the CD cavity 
is undergoing molecular motion. Since typical values’ for the chemical shift anisotropy 

for aromatic carbons are in the range of 150-200 p.p.m., the disappearance of the spin- 
ning side-bands suggests that the life-time of molecular motion of PNP in the CD cavity 
is shorter than -1.5 X lo4 s. 

Rothwell and Waugh9 have developed the theory for T2 (the inverse of the 
line-width) for a 13C spin dipolar coupled to a proton spin under conditions of random 
rotational motion and proton spin r.f. decoupling. According to the theory, the plot of 
line-width VS. the correlation time for molecular motion, 7, (which corresponds to the 
inverse of rate of molecular motion), shows a maximum when the rc value is equal to 
the modulation period of the proton decoupling (l/or), and where the line is the 
broadest. In the “short correlation” limit (wrrr << l), the line-width is reduced by the 
rapid motional averaging; in the “long correlation” limit (or rr >> l), the line-width is 
also reduced by the efficient 13C-lH dipolar decoupling. As is evident from the theory, 
the influence of the decoupling field is more significant for the resonance of carbon 
having directly bonded proton(s) and undergoing restricted motion. 

Thus, the selective disappearance of the resonances of protonated carbons, 
C-2 and C-3, of PNP upon complexation with a-CD would arise from the restricted 
motion of the PNP molecule with a rate close to, or identical with, the nutation rate of 
the proton-decoupling field as suggested previously lT2 In this case, the correlation time . 
for motion is - 3 X 10” s. The 13C line-broadening due to the dipolar coupling with 
14N is not effectively suppressed by the rotational motion about the C-N bond”. Since 
the C-4 resonance in the spectrum of the a-CD complex is clearly broader than that in 
the spectra of other complexes, the motion of the PNP molecule in the (U-CD cavity is 
the rotation about the axis which spans C-l, C-4, and N. This supposition is supported 
by the X-ray crystallographic study3, which showed that the C-l -C-4 axis of included 
PNP nearly coincides with the axis of the a-CD cavity. Such rotational motion could not 
affect the line-widths of C-l and C-4 resonances. 

The X-ray studies also showed that the guest molecule is more loosely packed in 
the ar-TMCD cavity than in the (U-CD cavity 3y4 . This fact explains the appearance of the 
C-2 and C-3 resonances in the spectrum of the a-TMCD complex, in that the molecular 
motion of a PNP molecule in the a-TMCD cavity is expected to be faster than that in 
the a-CD cavity. The mean line-width of C-2 and C-3 resonances is -80 Hz, which corre- 
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sponds. according to the theory of Rothwell and Waugh’, to a correlation time of 
-? X lo-’ s (shorter correlation-time side). Since the line-width of the C-4 resonance 

in the spectrum of the (r-TMCD complex is sharper compared with those of the C-l 

resonance in the same spectrum and the C-4 resonance in the a-CD complex, the molec- 
ular motion of PNP in the a-TMCD cavity cannot be the rotation about the C-l-C-4-N 

axis. This expectation is supported also by the X-ray crystallographic structure4, ie., in 
the ol-TMCD cavity, the PNP C-l C-4-N axis is not parallel to the axis of the ar-TMCD 

cavity. The motion of PNP other than the rotation about the C-l -C-4 axis may also 
reduce the line-width of the C- 1 resonance as well as those of the C-2, C-3, and C-4 

resonances. 
The mean line-width of the C-2 and C-3 resonances of PNP in the P-CD complex 

is - 50 Hz, which corresponds to the correlation time of - 7 X lo-’ s (short correlation- 
time side) or - 8 X lo+ s (long correlation-time side). At present, there is no clear 
evidence to decide which correlation time is realistic. In a previous paper2, we deduced 
that the molecular motion of PNP is more extensively restricted in the P-CD cavity than 

in that of a-CD. This deduction was based on the results derived for the inclusion com- 
plexes in solution by observation of carbon-13 relaxation time” . As pointed out pre- 
viously2. not all of the results for solutions necessarily correspond with those for the 
solids. In the latter state. stronger intermolecular interactions, which are brought about 
by fixation of the molecular geometry and packing, must be considered. The direct 
measurements of relaxation parameters and the observations of variable temperature 
c.p.-m.a.s. 13C-n.m.r. spectra” may be useful for detailed characterisation of molecular 
motion in the solid state. 

Thus, c.p.-m.a.s. 13C-n.m.r. spectra clearly indicate that the guest PNP in- 
cluded in the CD cavity undergoes molecular motion even in the solid state, and that the 

rate of motion depends on the inclusion state. 
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