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ABSTRACT

A single resonance, multiple pulse nuclear magnetic resonance experiment
is proposed and demonstrated which produces a homoriuclear dipolar modulation
! | of a chemical shift powder pattern. The correlation generated betweeh the
| homonuclear dipolar Hamiltonian and the chemical shift Hamiltonian can be
used to determine the relative orientation of the chemical shift principal axis
; ‘ frame to the molecular frame, The experimental scheme is applied to determine
p the orientation of the proton-proton vector in a CCl 3COOH dimer relative to the
l chemical shift tensor of the hydrogen-bonded proton.
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INTRODUCTION

In this paper we describe and demonstrate an experimental scheme to produce

a homonuclear dipolar-modulated chemical shift powder pattern(l). This type of
experiment furnishes relative orientational information between internuclear

; : vectors in the crystal and the three principal axes of the chemical shift tensor,

and it has been used to determine the orientation of the proton-proton vector within
the trichloroacetic acid dimer found in the solid. The results are compared with

a recent single crystal study(z), and the polycrystalline study reported here is

seen to furnish information not obtainable from the single crystal study and

é to allow a unique assignment of the orientation of the three principal axes of
g the proton chemical shift tensor in CC13C00H.

] EXPERIMENTAL SCHEME

Within recent years, the use of a correlation of the heteronuclear dipolar
Hamiltonian and the chemical shift Hamiltonian has been demonstrated in several

related experiments(3'6)

and, more recently, has been the topic of a review(7).
The present experiment produces a correlation between the homonuclear dipolar
Hamiltonian and the chemical shift tensor and can be considered as a homonuclear
analog of a scheme which produces heternonuclear dipolar-modulated chemical
shift spectra(l’s).

The rf pules sequence used is illustrated in Figure 1. First, a transverse

proton magnetization is created by the application of a 90° pulse. A

period of time, t, follows in which nothing is done to the I spins. During
this dipolar evolution period, the proton pairs are strongly coupled by the

dipole-dipole Hamiltonian. At time t = 0, we apply a sequence of eight-pulse |
qycles(a) which suppresses the I-I dipolar interaction. By viewing the magne-
tization stroboscopically at the end of each eight-pulse cycle(s'lo)

signal which is Fourierstransformed to yield the solid state high-resolution chemical

» one acquires a

shift powder pattern. That is, during the period, t, when the eight-pulse
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sequence is applied, the homonuclear dipolar Hamiltonian is suppressed and the

next largest Hamiltonians, the chemical shift and off-resonance terms, control

i . the time development of the spin system. Thus, if t = 0, the Fourier transform

will produce a chemical shift powder pattern, and if ¢ # 0, the dipolar

evolution will be frozen att, t = 0, and appear as a modulation of the powder
pattern.
Figure 2 shows such spectra collected for a series of T values.

The numbers on the spectra are the values of t in units of 4,17 ,sec, so the

last spectrum has had a dipolar modulation time of almost 300 psec. The eight-

pulse cycle time was 50 pysec, and the spectrometer used has been described

previous]y(n).

During the period t, the effective Hamiltonian acting on each proton

pair is
2
H(T) = —5~ (1 - 3 cos 912) (3Iz1 Io - Il°12) + Hy (inner)
2r12
+ (8w + 0,54) Iy * (bt 922) 122 (1)

where 812 is the angle between the vector joining the two protons and the
direction of the external magnetic field, %21 and C,,p are chemical

shifts, Aw is the off-resonance term, and Hy (inner) is the portion of the
dipolar Hamiltonian that couples the proton pair with the other proton pairs in

the system. Hy (inner) is small enough to be ignored here as will be demonstrated
below, and the remaining terms commute. This is important because it means that
the developments due to each can be separated. Thus, one could refocus the Iz
Hamiltonian (chemical shifts and off-resonance effects) for the period, 1, by

placing a 180° rf pulse at 5. This would be necessary if the chemical shift

~fA




anisotropy were comparable in size to the dipolar interaction as it was in
the heteronuclear case(1’6’7). ‘However, here the chemical shift anisotropy
is twenty times smaller than the dipolar interaction and a refocusing pulse was not

used. However, without the refdcusing pulse, it is necessary to correct for the

effects of the off-resonance Hamiltonian during the period, T. Therefore, a linear
phase correction was measured on a liquid water sample, and that correction was applied
to all spectra to compensate for the presence of the off-resonance Hamiltonian during
the time, 7. In a&dition, there is an amplitude reduction that occurs when

the precessional axis for the off-resonance Hamiltonian changes from the

(0,0,1) (z-axis) to the (1,0,1) axis (with the multiple pulse sequence on),
and this is accounted for in the computer programused to synthesize theoretical

spectra, Thus, one needs to consider only evolution under the dipolar term.

, 2
% Yy 2 :
Alr) = 5;3_ (1 - 3 cos 912) (31,,1,-1;1,)
12

for the time period, t. This Hamiltonian produces a linear oscillation of

the proton magnetization vector at a frequency, 3B/2, which depends 15
upon the orientation of the dimer. Since the chemical shift is also J
orientation-dependent, protons with different chemical shifts can exhibit |

different dipolar oscillation frequencies.

During the second evolutionary period, t, the effective Hamiltonian takes ;

the fbrm(a”lo);

H(t) "% [(A“ 4 dizl) (le i Izl) + (bw + °zzZ) (IxZ g I22)] Ve

(higher-order terms) (3)




where o is the chemical shift scaling factor determined experimentally by
observing the off-resonance scaling(‘s) for a liquid sample. A Fourier-transform
of time development under this Hamiltonian will sort the various components

of the magnetization according to their chemical shifts, and it will be

possible to determine the degree of dipolar modulation taking place for each
value of chemical shift.

To furnish a basis for detailed interpretation of dipolar-modulated
chemical shift powder patterns taken in this fashion, theoretical powder
patterns are created by numerically integrating a series of Lorentzian-
broadened isochromats representing an isotropic distribution of crystals.

That is, theoretical spectra, f(w,t).are created by evaluating:

2 %
flwst) = [" [" cos (a(e,¢)1) [:1 - % Sinz(m(9,¢)1)]
00
PO Sk B
x  {(w(es¢) - w)°/w + 1}  sinededp (4)
where one has
371 2 j
2(6:¢) = 3 =5 x {1 - 3(siny sin® cos(¢-¥) + cosx cos8)" } (5)
¢ |
and
w(049) = {Aw + uy (oxsinze'cosch + cysinze Sin2¢ + ozcosze)} -"%-u (6)

where o is the empirically determined off-resonance scaling factor of the

(8)

eight-pulse cycle' ™, Aw is the off-resonance frequency, ™ is the Larmor

frequency of the protons.(ox. "z) are the principal components of the

g,
y
proton chemical shift tensor, (x,y) are the polar angles of the I-I vector with
respect to the chemical shift frame, r is the length of the I-I vector, and

(8,¢) are the polar angles of external magnetic field in the chemical

St
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shift frame. The parameter w in Equation (4), is the half-width of the
Lorentzian broadening function. The expression in square brackets
[} -% sinz(m(e,¢)r X is the frequency-dependent, amplitude correction factor
necessary since a 180° refocusing pulse was not used at t/2, The factor is
a first-order approximation to the reduction in amplitude of a particular
isochromat that occurs when the precessional axis changes discontinuously from
the z-axis to the (1,0,1) axis as the multiple pulse sequence is turned on at
t=0.

While it may appear that there are numerous variables to be obtained from
fitting such calculated spectra to the experimental spectra, the system is,
in fact, overdetermined. For instance, the normal chemical shift powder pattern
serves to determine Oys °y’ Oys Aw, and w, leaving only values of r, x, and
¥ to be determined by all other experimental spectra. Thus, any one of the
dipolar-modulated chemical shift spectra should furnish the orientation of the
proton vector in the chemical shift principal axis frame,and succeeding spectra
should furnish only a means to confirm these values. The comparison of values
of x and y obtained by a nonlinear, least-squares fitting of experimental

spectra with Equation (4) is discussed below.

RESULTS AND DISCUSSION

CCI3COOH dimerizes in the solid state and crystallizes in a monoclinic
structure, space group P21/c. A1l protons occupy equivalent sites, although
there are two crystallographically distinct dimers per unit cell, and, thus,
the polycrystalline pattern could be that of a single proton chemical shift tensor.
The relevant part of the CC13C00H solid state structure is illustrated in Figure 3,
where the dimensions are taken from the neutron diffraction study of Jonsson and

Hamﬂlton(lz). They hydroxyl bond is not parallel to the 0--0 direction




(0-H--0 angle of 176.5%), and the ring formed by the two hydrogen-bonding
carboxyl groups is essentially planar with no atom out of the plane by more

than 0.01 g. An inversion point exists midway between the two protons in each
dimer, and the two hydroxyl groups lie exactly in the same plane. This plane

was taken to define a molecular frame coordinate system with the z axis taken

as the hydroxyl, 0-H,direction; the y axis defined perpendicular to the z,

or hydroxyl, direction in this plane; and the x axis defined perpendicular to the
plane. This molecular frame coordinate system is illustrated in Figure 3

with the x axis perpendicular to the plane of the figure; and it will be used

to discuss the orientation of the proton chemical shift tensor.

(12[ and

(13)

The proton pairs in CC13C00H are well isolated from one another
thus the proton NMR spectrum 15 primarily that of a proton pair. Goldman
reported seeing well-resolved dipolar split doublets in single-crystal samples
of CC13C00H, and others(2’14) have used the dipolar doublets to orient such
single-crystal samples. Figure 4 is a Fourier-transform of a free-induction
decay obtained from a polycrystalline sample of CC13C00H. The powder pattern
is near that of an idealized proton pair, a folded,axially symmetric tensor
powder pattern(ls); and the crispness of the outer shoulders indicates the
high degree of isolation of the proton pairs. Since the present experizent
simply uses the existing dipolar structure, it will be most informative in such
materials which contain small groups of magnetically isolated nuclei.

Figures 5 and 6 illustrate computer fits of theoretical spectra to four
of the experimentﬂ spectra. A1l spectra use the reported(z) values of
Tys Oys O, (-18.2, -21.8, and -0.9 ppm relative to a spherical tetramethylsilane
sample), and the values of x and ¢ obtained are shown in Table 1. In general,

the data taken for dipolar;mdulation times, t, up to 60 microseconds fit the

theoretical expression in Equation (4) to within the experimental scatter of




A
g
]
4
t

et N POIRENE

s B o N

the data, and the fitting parameters were consistent from spectra to spectra.
However, for times longer than 70 microseconds, Equation (4) would not fit

the spectra without changes in the parameters, and for the spectra with

the longest values of t, Equation (4) predicted qualitatively different spectra .
with much more detailed structure; We suspect that one needs to consider
explicitly the contributions of uD(inner) for the longer dipolar oscillation
times, much as was necessary in the case of heteronuclear dipolar-modulated
éhemical shift spectra. (There the effects of next-nearest neighbors in :
benzene became noticable at dipolar-modulation times of 100-150 micmseconds(l's’”.)
As indicated, x and y are polar angles locating the proton-proton vector in

the principal axis system of the chemical shift tensor defined above; thus,

x is the angle between the proton-proton vector and o, (the -0.9 ppm principal
value), and y is the angle between the projection of the proton-proton vector

on the Oy s °y plane and the Oy axis (the -18.2 ppm principal value). Since

9y and °y are very close to one another in value and the proton chemical

shift tensor is nearly axially symmetric, the spectra show only a weak

dependence on y and that angle is not well-determined. (One notes that for a

truly axially symmetric pattern, y would be undefined and meaningless.) The

value for x is found to be 106.6° + 1° for each of the spectra. To illustrate

the sensitivity of the dipolar-modulated spectra to the relative orientation
of the proton-proton vector, two additional spectra have been plotted in
Figure 6. The curve fitting the spectrum  was obtained with the x = 106.6°
while the two additional lines show spectra predicted if only the x value is
changed 3% (i.e., 103.6° and 109.6°),

One reason for perfbming this experiment initially on CCl 3CDOH is the
existence of single-crystal neutron diffraction structural data(lz) and the
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results of a single-crystal rotation multiple pulse NMR study to determine
(2)

the proton cherical shift tensor The single-crystal rotation study
found two possible orientations for the proton chemical shift tensor in the
molecular frame defined in Figure 3. The ambiguity in the single-crystal
study occurred because there are two CCI3COOH dimers per unit cell, and it is not
possible in the single-crystal study to tell which of the two lines observed goes
with which dimer. In the present experiment a different type of ambiguity occurs
when one attempts to use the information obtained on the relative
orientation of the proton-proton vector in the chemical shift principal axis frame
to locate the principal axis frame relative to the molecular frame defined
in Figure 3. That is, the location of the principal axis frame is known only
relative to one molecular frame vector, the proton-proton vector, and can be
rotated around the proton-proton vector to different locations relative to
the molecular frame of Figure 3. Thus, in the single-crystal case one
measures the chemical shift tensor relative to the crystallographic frame
and can have ambiguities when multiple sites exist, while in the present
experiment one needs to have measured the location of at least two molecular
frame vectors in the principal axis frame before one can define fully the
chemical shift frame in the molecular frame.

| However, if one combines the results of both the single-crystal study(zl)
and the present polycrystalline experiments, one finds a unique orientation
for the proton chemical shift tensor in the molecular frame. The comparison
is most easily done by using the results from the single-crystal to calculate
values of x and ¢ to compare with the present study. Such predicted values
of x and ¢ are listed in the lower part of Table 1 for both possible
orientations found in the single-crystal study, and one notes that one can get




S acita s sl o

A

——"

o o

10

close agreement between one orientatior (solution b)(z) and the present study
for both x and y. Thus, one finds that o, (oz = -0.9 ppm) is in the z-y
molecular plane of Figure 3 (within % 2°) and tilted ~3° toward the nearest

C1 carbon while o, (ox = -18.2 ppm) is out of the z-y plane by approximately 20°
(with a large error, say * 10°). Therefore, oy (the most négative of the

principal values, -21.8 ppm) is 10° from the perpendicular to the

z-y plane.

SUMMARY AND CONCLUSIONS

Methods to produce a homonuclear dipolar modulation of a chemical shift
powder pattern have been demonstrated and analyzed to furnizi the orientation
of a vector joining the dipolar-coupled spins in the principal axis frame
of the chemical shift tensor. The experiment has been demonstrated for
the hydrogen-bonded protons in a model compound, CC13COOH, where both structural
and proton chemical shift information is available. Orientational parameters
obtained by fitting theoretical lineshapes to the experimental data were found
to be consistent for dipolar-modulation time less than ~70 microseconds
and agreed with one of two possible orientations for the proton chemical shift
tensor in CCI3COOH furnished by single-crystal rotation experiments(z).
Thus, the present experiments not only confirm the utility of the homonuclear
dipolar-modulation experiments for furnishing structural information in a
polycrystalline solid but, in fact, furnish information not obtainable From
the single-rotation studies which allow a definite assignment of the orientation
of the proton chemical shift tensor principal axis frame in CCI3C00H. This
experimental scheme should prove particularly useful in systems containing
small groups of isolated spin % nuclei, a situation common with hydrogen in

many solids, and furnishes a means of obtaining orientation information from

polycrystalline samples.
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TABLE 1. Orientation of Proton-Proton Vector
in Chemical Shift Principal Axis Frame

k Spectrum # T (usec) X : v
1 4.2 A i
7 29.2 106.7° 28°
10 41.7 105.6° 24°
16 66.7 107.6° 13°
Average 106.6°+ 1° 20° +8°

Single Crystal Resul ts?

' B for solution (a) 89° +2° 0 +20°

for solution (b) 107.4% 2° 0 +20°

3¢rom reference 2.




FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Schematic diagram of rf pulse sequence used. A 90° prepulse

is given and followed by the period of dipolar evolution t. From

time t = 0, the eight-pulse cycle is applied to the protons to remove

the homonuclear dipolar interaction.

Homonuclear dipolar-modulated proton chemical shift spectra in
polycrystalline CC13COOH. The numbers indicate the length of
dipolar evolution time, T, in units of 4.17 usec. The spectra
show the observed relative intensities although those on

the right have been vertically magnified for clarity. On

the horizontal axis, each channel represents .71 ppm. The proton

resonance was at 56.4 MHz.

Carboxylic structure of CC1,C00H dimers in the solid state. Indicated
bond distances and bond angles are as determined in Reference 9.

A molecular frame of reference is defined in which the z axis is
parallel to the hydroxyl direction, the y axis in the plane determined
by the two hydroxyl groups of the dimer and perpendicular to the z
axis, and finally the x axis is defined perpendicular to both of these
and in the direction to furnish a right-handed coordinate system.

The x axis is directed up out of the figure.

Fourier-transform of proton free-induction decay in polycrystalline

CCI3COOH. Each horizontal channel represents 488 Hz.




Figure 5. Theoretical fits (solid lines) to three of the homonuciear dipolar-

modulated proton chemical shift spectra (points) from Figure 2.
The number near each spectrum designates, when multipled by 4.17,

the dipolar evolution time, T, in microseconds and the parameters

obtained from the fitting program are listed in Table 1. The horizontal
scale is 0.71 ppm/pt, and the bottom two spectra have been magnified
vertically by factors of 2 and 5, respectively, compared with top f '
spectrum. The experimental spectra are presented in Figure 2 with g

the proper relative normalization.

Figure 6. The experimental spectrum (points) for a dipolar-modulation
time of 66.7 microseconds compared with a theoretical fit (solid
1ine). As in Figure 5 the horizontal scale is 0.71 ppm/point.
The two additional lines placed through the data are to
illustrate the sensitivity of the shape of the spectra to small
deviations in the angle, x, between the 9, and the proton-proton
vector. To obtain these additional curves all parameters found for
: the solid line were fixed except for x, which was altered by + 3°
! f; for the two curves.
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