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Extraction of 'H-lH and 'H-13C Dipolar 
Couplings from Spectra Acquired in 
Inhomogeneous Magnetic Fields 
Lewis E. Kay,* D. S. Thomson and J. H. Prestegardt 
Department of Chemistry, Yale University, New Haven, Connecticut 0651 1, USA 

Experimental procedures are presented for the extraction of 'H-'H and 'H-% dipolar couplings from molecules 
oriented in high magnetic fields without a requirement for high field homogeneity. These couplings impose 
restrictions on structure in a manner similar to NOE distances and can serve as useful additional constraints for 
defining structure. The experimental procedures involve pulse sequences which refocus the effects of magnetic field 
inhomogeneities but which retain dipolar couplings, scalar couplings and, in cases of chemically distinct group, 
chemical shift differences. The methods are important for the extension of experiments to higher fields and more 
complex media where field homogeneity is hard to maintain. The experiments are illustrated using samples con- 
taining sodium acetates% I3C2 or alanine-99% 13C3 dissolved in a nematic liquid crystal and oriented in an 
inhomogeneous magnetic field. Coupling constants obtained from the studies are in good agreement with couplings 
extracted from onedimensional spectra obtained in homogeneous fields. 
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INTRODUCTION 

Recent advances in macromolecular structure determi- 
nation in solution have relied largely on measurements 
of dipole-dipole relaxation rates in high-resolution 
proton NMR spectra (i.e. nuclear Overhauser effects).' 
Very high and very homogeneous magnetic fields are 
required in the standard experiments employed to 
achieve the resolution of a sufficient number of reson- 
ances to provide the necessary geometric constraints for 
a structure determination. Even with commercial 
magnets approaching 14 T, studies have been relegated 
to readily soluble molecules of molecular weight less 
than 10000 daltons.' It seems likely that fields could be 
pushed higher and the breadth of systems amenable to 
study expanded if requirements for homogeneous fields 
could be relaxed without losing information needed for 
specific assignments or distance determinations. Prece- 
dents for these types of experiments exist in two- 
dimensional J-resolved spectra3 and in the earliest 
versions of scalar coupling correlated two-dimensional 
spectra, SECSY?*5 Although they have never been fully 
exploited for this purpose, these experiments are 
actually acquired in a mode whereby field inhomoge- 
neity effects in the indirectly detected F ,  dimension 
cancel. More recently, Weitekamp et aL6 have used a 
more general experiment in which N quantum coher- 
ence is allowed to evolve as part of a t ,  period, and then 
I quantum magnetization created from this coherence is 
allowed to evolve in an opposite direction for N times 
that part of the t ,  period to cancel inhomogeneity 
effects. Hall and Norwood have also proposed both the 
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use of zero quantum experiments' and constant-time 
SECSY experiments' in in uiuo metabolic work to allow 
for the refocusing of field inhomogeneity effects while 
retaining both chemical shift and scalar coupling infor- 
mation. 

Although it is possible to modify the NOE experi- 
ments usually used to extract structural information to 
take advantage of the resolution offered by experiments 
such as those discussed above, this would be very costly 
in terms of acquisition time. The acquisition of spectra 
with adequate resolution in both F ,  and F ,  would, in 
fact, require extension of the above 2D experiments to a 
third dimension. Structural information can, however, 
be obtained from sources other than NOE experi- 
m e n t ~ . ~  For example, at sufficiently high magnetic field 
strengths, molecules with sufficiently anisotropic suscep- 
tibilities orient and residual dipolar splittings can be 
observed. lo Alternatively, molecules lacking adequate 
susceptibilities can be made to orient in applied mag- 
netic fields using liquid crystal solvents.' ' Residual 
'H-'H and 'H-13C dipolar splittings from ordered 
molecules can impose restrictions on allowed angles 
that can define structure in much the same way that 
restrictions on inter-proton distance from NOESY data 
sets are now used to define structures. Spectra from 
these molecules can be exceedingly complex owing to 
the extensive coupling and strong background 'H 
signals. Use of heteronuclear filters can, however, elimi- 
nate much of this complexity." 

In this paper we present some straightforward exten- 
sions of J-resolved and SECSY pulse sequences which 
allow the measurement of 'H-'H and 'H-13C dipolar 
splittings for liquid crystal samples in inhomogeneous 
magnetic fields. We first consider a theoretical descrip- 
tion of the effects of one of these sequences on AX, spin 
systems (A = 13C, X = 'H). We then present an appli- 
cation to the measurement of 'H-13C and 'H-'H 
dipolar splittings of sodium acetate-99% ',C2 and 
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Figure 1. Pulse sequences used to extract 'H-'H and 'H-13C 
couplings from oriented molecules in inhomogeneous magnetic 
fields. Sequence (a) refocuses both inhomogeneity and chemical 
shift effects in w l ,  while sequence (b) retains the effects of chemi- 
cal shift in w ,  . 

alanine-99% ',C3 dissolved in a lyotropic liquid crystal 
and oriented in an inhomogeneous magnetic field. 

THEORY 

Let us first consider an extension of the J-resolved 
experiment3 to a heteronuclear case showing both 
scalar and dipolar coupling. No chemical shift 
resolution is obtained, but an ability to extract needed 
dipolar information is demonstrated. Figure l a  shows a 
pulse sequence used in this case. The sequence consists 
of a spin-echo which refocuses the effects of field inho- 
mogeneity during t ,  followed by a I3C filter which 
selects for 'H magnetization coupled to I3C. The effects 
of the sequence on an isolated AX, spin system can be 
placed on a quantitative basis by considering the 
product operator description of the evolution of the 
density rnatr i~. '~  

The Hamiltonian describing the X spins in an ori- 
ented AX, spin system in an inhomogeneous magnetic 
field can be written as 

H = H, + H, (1) 
where H, represents the contribution of H due to the 
Zeeman interaction and H, represents scalar and 
dipolar coupling terms. We can write 

H , =  - [o 0 + A 4 x ,  Y ,  41x, (2) 
where wo is the Larmor frequency of spin X ,  Ao(x, y, z )  
represents the field inhomogeneity contribution to H, at 
the point (x, y, z )  in the sample and X, represents the z 
component of spin angular momentum associated with 
spin X. The coupling part of the Hamiltonian can be 

written as follows: 

861 

+ 27cDX, - A, (3) 
where Jij is the scalar coupling between 'H spins i and 
j ,  Xi, is the z component of angular momentum associ- 
ated with proton i, X, = 1 Xi,, A, is the z component of 
spin angular momentum associated with the A spin and 
D and D' are the 'H-'H dipolar and 'H-',C couplings, 
respectively, given by 

D = (yX2A)/(4nr$) . (1  - 3 cos2 8) 

. fHH(e) (4) 
and 

D' = (yx YA h)/(2nr:x) . (1 - 3 cos2 e) 

In Eqns (4) and (5) the angular brackets denote a time 
average, 8 is the angle between the methyl three-fold 
axis and the applied magnetic field, yx is the gyromag- 
netic ratio of spin X, A is Planck's constant divided by 
2n, rij denotes the distance between spins i and j ,  JHx is 
the 'H-',C scalar coupling constant andf(8') is a factor 
which scales the dipolar interaction due to motional 
averaging. For the axially symmetric scaling considered 
here,f(8') is a function of the angle 8' that the dipolar 
vector makes with respect to the averaging axis: 

f(6) = (3 cos2 8' - 1)/2 (6) 
It is clear that D and D' contain structural information. 
For the case of a methyl group 8' is 90" and 109.5" for 
the 'H-'H and 'H--',C vectors, respectively. In this 
CaSe,fHH(8') = -0.50 andfHc(8') = -0.33. 

The relationships 

[X,, xi . Xi] = [X,, x i .  Xi] = [X,, xi. Xj] = 0 (7) 

imply that the terms proportional to Xi . Xj do not con- 
tribute to the evolution of the spin system and hence 
can be omitted, yielding a simplified form of Eqn (3): 

H,' = 2n 1 3DXi, * Xj, + ~ z D ' X ,  . A, (8) 
i >  j 

After the first 90" pulse of sequence la, the density 
matrix for the system can be written in terms of a single 
product operator, X,. The effects of t ,  evolution, 
including application of simultaneous 'H and I3C 180" 
pulses, can be described by 

p(t1) = R . (-Xy) . R-' (9) 
where R is an operator given by 

R = exp (iHtJ2) exp (-ins,) exp ( - i d , )  

x exp (iHtJ2) (10) 
and p( t l )  is the density matrix after a total time delay 
t l  . Using commutator properties of the operators 
involved, Eqn (9) can be simplified to give 

p ( t l )  = exp (iHc'tl) . (X,) . exp (-iHc'tl) (11) 
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D 

12 10 

which, on substitution of Eqn (8) for Hc’, gives 

p(tl) = - 2X,A, (co? 3nDt1)  (sin nDtl) 

- c 4XjyX,,A, (cos 3aDt1)  

x (sin 3nDt1) (sin nD’t,) 

+ 3 1 8XixXjzX,,A, (sin2 3nDt l )  

x (sin nDtl + terms not proportional to A, 

i # k  

i # j # k  

(12) 
Note that the effect of the simultaneous n{’H, 13C} 
pulses is to refocus the effects of chemical shift and field 
inhomogeneities leaving no dependence on oo or Am. 
Couplings, however, continue to evolve. 

Application of the next two ’ 3C pulses with the phase 
cycle depicted in Table 1 eliminates all terms not pro- 
portional to A,. Therefore, in considering the t ,  evolu- 
tion that follows, we shall neglect these terms and 
consider only observable magnetization. We can write 
the density matrix evaluated at the point (x, y, z) in the 
sample as 

p(x, y, z) cc (2 [exp (inD’t,) exp (inD’t,) 

- exp (inD’t,) exp (- inD’t,)] 

+ exp [in(D + 6D)t l ]  exp [in(D’ + 6D)t,] 

- exp [i.n(D’ + 6D)t l ]  exp [in( - D’ + 6D)t,] 

- exp [in(D’ - 6D)t l ]  exp [ - in(D’ + 6D)t,] 

+ exp [in(D’ - 6D)t l]  exp [in(D’ - 6D)t,] 

+ complex conjugate terms) 

x (I, cos L o o  + W X ,  y, 4 t Z 1  

- I, sin [ao + Ao(x, y, z)t,]} (13) 
Inspection of Eqn (13) shows that we should expect 
twelve resonances in a two-dimensional presentation. 
They occur at ( F ,  , F,) frequencies of (0’12, D’/2), (0’12, 
-D/2) ,  (0’12 + 3 0 ,  0’12 + 3D), (0’12 + 3 0 ,  -D/  

Table 1. Phase cycling for the sequence in Fig. l a  

90” 

X 
X 
X 
X 
X 
X 
X 
X 

180” 

X 
X 
Y 
Y 

-X 
-X 
-Y 
-Y 

‘ti 
180” 

X 
X 
X 
X 
X 
X 
X 
X 

”C 
(90”) 

X 
X 
X 
X 
X 
X 
X 
X 

Receiver 

X 
-X 

X 
-X 

X 
-X 

X 
-X 

(90”) 
-X 

X 
-X 

X 
-X 

X 
-X 

X 

a) D ’ <  3 0  

7 5 

10 

D r: 
9 1 1  

6 8 - 
3D 

v ,  
b) D’ > 3D 

- 0 H z  v ,  

- 0 H z  V ,  

Figure 2. Theoretical contour plots obtained with the sequences 
in Fig. l a  for an Ax, spin system with (a) D’ < 30 and (b )  
D’ > 30. The numbers adjacent to each multiplet component indi- 
cate how the components move on going from (a) to (b), while 
increasing color density of the multiplet components indicates 
increasing peak intensity. 

2 + 3D), (0’12 - 3 0 ,  -0’12 - 3D), (0’12 - 3 0 ,  D /  
2 - 3 0 )  and frequencies obtained by replacing D and D 
with - D’ and - D in the above expressions. In the F ,  
dimension, where only coupling terms exist, these peaks 
are centered about 0 Hz, and in the F ,  dimension they 
are centered at the chemical shift offset o0/2nn, dispersed 
by homogeneity effects, Ao/2n. 

The patterns in a two-dimensional plot can look sur- 
prisingly different depending on the relative sizes of the 
‘H-13C coupling, D ,  and the ‘H-’H coupling, D. These 
patterns are illustrated for the cases D‘ < 3 0  and 
D’ > 3 0  in Fig. 2a and b, respectively. In favorable 
cases these characteristic patterns allow an easy deter- 
mination of the relative magnitudes of the ‘H-13C and 
‘H-’H couplings. 

A drawback of the sequence of Fig. l a  is that in addi- 
tion to field inhomogeneity effects, chemical shift infor- 
mation is also eliminated. Chemical shift resolution can 
be restored by a number of pulse sequences. Figure lb, 
together with the phase cycling in Table 2, illustrates 
one such example. 

The effects of this sequence on a spin system can also 
be understood by a product operator treatrnent,l3 but a 
qualitative description suffices here. In a homonuclear 
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Table 2. Phase cycling for the sequence in Fig. l b  

'H 
90" 90" 

X X 
X X 
X Y 
X Y 
X -X 
X -X 
X -Y 
X -Y 

' 3c 
(90") (90") 
X X 
X -X 
X X 
X -X 
X X 
X -X 
X X 
X -X 

Receiver 

X 
-X 
-X 

X 
X 

-X 
-X 

X 

AX spin system, for example, magnetization originating 
on spin A and processing with chemical shift oA and 
with a field inhomogeneity contribution o h  during the 
first half of the evolution period is transferred to spin X 
by the action of the mixing pulse. Precession now 
occurs at a rate -ox and, neglecting the effects of diffu- 
sion, with an inhomogeneity contribution of -oh. 
Thus, at t = t ,  , the effects of the field inhomogeneity 
cancel and magnetization appears to have evolved at 
the difference in chemical shifts between the coupled 
spins. Both scalar coupling and dipolar effects associ- 
ated with spins A and X are retained. 

EXPERIMENTAL 

The lyotropic liquid crystal phase used was originally 
reported by Lawson and F1a~ t t . I~  It was prepared from 
a mixture of decyl sulfate, decyl alcohol, sodium sulfate 
and D,O in the proportions 40: 5 : 5 : 50 by weight. In 
all cases either sodium acetate-99% 13C2 or alanine- 
99% I3C3 was added to the solvent in amounts between 
1 and 2% by weight. 

Ail NMR spectra were acquired on a laboratory-built 
490 MHz spectrometer operating in the Fourier trans- 
form mode. All spectra were recorded at 330 K. For 
spectra acquired with the sequence in Fig. la 100 
experiments were obtained, each consisting of 1K 
complex points. Sixteen scans of the phase cycle were 
acquired with a relaxation delay of 4 s to give a total 
measuring time of 2.2 h. The data were processed with a 
straight Fourier transformation in t ,  , a cosine-bell of 
the first 100 points in t , ,  followed by zero-filling to 
yield a 256 x 1K real data matrix. Sweep widths of 
5000 Hz in o, and 800 Hz in o1 were obtained. The 
spectra were recorded in the magnitude mode. 

A data set for the alanine-99% I3C3 sample was 
acquired with the sequence of Fig. lb. In this case 200 
experiments, each consisting of 1K complex points, 
were obtained. Fifty-six scans were obtained per experi- 

ment, with a relaxation delay of 2.3 s to yield a measur- 
ing time of approximately 8 h. A was set to 15 ms to 
facilitate transfer of magnetization between the weakly 
coupled a- and 8-protons of alanine. The data were pro- 
cessed with a cosine-bell weighting function applied to 
the first 200 points in t ,  followed by Fourier transform- 
ation. In t , ,  a sine-bell weighting function shifted by 55" 
was applied and the data subsequently zero filled to 1K. 
Sweep widths of 5000 Hz in 0, and 2000 Hz in o1 were 
obtained and the data displayed in the magnitude 
mode. 

All spectra were processed on a VAX 11/750 com- 
puter equipped with a Minimap array processor using 
software written by Dr D. Hare. 

RESULTS AND DISCUSSION 

Figure 3A shows a 1D 'H NMR spectrum of sodium 
acetate-99% I3C2 dissolved in the liquid crystal dis- 
cussed above and oriented in a homogeneous magnetic 
field. The spectrum was acquired with a spin-echo 
sequence, 90"-z-1 8O0-z-acquire, z = 0.75 ms, to elimi- 
nate broad residual signals from the liquid crystal. Note 
that in this case ID'] = 63 Hz < 1301 = 140 Hz (i.e. the 
'H-I3C splitting, I D' I, is less than the 'H-'H dipolar 
splitting, 130 I). Figure 3B shows the spectrum of the 
same sample acquired under identical conditions, with 
the exception that the magnetic field was deshimmed. In 
this spectrum no information concerning chemical shifts 
or coupling constants can be obtained. 

Information concerning couplings can be retrieved, 
however, by using the sequence in Fig. la. The sequence 
retains all dipolar and scalar couplings and refocuses 
chemical shift and magnetic field inhomogeneity effects. 
Figure 4 shows a contour plot presentation of the spec- 
trum obtained from the sample in Fig. 3B. The pattern 

B 

l i  
A I \  

400 0 -400 -800 -1200 -1600 
HZ 

Figure 3. (A) High-resolution spectrum of sodium a~etate- '~C,  
dissolved in a liquid crystal solvent at 330 K; (B) spectrum of the 
same sample acquired under identical conditions, with the excep- 
tion that the magnetic field was initially deshimmed. Chemical 
shifts are relative to HDO. 
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0 
.O 
N 

I 

.o N 
I 

0 
.O 
N 

-800 -1000 -1200 -1400 -1600 -1800 
HZ 

Figure 4. Contour plot presentation of the spectrum obtained from the sample in Fig. 3B using the sequence in Fig. l a .  Chemical shifts in 
F2 are relative to HDO, and in F, the center of the spectrum is at 0 Hz. Spectral acquisition and processing parameters are indicated in the 
text. 

is of the type shown in Fig. 2a. The resolution, however, 
is not adequate in the F ,  dimension to show resolvable 
splittings. The values of ID [ = 68 Hz and 130 1 = 131 
Hz, extracted from the spectrum in the F ,  dimension, 
are in good agreement with the values obtained from 
the 1D spectrum in Fig. 3A. 

Figure 5A and B show 1D 'H spectra for oriented 
alanine-99% I3C3 in homogeneous and inhomogeneous 
magnetic fields, respectively. The spectra were acquired 
with a spin-echo sequence with z = 0.75 ms. Figure 5A 
shows that the coupling parameters for the methyl 
protons (v = -1335 Hz relative to HDO) are 
ID' [ = 114 Hz and 130 [ = 42 Hz. In addition, the 
methine proton at v = -212 Hz shows a splitting of 15 
Hz due to the 'H-',C heteronuclear interaction, with 
the 'H-'H interaction too small to resolve. 

Figure 6 shows a contour plot of the spectrum 
obtained from the sequence in Fig. la for the alanine 
sample oriented in an inhomogeneous field. Resolution 
in the F ,  dimension is again such that useful coupling 
information cannot be extracted. However, it is clear 
that this pattern resembles Fig. 2b, consistent with 
3 0  < D'. Once again, the effects of field inhomogeneity 
are refocused along F , ,  allowing extraction of 'H-'H 
and 'H-' 3C coupling parameters. Values of I D' I = 11 1 
Hz and I 3 0  I = 40 Hz are obtained. 

In many cases useful structural information can be 
obtained more readily from molecules labelled with I3C 
in several sites. Knowledge of several 'H--l3C dipolar 
splittings allows, in the case of rigid molecules, a deter- 
mination of the relative orientation of the 'H-I3C 
bonds. Extraction of data from multiply labelled mol- 
ecules requires a pulse sequence which retains chemical 

shift resolution while refocusing magnetic field inhomo- 
geneity effects. Figure l b  illustrates one such sequence. 

The effects of this sequence are such that resonances 
in the w1 dimension are offset by the difference in 
chemical shift of the two coupled resonances, in this 
case the methyl and methine protons. Figure 7 shows 
the projection of the cross-peak centered at (wA - wJ2, 
wx) on to the F ,  axis for the AX, spin system of 

II a CH 

HDO 

460 0 -4d0 -860 -1260 -16d0 

Figure 5. (A) High-resolution spectrum of alanine-13C3 dis- 
solved in a liquid crystal solvent at 330 K; (B) spectrum of the 
same sample acquired in an inhomogeneous magnetic field. 
Chemical shifts are relative to HDO. 

HZ 

0 
-0 

I 
... 

-0 2 

0 
-0 - 

- 1 odo - I200 - 1400 - 1600 - 1800 
HZ 

Figure 6. Contour plot presentation of the spectrum obtained from oriented alanine-'3C3 using the sequence in Fig. l a .  Spectral acquisi- 
tion and processing parameters are indicated in the text. Chemical shifts in F, are relative to HDO, and in F, the center of the spectrum is at 
0 Hz. 
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800 720 640 560 480 400 320 240 
HZ 

Figure 7. Projection of the cross-peak centered at (0, - o J 2 ,  ox) on to the F, axis for the AX, spin system of alanine-13C,. The sequence 
in Fig. 1 b was employed. See text for details. Chemical shifts in f ,  are relative to the center of the spectrum. 

alanine-',C, obtained with the sequence of Fig. lb. 
Note that chemical shift resolution is retained, with res- 
onances appearing at one half the difference in chemical 
shifts of the coupled spins (1123/2 Hz). Coupling infor- 
mation can be extracted from this spectrum by recalling 
that magnetization evolves on spins X and A, each for 
half of the evolution time. Since the predominant coup- 
lings are associated with the B-methyl group (see Fig. 
5A), this implies a scaling down of the couplings by a 
factor of 2. A value of I 3 0  ]/2 = 22 Hz is obtained from 
the 'H-'H splittings in Fig. 7, which is in good agree- 
ment with the value obtained from the 1D experiment. 
The value of I D' I = 125 Hz, obtained from the spectrum 
in Fig. 7, is slightly larger than the actual value of 
I D'I = 114 Hz, since in addition to a geminal 'H-13C 
coupling there is a small vicinal 'H-l3C coupling of 15 
Hz. The 'H-13C splitting observed in the spectrum in 
Fig. 7 (63 Hz) is in good agreement with the average of 
the geminal and vicinal 'H-',C splittings (65 Hz) 
obtained from Fig. 5A. 

In the case of complex spectra considerable simplifi- 
cation may be obtained by removing 'H-'H couplings. 
This can be accomplished by replacing the two evolu- 
tion periods in the sequence in Fig. l b  with two con- 
stant time evolution periods." Hall and Norwood' 
have developed such sequences for the measurement of 
high-resolution NMR experiments in the presence of 
inhomogeneous fields. In the present case, however, a 
knowledge of both the 'H-'H and 'H-',C interactions 
provides a way of obtaining both the sign and magni- 
tude of the 'H-',C dipolar coupling. This can be seen 
as follows. The ratio of the 'H-'H dipolar splitting to 
the 'H-l3C dipolar splitting for the AX, spin systems 
considered here is given by 

x 1(3 cos' 90 - 1)/(3 cos' 109.5 - 1)1 (14) 

which follows directly from Eqns (4) and (5).  In Eqn 
(14), r' % 2.2, assuming standard bond geometries. For 

the case of oriented sodium acetate, values of ID'] = 
I JH< + DHJ = 63 Hz and I DH-HI = 140 Hz are 
obtained. Noting that a typical value for JHx in a 
methyl group is ca 130 Hz, we conclude that D, z 
-67 Hz or - 193 Hz. Only the value of -67 Hz is 
consistent with r' = 2.2. In contrast, for the case of 
oriented alanine, values of I D' I = I J,, + D, I = 114 
Hz, I DH-H I = 42 Hz and JHx 130 Hz imply that 
D, z - 16 Hz or -244 Hz. Only the value of - 16 
Hz is consistent with r' = 2.2. 

In liquid crystal samples it is frequently possible to 
decide whether DH, is greater or less than JHX via the 
fact that DH< scales with temperature- or 
concentration-dependent changes in order. In such 
cases the magnitudes of D, and DH-H can be used to 
determine geometries. 

In summary, we have presented two pulse sequences 
which are useful for the extraction of homonuclear and 
heteronuclear dipolar couplings from molecules ori- 
ented in inhomogeneous magnetic fields. Useful struc- 
tural information can be obtained which can, in some 
cases, supplement distance constraints obtained from 
cross-relaxation experiments. As NMR progresses to 
higher magnetic fields an increasing number of mol- 
ecules will orient, and results from experiments such as 
these suggest that the application of ultra-high-field 
NMR to the study of the structure of molecules will be 
useful even in the presence of magnetic field inhomoge- 
neity effects. 
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