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Enhanced NMR Resolution by Restricting the 
Effective Sample Volume 

Since the very first experiments on  the high-resolution NMR of liquid samples 
there has been  widespread interest in the quest for enhanced resolving power to 
bring out the fine structure due  to weak spin-spin interactions and  to approach the 
natural width of the NMR lines. The  lim iting factors are well known-spatial 
inhomogeneity of the static field BO and  instability of B. measured with respect to the 
excitation frequency-but since the pioneering work of Arnold (1) and  Anderson (2) 
technological improvements in this area have been  relatively slow. There has been  
a  steady improvement in field stability, particularly for modern  superconduct ing 
spectrometers, and  pulse excitation reduces the sensitivity to low-frequency 
instabilities (3). In addition there are special techniques such as double irradiation 
(4) and  spin.-echo experiments (5-8) which can circumvent some of the problems of 
field inhomogeneity. 

Enhanced resolution may also be  achieved “artificially” by data man ipulation 
after the acquisition of the NMR signal, either by a  convolution operation on  the 
frequency-domain spectrum (9, 10) or by a  weighting function which prolongs the 
decay of the transient time-domain signal (IO,1 I ). Many different prescriptions are 
in vogue (12-16). 

A simple and  more direct method is to use a  very small NMR sample. The  resulting 
loss of sensitivity is seldom a  problem for proton NMR, and  for less sensitive nuclei it 
can usually be  retrieved by time  averaging. Unfortunately this is not quite as easy as it 
sounds. Suppose that the sample is enclosed within a  very small glass container; 
resolution is significantly degraded because of the field distortions due  to dis- 
continuities in magnetic susceptibility between sample, glass, and  the surrounding 
med ium. Experiments which emp loy retaining plugs or small capillary tubes do  not in 
practice achieve the expected resolution. 

This communicat ion proposes an  alternative method of restricting the effecfiue 
sample volume without the need  for the equivalent physical confinement; spinning 
sample tubes are used with the normal dimensions (5 m m  o.d.). The  idea is to excite 
part of the sample by selective irradiation in an  imposed field gradient, a  concept 
often used in spin-mapping experiments or zeugmatography (17). The  field gradient 
is strong in comparison with the overall width of the mu ltiplet under  investigation, 
and  also in comparison with the residual “natural” gradients of the high-resolution 
magnet.  Ideally several gradients m ight be  used, chosen to match the dominant 
natural gradients, but in practice a  single applied gradient is quite effective, since a  
linear Z  gradient, for example, m inimizes the extent of excitation in the Z  dimension, 
and  automatically takes care of higher-order natural Z  gradients. Frequency selec- 
tivity is achieved either by means  of a  “soft” radiofrequency pulse (18, 19) or by a  
regular sequence of very short strong pulses designed to have a  cumulative effect in 
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only a very narrow frequency band (20,21). Selective irradiation in an applied field 
gradient limits the physical extent of the sample which is excited; sudden removal of 
the gradient then permits spins in the chosen region to precess in a particularly 
uniform magnetic field. 

It has been demonstrated that a frequency selectivity of the order of 0.1 Hz can be 
achieved by a suitable pulse sequence, by using it to burn a hole in an inhomo- 
geneously broadened line (21). For the present purpose far less stringent selectivity 
is acceptable since the excitation is performed in a strong field gradient. 

The proposed technique has been tested on a high-resolution spectrometer 
constructed at the Delft University of Technology (22) which utilizes a Varian 
300-MHz superconducting solenoid. Selective excitation was achieved with a regular 
sequence of short intense pulses (20, 21), typically 20 pulses of flip angle 3” each 
(2 usec), spaced 2.5 msec apart. The applied gradient was a linear Z gradient (the 
spinning axis and the axis of the solenoid), and was switched under computer control. 
The subsequent free precession signal was sampled for 16.6 set (16K data points) 
and extended with 16K of zero filling, no weighting function being used. 

The experimental sample was furan-2-aldehyde (23) dissolved in deuterobenzene 
to give a 0.02 A4 solution. The field was stabilized through the deuterium reference 
signal. The ring proton at lowest field shows three proton couplings, an eight-line 
pattern. This is poorly resolved under conventional operating conditions, the 
instrumental linewidth being about 0.6 Hz (Fig. la). For traces b, c, and d the sample 
was excited selectively in increasingly strong Z gradients, the free precession signals 
being acquired in the absence of field gradients, and the resolution is clearly improved 
each time. This enhancement of resolution is achieved at the expense of reduced 
signal-to-noise ratio as the effective sample volume is restricted. It seems probable 
that the limiting resolution may be determined by the self-diffusion of the sample 
during the relatively long acquisition period, increasing the effective volume of the 
sample. Note that this method should improve resolution even in magnets which are 
already extremely homogeneous. 

This method naturally invites comparison with the widely used artificial method of 
resolution enhancement, the weighting of the experimental free precession signal to 
prolong the time constant of the decay. Enhancement of the intensity in the tail of 
this signal corresponds to emphasizing signal components in relatively homogeneous 
magnetic fields. In this sense the weighting operation can be thought of as restricting 
the effective volume of the sample. However, the practical limits of this kind of 
resolution enhancement are quickly reached if there are noise spikes or distortions of 
the lineshape, because the weighting process exaggerates such artifacts. 

Selective excitation in an imposed gradient restricts the effective sample volume in 
a more direct way and does not have the same practical limitations as the data- 
processing method. In principle it should be feasible to carry out a spatial search for 
the region of optimum homogeneity, either by varying the frequency of the selective 
excitation in a given gradient or by changing the combination of imposed gradients. 
In some liquid systems, this resolution enhancement technique could provide a 
measure of the natural linewidth; this would be particularly useful for individual lines 
in strongly coupled spin systems. The main limitation of the method appears to be the 
inevitable loss of sensitivity associated with small samples, but if the imposed 
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FIG. 1. The low-field ring proton resonance of 0.02M furan-2-aldehyde in deuterobenzene at 
300 MHz Trace (a) was obtained under normal high-resolution conditions, whereas (b), (c), and (d) were 
obtained after selective excitation in increasingly strong Z gradients which were removed before data 
acquisition. Note the improvement in instrumental linewidth from approximately 0.6 Hz in (a) to 
approximately 0.08 Hz in (d), accompanied by a corresponding loss of sensitivity due to the smaller 
effective sample volume. 
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gradients .are reproducible and the irradiation frequency stable, this loss can be 
retrieved by time averaging. 

Diffusion of nuclei in magnetic field gradients can be a serious limitation on several 
NMR measurements. For example, spin-echo experiments which use only a single 
refocusing pulse are particularly sensitive to diffusion; these techniques are being 
increasingly used in two-dimensional Fourier transform spectroscopy for studying 
spin-spin coupling (24). In the measurement of spin-lattice relaxation times, the 
diffusion of the inverted spins out of the transmitter coil before the 90” sampling 
pulse constitutes a source of error for long relaxation times. Diffusion is also a 
complicating factor in multiple-quantum spectroscopy where “coherence transfer 
echoes” are employed (25). In each of these applications the effects of diffusion may 
be minimized by ensuring that the preparation stage is restricted to a very small 
sample volume. 

ACKNOWLEDGMENTS 

This work was supported by a stipend (A.B.) from the Delft University Fund. 

REFERENCES 

1. J. T. ARNOLD,#Z~S. Rev. 102, 136 (1956). 
2. W. A. ANDERSON, Phys. Rev. 102,151 (1956). 
3. R.FREEMANAND R.C.JONES,J. Chem.Phys.52,465 (1970). 
4. R. FREEMAN AND B. GESTBLOM, J. Chem. Phys. 47,2744 (1967). 
5. E. L. HAHN AND D. E. MAXWELL, Phys. Rev. 88,107O (1952). 
6. R. FREEMAN AND H. D. W. HILL, J. Chem. Phys. 54,301(1971). 
7. J. JEENER, Ampere International Summer School, Basko Polje, Yugoslavia, 1971. 
8. W. P. AUE, E. BARTHOLDI, AND R. R. ERNST, J. Chem. Phys. 64, 2229, (1976); W. P. AUE, 

J. KARHAN, AND R. R. ERNST, J. Chem. Phys. 64,4226 (1976). 
9. R. R. ERNST, “Advances in Magnetic Resonance” (J. S. Waugh, Ed.), Vol. 2, Academic Press, New 

York, 1966. 
10. R. R. ERNST, R. FREEMAN, B. GESTBLOM, AND T. R. LUSEBRINK, Mol. Phys. 13,283 (1967). 
11. W. BREMSER, H. D. W. HILL, AND R. FREEMAN, Messtechnik 79, 14 (1971). 
12. A. 0. CLOUSE, D. C. MOODY, R. R. RIETZ, T. ROSEBERRY, AND R. SCHAEFFER, J. Am. Chem. 

Sot. 95,2496 (1973). 
13. I. D. CAMPBELL, C. M. DOBSON, R. J. P. WILLIAMS, AND A. V. XAVIER, J. Magn. Reson. 11,172 

(1973). 
14. A. DEMARCO AND K. W~THRICH, J. Map. Reson. 24,201 (1976). 
15. J. W. AKITI-,J. Magn. Reson. 32,311 (1978). 
16. B. CLIN, J. DE BONY, P. LALANNE, J. BIAIS, AND B. LEMANCEAU, J. Magn. Resort. 33,457 

(1979). 
17. P. C. LAUTERBUR, Nature (London) 243,190 (1973). 
18. R. FREEMAN AND S. WITTEKOEK, J. Magn. Reson. 1,238 (1969). 
19. R. FREEMAN, S. WI?TEKOEK, AND R. R. ERNST, J. Chem. Phys. 52, 1529 (1970). 
20. G. BODENHAUSEN, R. FREEMAN, AND G. A. MORRIS, J. Magn. Reson. 23,171 (1976). 
21. G. A. MORRIS AND R. FREEMAN, J. Magn. Reson. 29,433 (1978). 
22. A. F. MEHLKOPF, Ph.D. thesis, Delft University of Technology, 1978. 
23. R. A. HOFFMAN, B. GESTB~OM, S. GRONOWITZ, AND S. FORSBN, J. Mol. Spectrosc. 11,454 

(1963). 



COMMUNICATIONS 181 

24. G.BODENHAUSEN,R.FREEMAN,R.NIEDERMEYER,ANDD.L.TURNER,J. Magn.Reson.24, 
291(1976). 

25. A. A. MAUDSLEY,A.WOKAUN,AND R.R.ERNsT, Chem.Phys.Lett. 55,1(1978). 

Department of Applied Physics 
Delft University of Technology 
Delft, The Netherlands 

Physical Chemistry Laboratory, 
Oxford University 
Oxford, England 

ADBAX 

RAY FREEMAN 

Received August 3, 1979 


