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ABSTRACT

A single resonance, multiple pulse nuclear magnetic resonance experiment
Is proposed and demonstrated which produces a homonuclear dipolar modulation
of a chemical shift powder pattern. The correlation generated between the

homonuclear dipolar Hami l tonian 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

the orientation of the proton—proton vector In a CC13COOH diner relative to the

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(1). 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 wi thin

the trtchloroacetic acid diner found in the solid. The results are compared wi th

a recent single crystal study~
2
~, and the polycrystalline study reported here is

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

to allow a unique assignment of the orientation of the three principal axes of

the proton chemical shift tensor in CC13COOH.

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~~ .

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 sp~ctra(1
~

6) .
The rf pules sequence used is illustrated in Figure 1. First, a transverse

proton magnetization is created by the application of a 900 pulse. A

period of time, r , 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

cycies(8) which suppresses the I-I dipolar interaction. By viewing the magne-

tization stroboscopically at the end of each eight-pulse cycie(810), one acquires a

• signal which Is Fonrier”transformed to yield the solid state high-resolution chemical

shift powder pattern. That is, during the period, t, when the eight-pulse

• 
.
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sequence Is applied, the homonuclear dipolar Hamiltonlan is suppressed and the

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

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

will produce a chemical shift powder pattern, and if T $ 0, the dipolar
evolution will be frozen at t, 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 ~ in units of 4.17 j~ec, so the
last spectrum has had a dipolar modulation t ime of almost 300 ~isec. The eight-
pulse cycle time was 50 isec , and the spectrometer used has been described
previously(h1).

During the period r, the effective Hamiltonian acting on each proton
pair is

2
+ +

H (t) 
2 ~ 

(1 - 3 cos °12~ ~
31z1 1z2 - 11 12) + H,~., (Inner)

• r12

+ ~~~~~ + 
~~~~ 

IZ~ 
+ (~w + azz2) 1z2 (1)

where 
~12 is the angle between the vector joining the two protons and the

direction of the external magnetic field, a
~~i 

and °zz2 are chemical
• shifts , &~ is the off-resonance term, and H0 (inner) is the portion of the

• dipolar Hainiltonian that couples the proton pair with the other proton pairs in

4 the system. HO (Inner) Is small enough to be Ignored here as will be demonstrated

below, and the remaining terms conmiute. This is important because it means that

the developments due to each can be separated. Thus, one could refocus the

HamlltonJan (chemical shi fts and off-resonance effects ) for the period, r, by

placing a 180~ rf pulse at ~~~
.. This would be necessary If the chemical shift



anisotropy were comparable in size to the dipolar interactIon as It was In

the heteronuclear case(l6 ,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 refocusing pulse, it is necessary to correct for the

effects of the off-resonance Hamiltonian during the period, r. 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, 
~~
. In addition , 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 program used to synthesize theoretical
spectra, Thus, one needs to consider only evolution under the dipolar term.

H (1 - 3 cos2012) (3 1z11z2 -r12

~ B ~ ‘zlT z2 !.1~~2~ 
(2)

for the time period, r. This Hami ltonian produces a linear oscillation of
the proton magnetization vector at a frequency, 38/2, which depends

upon the orientation of the diner. Since the chemical shift is also

orientation-dependent, protons wi th different chemical shifts can exhibit
different dipolar oscillation frequencies.

• During the second evolutionary period, t, the effective Hami I toni an takes

• the form~~~~~;

H(t) = 
~~ [(A(u + 

~zz1~ ~
1x1 + + 

~~~~ + aZZ2 ) 
~
1x2 + 1 2)) + .

(higher-order terms) (3)



where ci Is the chemical shift scaling factor determined experimentally by
observing the off-resonance s~~i1ng(8) 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 sp ectra f (w, r) , a r e  created by evaluating:

2rr w 1 2 ‘1¼
• ~~~~ = f f COS (cZ(e,+)t) ~1 - ½ sin

0 0  L J
—1

X {(w(O,~
) - ~

) 1w + 1) sinodod~ (4)

where one has
2

~~~~~ ~Ce,~) 
~ x { I - 3(Sifl~ sinO cos(+4) + cosx cosO)2 } (5)

and

wCø~~) = C~~ + 
~~ 

(a
~
sIn2e cos2, + ~ySifl2O sin2~ + azcos2e)} ~ (6)

where ~ is the empirically determined off—resonance scaling factor of the

eight-pulse cycle~
8
~, ~w is the off-resonance frequency, w0 is the Larmor

frequency of the Protons
~kx~ay~az

) are the principal components of the

proton chemical shift tensor, (xis) 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

Ce,~) are the polar angles of external magnetic field in the chemical

- • —~~~~~- 
• - -~
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shift frame. The parameter w in Equation (4), Is the half-wi dth ol’ the
• Lorentzian broadening function. The expression in square brackets

• 

[i 

- ¼ sin2(w(e,$)r~J 
½ 

is the frequency-dependent, amplitude correction factor

necessary since a 1800 refocusing pulse was not used at r/2. The factor is

a first-order approxImi.~tion to the reduction In amplitude of a particular

isochromat that occurs when the precessional axis changes discontinuously train

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

I 
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 °x’ Oy i~ a~
, ~w, and w,leaving only values of r, x~ 

and

q 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 i~ obtained by a nonlinear, least-squares fitting of experimental

• • • spectra with Equation (4) Is discussed below.

RESULTS AND DISCUSSION

• CC13COOH dimerizes in the solid state and crystallizes In a monoclinic

structure, space group P21/c. All protons occupy equivalent sites, although

there are two crystallographically distinct diners per unit cel l , and, thus,

• ~• the polycrystalline pattern could be that of a single proton chemical shift tensor.

The relevant pert of the CC13COOH solid state structure is illustrated in Figure 3,

where the dimensions are taken from the neutron diffraction study of Jönsson and

HamiltonU~~. They hydroxyl bond is not parallel to the O--O direction

• ~~~~•
•~~~~~ • 

• . ~~•4 . • ’• • • •
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(O-H--O 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 X. An ‘Inversion point exists midway between the two protons in each

• diner, and the two hydroxyl groups lie exactly in the sane plane. This plane

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

as the hydroxyl, O-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

wi th the x axis perpendicular to the plane of the ‘?i gure, and it will be used

to discuss the orientation of the proton chemical shift tensor.

The proton pairs in CC13COOH are well isolated from one another(12), and

thus the proton t14R spectrum is primarily that of a proton pair. Goldman(13)

reported seeing well-resolved dipolar split doublets in single-crystal samples

of CC13COOH, 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 polycrystalhine sample of CC13COOH. The powder pattern

is near that of an Idealized proton pair, a folded,axIally syninetric tensor

powder pattern(15); and the crispness of the outer shoulders indicates the

high degree of Isolation of the proton pairs. Since the present exper~ ent

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 experimental spectra. All spectra use the reported~
2
~ values of

~~~~
• 

~~~~ ~ 
(-18.2, -21.8, and -0.9 ppm relative to a spherical tetramethylsilane

sample), and the values of x and iji obtained are shown in Table 1. In general,

the data taken for dipolar-modulation times, r, up to 60 microseconds fit the

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

4

- • •-- -~
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the data, and the fitting parameters were consistent from spectra to spectra.

However, for tines 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 - , Equation (4) predIcted qualitatively different spectra

with much more detailed structure. We suspect that one needs to consider
explicitly the contributions of HO(inner) for the longer dipolar oscillation

times, much as was necessary in the case of heteronuclear dipolar-modulated

chemical shift spectra. (There the effects of next-nearest neighbors In

benzene became noticable at dipolar-modulation times of 100—150 microseconds (1
~
6
~

7) .)

As indicated, x and ~p are polar angles locating the proton-proton vector In
the principal axi s system of the chemical shift tensor defined above; thus,

x Is the angle between the proton-proton vector and 
~ 

(the -0.9 ppm principal

value), and q~ is the angle between the projection of the proton-proton vector
on the 

~~~
‘ plane and the axis (the -18.2 ppm principal value). Since

and ci~ are very close to one another in value and the proton chemical

shift tensor Is nearly axially syninetric, the spectra show only a weak

dependence on ~, and that angle is not well—determined. (One notes that for a

truly axially syninetric pattern, ijs would be undefined and meaningless.) The

value for x Is found to be 106.6° ± 10 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 ~30 (I.e., 103.6° and 109.6°),

• One reason for performing this experiment initially on CC13COOH is the

existence of single-crystal neutron diffraction structural datJl2) and the

~~~~~~ 
- 

• .~~• ~~•,• :~ , ~~~~~~~~~~~
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results of a single-crystal rotation multiple pulse l14R study to determine

the proton cher ’ al shift tensor(2). 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 CC13COOH diners per unit cell , and it is not

possible in the single-crystal study to tell which of the two lines observed goes

with which diner. 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 axi s 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

• relati ve 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~
2
~

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 ~
js to compare with the present study. Such predicted values

of x and qi 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

______________________________ _ __ _ iTi_ _ _ • - -_ ~~~~~~~~~~ - •  •— •~~
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close agreement between one orientatior (solution b) ’2
~ and the present study

for both x and *. Thus, one finds that 
~~ 

(ci
i 

= -0.9 ppm) is in the z-y

molecular plane of Figure 3 (within ± 20) and tilted “3° toward the nearest

Cl carbon while 
~ 

= -18.2 ppm) is out of the z-y plane by approximately 200

(with a large error, say ± 100). Therefore , a~. (the most negative of the

principal values, -21.8 ppm) Is 100 from the perpendicular to the

z-y plane.

SU*IARY AND CONCLUSIONS

Methods to produce a homonuclear dipolar modulation of a chemical shift
powder pattern have been demonstrated and analyzed to ft4rni- -~ the orientation

of a vector joining the dipolar-coupled spins in the prit~cipal 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. Orlentational 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 wi th one of two possible orientations for the proton chemical shift

• tensor in CC13COOH furnished by single-crystal rotation experiments~
2
~.

Thus, the present experiments not only confi rm the utility of the homonuclear
dipolar-modulation experiments for furnishing structural Information in a

• ~~ polycrystalline solid but, In fact , furnish information not obtainable ~r~m
the single-rotation studies which allow a definite assignment of the orientation

of the proton chemical shift tensor principal axis frame in CC13COOH. This
experimental scheme should prove particularly useful in systems containing
small groups of ‘Isolated spin ½ nuclei , a situation coninon wi th hydrogen In
many solids , and furnishes a means of obtaining orientation information from
polycrystalhine samples.

H i 
______- --•  

—

‘;•- • ~~~~~~~~~~~ •



—~~~~~~~ - - -~~~~
—-— —- -- ,,

~
-—--—-

~
-—- -- - •—• - — •  _________________________

11

REFERENCES

1. A portion of the resul ts reported here were first discussed in M. E. Stoll,
A. J. Vega, and R. W. Vaughan , “Magnetic Resonance and Related Phenomena,”

Proceedings of the xixth Congress M~ere, Heidelberg, September 1976, edited
by H. Brunner, K. H. Hausser , and D. Schweitzer , pp. 429-432 (Groupement
Ampere, Heidelberg-Geneva, 1976); and in the Ph.D. Thesis of II. E. Stoh l ,

University Microfilms (1977).

2. C. R. Dybowski, B. C. Gerstein, and R. W. Vaughan, J. Chem. Phys. 67,
3412 (1977).

3. 1, Muller , A, Kuman , T. Baumann , and R, R. Ernst, Phys. - Rev. Lett . ,~~~, 1402

(1974).

4. 0. L. VanderHart , .3.  Chem. Phys. 64, 830 (1976).
5. R. K. Hester, J. 1. Ackermann, V. R. Cross, and J. S. Waugh , Phys, Rev Lett .

34, 993 (1975); J. Chem. Phys , 63, 3606 (1975),

6. M. E. Stoll, A. .3. Vega , and R. W. Vaughan, .3. Chem. Phys. ~~~~~ , 4093 (1976).

7. R. W. Vaughan,Annual Review of Physical Chemistry, Vol . 29 (in press, 1978).

8. W-K. Rhim, D. D. Ehleman , L. B. Schrelber, and R. W. Vaughan, 43 . Chem. Phys .
60, 4595 (1974); W— K. Rhim, D. 0. Ell eman, and R. W. Vaughan, 43. Chem. Phys.
58, 1772 (1973); ibid. 59, 3740 (1973).

9. M. Mehring, “High Resolution NMR Spectroscopy in Solids,” Vol , 11 of ~~
• -: Basic Principles and Progress , edi ted by P. Kiehi , E. Fluck , and R. Kosfeld

(Springer, New York, 1976).

10. U. Haeberlen, “High Resolution NMR in Solids, Selective Averaging,” Supple-

ment 1 to Advances in Magnetic Resonance, edited by 43, S. Waugh (Academic ,

New York, 1976).

—U

• - •~~‘ • ,-~~~~~~~~~~ -. - • -  ~~~~~~- “ --- • —- Jit~r, ~ - - T — J_~ -.- ~~~~~~~~~~~~~~~~~~~ •



F 
- • •••

~~~ 

---. — - - — - ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~— — - - --~~ -~ ---~~-- •~~ - — - - - -—

12

11. R. W. Vaughan, D. D. Elleman, 1. N. Stacey, W-K . Rhlm, and 43 . W. Lee, Rev.
Sd . Instrum. 43, 1356 (1972).

12. P.-G. J~nsson and W. C. Hamilton, 43. Chem. Phys. 56, 4433 (1967).
13. N. Goldman, J. Phys. Chem. Solids 7, 165 (1958).

14. D. C. Haddix and P. C. Lauterbur, Natl. Bur. Stand. Spec. Publ . 301, 403 (1967).

15. A. Abragam, “The Principles of Nuclear Magnetism” (Oxford University Press,

London, 1961), pp. 220-1.

I

U— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~—



TABLE 1. Orientation of Proton-Proton Vector

in Chemical Shift Principal Axi s Frame

Spectrum # r (usec) x •

1 4.2 - -

7 29.2 106.7° 28°

10 41.7 105.6° 24°

16 66.7 1O7.6~ - 
13°

I.
Average 1O6.6~± 1 20 ± 8

I.

Single Crystal Resuitsa

for solution (a) 890 ±2° 0 ±20°

for solution (b) 107.4°±2° 0 ±200

• afr~ reference 2.

- 5 .
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FIGURE CAPTIONS

Figure 1. Schematic diagram of rf pulse sequence used. A 900 prepulse

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

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

the homonuclear dipolar interaction.

FIgure 2. Homonuclear dipolar-modulated proton chemical shift spectra in

polycrystalline CC13COOH. The numbers indicate the length of

dipolar evolution time, ‘r, in units of 4.17 ~ ec. The spectra

• show the observed relative intensities although those on

the right have been vertically magnified for clarity. On -

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

resonance was at 56.4 MHz.

Figure 3. Carboxylic structure of CC13COOH 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 diner 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.

• Figure 4. Fourier-transform of proton free-induction decay in polycrystalline

CC1
3
COOH. Each horizontal channel represents 488 Hz.
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Figure 5. Theoretical fits (solid lines) to three of the homonuclear 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, ‘r, 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 wi th top • -
•

spectrum. The experimental spectra are presented in Figure 2 with

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

line). As in Figure 5 the horizontal scale is 0.71 ppm/poInt.

The two additional lines placed through the data are to

illustrate the sensitivi ty of the shape of the spectra to smal l

deviations in the angle, x~ between the a
~ 

and the proton-proton

vector. To obtain these additional curves all parameters found for
L the solid line were fixed except for x~ which was altered by ± 30

• for the two curves.
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