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STR!JCTTJRAL INFORMATION IN POLYCRYSTALLINE SYST~~S
VIA DIPOLAR ~J~JJLATED G{~4ICAL 9fIFT SPECTRA*
M. E. Stoll, A. J. Vega~ and R . W. Vaughan

California Institute of Technology
Pasadena, California 91125 (iSA

Abstract N4R experiments on polycrysta]line samples are discussed which
allow determination of local structural information , bond angles and bond
distances , as well as furnish information to locate the principle axes of
the chemical shift tensor in the molecular frame .

The information inherent ly available from a number of orientationally
dependent ~1~1R interactions is normally not obtainable in full without single
crystal rotation studies . In this paper we discuss two prototype experiments
which furnish a correlation between chemical shift and dipolar inter-
actions1’2 and, thus , allow extraction of the orientationally dependent
information. The use of similar correlations has been demonstrated by Mtiller
et al.3, and Alla and Lippmaa4 and has been deal t with more extensively by
Hester et al.5’6’7 and Waugh8. Stoll et al. 1’2 have demonstrated the produc-
tion and control of such correlations with multiple pulse techniques1 , and
have reported one scheme particularly useful for polycrystalline solids2.

(Xar multiple pulse double resonance scheme2 is illustrated in Fig. 1A.
Briefly, one creates an S (dilute spin) transverse magnetization, allows it
to evolve under the I-S heteronuclear dipolar Hamiltonian for a t ime, r ,
while simultaneously using the multiple pulse cycle to suppress hononuclear

dipolar interactions in the I
(abundant spin) system, and

(

fl 8 ~)Ut$I CyCles finally, while decoupling the I
spins , a it pulse on the S spin
system is used to refocus the
rhemical shift evolution. The
second half of the echo formed
is Fourier t ransformed to pro-

,.-n 8 puts. Cyc les

B I. .riiiiuii duce the spectra such as those
illustrated on the left half of
Fig. 2. Such spectra are essen-

Fi re 1. The pulsing sequences used in (A) tially chemical shift powder
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ear and (B) homon~~~ea~~~xp~~~- patterns for the S spins with
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the amplitude of the various components modulated by the heteronuclear
dipolar interaction2. Therefore, the line shapes are highly sensitive to the
length of the internuclear vectors and their orientation relative to the
chemical shift tensor . Spectra taken on benzene in its rotator phase near
-90°C are ca~ ared with spectra synthesized

2 from the known chemical shift
and geometry of benzene in Fig. 2, and one observes both qualitative and

quantitat ive agreement . The hetero-
nuclear dipolar interaction con-
sidered for the theoretical calcu-

/ ~~~~- . lation1 included a carbon and the
six protons in the benzene molecule.
In our initial paper2 only the
nearest proton was considered , and

200 
the results differed substantially
for values of t over 250 usec.

—. Another simple way of noting__ ~ ~~~~~~~~~~~~~~~ 300
the influence of secondary neighbors

.., 
~~~~~~~~~~~~~~~~~~~~~~ 

400 ~~~~~~~~ is to consider the areas of the
spectra as a function of the dipolar
evolution t ime t. The expression for

_ j ~~~
__. _....... _ 600 —_--~~~/\~~

—-—--—--- - -- the relative area as a function of T

Figure 2. Calculated and experimental is independent of the orientation of
nz ne spectra a s a f un c t i o n  of the the chemical shift tensor , i.e.,

~~~~~~~~~~~~~~~~~~~~~~~~~ 1 O5(3~/’j %~ (4~ 3co5*9y?)Jd~2
where the nomenclature is the same as in reference 2. Fig. 3A illustrates
such results for benzene where the dotted line represents the theoretical
results considering only the nearest neighbor C-H interaction while the solid
l ine considers all six protons within the benzene molecule.

Fig. 3B shows experimental results for the relative areas of calcium
foi,nate2 together with two calculations using the above equation. The solid
line was obtained considering only the nearest neighbor C-H interaction of
the formate ion at the expected interatomic distance of 1.09 X. while the
dotted line was obtained with an interatomic distance of 1.19 A which was
that required to fit the experimental area ratio at t = 50 usec. In general,
it was not possible to account for the calcium formate areas with any static 
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I
1.0 geometry (the effects of secondary

~ A 
neighbors is small here) . Caise-

6 
quently it is suggested that the
formate ion is not static in
calcium formate but is undergoing

.2 restricted molecular motion. The
o -+ 

400 
_~~~0 heteronuclear dipolar interaction

- 
~~‘ 

t(g~sscl “
~~ -- is a function of thermally averaged

geometrical parameters , and efforts

8 are presently under way to use de-
tailed ca~ uter fits to the

.6 observed spectra in calcium for-

\ mate2 to c1~aracterize the nature of
.2 . the motion present.

o \ l0O 200, 3~0 The pulsing scheme reproduced

2 v. 1.01 ~ in Fig. lB illustrates a means of
-. ___________________________ performing a hanonuclear experiment

Fiiure 3. Comparison~ of ca1cüI~~~J i~~ quite similar to the heteronuclear

(A) f b and (B) 
funCtion experiment discussed above. In this

citmt formate. case it is the hc*nonuclear dipolar
interaction rather than the heteronuclear dipolar interaction which modulates
the chemical shift spectra , but the experiment can be understood and analyzed
in a similar fashion. That is , an initial 900 pulse produces a transverse
magnetization which evolves under the influence of the homonuclear dipolar
interaction for a period r , and then a multiple pulse sequence is used to
record the chemical shift powder pattern . (No refocusing pulse is used here
since the proton chemical shift tensor is small , and thus some chemical shift
and off resonance evolution does occur during r. However for other nuclei a
single it pulse could be placed at t/2.) Fig. 4 shows spectra of this type for
polycrystalline CC13COOH taken at a variety of dipolar oscillation t imes , r ,
up to near 300 isec. CC13COOH dimerizes and forms proton pairs in the solid ,
such that the hononuclear dipolar modulation allows the determination of the
length and direction of the proton-proton vector in the chemical shift
principle axes frame. Consequently, this experiment provides much information
concerning the orientation of the shift tensor in the molecular frame .

These experiments are presented to illustrate how couplings between
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Figure 4. Experimental spectra for
CE13c(Di using the pulsing sequence

t~. illustrated In Fig. lB. The nun’berj  . . near each spectrum designates , when
1~~ ~ multiplied by 4.17 iisec, the dipolar

~~~~~~~~ evolution t ime, t , i.e., T ranged
I .  ~~ ~~~~~ / 22 from 4.17 psec to near 292 isec.

./‘ 
•. 

~~~~~~~~~~~~~~ orientationally dependent inter-
4 •  \._.__ actions can be designed to furnish

-‘
detailed orientational information on

LJ’~ ~~~~~ polycrystalline samples . They repre-
sent only an initial effort on the

— 52 development of what is possibly a
13 ../ large variety of such schemes.
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