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Abstract: Representative applications of ultrahigh resolution 13C NMR are presented. We arbitrarily define "ultrahigh resolution" 
NMR as having been achieved when there is less than 20-mHz instrumental contribution to the line width. First, we show 
that ultrahigh resolution NMR greatly extends the range and precision of measurements of secondary isotope effects on chemical 
shifts. For example, the 18O (0.2%) satellite is fully resolved from the main carbonyl resonance in the 13C NMR spectrum 
of acetone of natural isotopic composition. In the spectrum of (CH3)4Si of natural isotopic composition, satellites are observed 
not only for 29Si (spin V2, 4.67%) but also for 30Si (spin 0, 3.10%) and the doubly 13C-labeled molecules. The separation between 
the latter two minor resonances is only 0.00046 ppm (23 mHz), and yet they are resolved. Then, we show that a single ultrahigh 
resolution '3C NMR spectrum of toluene yields all satellites caused by 13C-13C scalar splittings, including all long-range splittings. 
The resulting values of Jcc have an accuracy of ±0.003 Hz. With the use of ultrahigh resolution NMR, the instrument time 
required to determine long-range Jcc values is greatly diminished relative to double-quantum coherence methods. Finally, 
we show that the observed line widths in a single ultrahigh resolution NMR spectrum of a molecule large enough to have 
natural line widths of about 0.5 Hz or more yield very accurate values of the natural line widths (equal to l/irT2). Experimental 
verification comes from a comparison of the measured line widths and 1 /IrT1 values of the 13C resonances of an aqueous disaccharide 
(sucrose) and tetrasaccharide (stachyose). The resulting accurate and easy to measure T2 values are an attractive alternative 
to Tx measurements in studies of molecular motions and other applications of relaxation times. 

In a preceding communication,1 we demonstrated the feasibility 
of achieving an instrumental contribution to the line width of as 
little as 7 mHz in proton-decoupled 13C NMR spectra on standard 
commercial NMR instruments, with the use of standard large 
(12-mm diameter) sample tubes and large (4 mL) sample volumes 
and standard single-pulse excitation. Our studies suggest that 
the resolution performance of typical commercially available 
high-resolution superconducting magnets (with 1H resonance 
frequencies of 200 or 300 MHz and perhaps even 400 MHz) is 
much better than is generally believed and that the ultimate 
available resolution has been generally masked by broadening from 
chemical shift gradients caused by temperature gradients in the 
sample.1 This phenomenon is not surprising if one examines 
available reports of the temperature dependence of chemical shifts 
(Table I or ref 1). We initially found large temperature gradients 
in our probe,2 which we eliminated as described.1'2 In this report, 
we present three general types of applications of ultrahigh reso
lution NMR. 

The first type of application deals with isotope effects on the 
chemical shifts of nucleus A caused by the presence of more than 
one isotope of nucleus B (secondary isotope effects), which have 
useful applications to chemical3 and biochemical4 problems and 
are also of interest for theoretical calculations of chemical shifts.5 

However, often these isotope effects are hard to measure because 
they are small. The difficulty is greatest when the isotopic com
position of nucleus B is very lop-sided and the minor isotope has 
a zero spin and therefore produces no scalar splitting of the 
resonance under observation, as in the case of 18O (0.20% natural 
abundance). We show that ultrahigh resolution NMR greatly 
improves our ability to detect isotopically shifted minor resonances. 
For example, we can resolve the 13C resonance of the carbonyl 
of (CHj)2

13C18O from that of (CHj)2
13C16O in a sample of acetone 

(1) Allerhand, A.; Addleman, R. E.; Osman, D. J. Am. Chem. Soc. 1985, 
107, 5809-5810. 

(2) Maple, S. R.; Allerhand, A. /. Magn. Reson., in press. 
(3) Hansen, P. E. Ann. Rep. NMR Spectrosc. 1983, 15, 105-234. 
(4) See, for example, DeBrosse, C. W.; Villafranca, J. J. In "Magnetic 

Resonance in Biology"; Cohen, J. S., Ed.; Wiley: New York, 1983; Vol. 2, 
pp 1-52. 

(5) Jameson, C. J. J. Chem. Phys. 1977, 66, 4983-4988. 

of natural isotopic composition, even though the chemical shift 
difference is only 2.5 Hz at 50 MHz. Please note that the capacity 
to resolve two closely spaced lines diminishes rapidly as the ratio 
of the two intensities deviates from unity. For example, if the 
width at half-height of the major peak is 0.200 Hz, its width at 
1% height is 1.99 Hz, and its width at 0.1% height is 6.32 Hz, 
for a Lorentzian line shape. Although nucleus A is 13C in this 
report, our ultrahigh resolution methodology is easily extrapolated 
to other spin - ' / 2 nuclei. 

The second type of application deals with measurements of 
long-range 13C-13C scalar coupling constants directly from resolved 
satellites in ordinary (single-pulse excitation) natural-abundance 
13C NMR spectra. Long-range 13C-13C scalar coupling constants 
can be very useful in determinations of structure and conforma
tion.6,7 For compounds of natural isotopic composition, the 
detection of 13C-13C satellites is now generally done by suppressing 
the strong signal of the main resonances with the use of dou
ble-quantum coherence methods.8'9 However, the pulse spacings 
for each double-quantum coherence spectrum can only be targeted 
for a small range of Jcc values, so that this methodology is most 
useful for observing the relatively invariant ' / c c , typically in the 
range 35-50 Hz.10 Because long-range Jcc values are quite 
variable,6 the pulse spacings become a variable parameter, and 
many spectra per sample may be required.9 The resulting total 
accumulation time may be prohibitive for low concentrations. 
Therefore, it is of great interest to establish if a single spectrum 
may yield all long-range / c c values. We show that one ordinary 
(single-pulse excitation) ultrahigh resolution spectrum may yield 
most of the long-range 13C-13C scalar coupling constants, as well 
as all the lJcc values. 

In the above two types of examples, we focus on applications 
of ultrahigh resolution NMR to molecules small enough to yield 

(6) Hansen, P. E. Org. Magn. Reson. 1978, 11, 215-233. 
(7) Marshall, J. L. "Carbon-Carbon and Carbon-Proton NMR Couplings: 

Applications to Stereochemistry and Conformational Analysis"; Verlag 
Chemie International: Deerfield Beach, FL, 1983. 

(8) Bax, A.; Freeman, R.; Kempsell, S. P. J. Am. Chem. Soc. 1980, 102, 
4849-4851. 

(9) Bax, A.; Freeman, R.; Kempsell, S. P. J. Magn. Reson. 1980, 41, 
349-353. 

(10) Wray, V. Progr. NMR Spectrosc. 1979, 13, 177-256. 
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natural line widths of less than 30 mHz. In the third type of 
application, we show that ultrahigh resolution conditions are useful 
for studying relaxation behavior of large molecules. Specifically, 
we show that the observed line widths (W) from a single ultrahigh 
resolution spectrum yield very accurate spin-spin relaxation times 
(T2) of each resolved resonance of a spin - ' / 2 nucleus, in contrast 
to the need for many inversion-recovery spectra to measure 
spin-lattice relaxation times (T1). In the past, T2 values of 
quadrupolar nuclei of molecules in solution have been extracted 
routinely from the line widths of the broad resonances of such 
nuclei. The dwindling value of the instrumental contribution to 
the line width made possible by ultrahigh resolution1 should expand 
the range of such measurements to spin - ' /2 nuclei of molecules 
with line widths of about 0.5 Hz or more. Here we test this 
expectation experimentally by doing detailed measurements of 
T1 and W of aqueous sucrose (1) and stachyose (2). The latter 
is /3-D-fructofuranosyl 0-a-D-galactopyranosyl-(l--6)-0-a-D-
galactopyranosyl-(l-*6)-a-D-glucopyranoside. As expected," the 
T1 value of C-2 of the fructofuranosyl residue of 1 yields a very 
narrow estimated natural line width (0.055 Hz under our sample 
conditions). Therefore, no attempt was made to extract the T2 

of this resonance of 1 and 2 from observed line widths. The results 
and discussion presented below refer only to the methine and 
methylene carbon resonances of 1 and 2. 

Experimental Section 
Proton-decoupled natural-abundance 13C NMR spectra were recorded 

on a slightly modified Nicolet NT-200 NMR spectrometer at a frequency 
of 50.3 MHz in a standard Nicolet 12-mm probe and standard 12-mm 
NMR tubes (Wiimad 514A-7PP, flat bottom, il.05-mm inside diame
ter). The sample volume was 4.2 mL. The spectrometer was modified 
as follows: (i) WALTZ-16 proton decoupling12 was incorporated with 
the use of a digital control box purchased from Bio-Magnetic Instruments 
of West Layfayette, IN, which created the required 180° phase shifts in 
the 1H decoupler circuit of the NT-200 spectrometer. Decoupler power 
was in the range 0.9-1.7 W, which yielded 7H2/2TT of 2700-3800 Hz. 
(ii) The original digital pyrometer which had a resolution of 1 0C was 
replaced by one with a resolution of 0.1 0C (Newport Electronics 268-
TC2.05.D2). (iii) The temperature stability was improved by first run
ning the compressed air used for sample temperature control through a 
copper coil in a large water reservoir. Since this work was completed, 
the water reservoir has been replaced by a Neslab RTE-8DD constant 
temperature bath, which has a temperature stability of ±0.02 0C. (iv) 
Temperature gradients in the sample were minimized by raising the air 
flow to about 20 L/min and by keeping the 1H decoupling power to 1.7 
W or less.2 

Spin-lattice relaxation times were measured by the inversion-recovery 
method13 with composite 180° pulses to correct for H1 inhomogeneity14 

and 180° phase alternation in order to correct for T1 relaxation effects,15 

even though the interval between successive 180° pulses was always 
S67V Other experimental details are given in the figure legends and 
footnote a of Table II. 

Secondary Isotope Effects on Chemical Shifts 

Figure 1 shows the carbonyl resonance of acetone of natural 
isotopic composition, after 92 scans, processed with a 10-mHz 
digital exponential broadening to improve the signal-to-noise ratio. 
The resulting width at half-height of the main peak is 36.8 mHz. 
If we subtract the above 10 mHz and an estimated natural line 
width (based on \ITtTx) of 9.4 mHz, the remaining instrumental 
broadening is 17.4 mHz, considerably greater than in a single-scan 
experiment,1 probably as a result of the large temperature de
pendence of the carbonyl chemical shift: a temperature drift of 
0.01 0C during spectral accumulation would cause a 7-mHz 

(11) Allerhand, A.; Doddrell, D.; Komoroski, R. J. Chem. Phys. 1971, 55, 
189-197. 

(12) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R. J. Magn. Reson. 
1983, 52, 335-338. Shaka, A. J.; Keeler, J.; Freeman, R. Ibid. 1983, 53, 
313-340. 

(13) Void, R. L.; Waugh, J. S.; Klein, M. P.; Phelps, D. E. /. Chem. Phys. 
1968, 48, 3831-3832. 

(14) Freeman, R.; Kempsell, S. P.; Levitt, M. H. J. Magn. Reson. 1980, 
38, 453-479. 

(15) Cutnell, J. D.; Bleich, H. E.; Glasel, J. A. J. Magn. Reson. 1976, 21, 
43-46. 

2 0 10 O - ! C - 2 0 Hz 

Figure 1. Proton-decoupled carbonyl resonance of air-free acetone (with 
20% v/v CD3OD) under argon at 22.5 0C and 50.3 MHz, after 92 scans 
with an acquisition time per scan of 81.92 s, a spectral width of ±100 
Hz, and 32K data points. The data were processed with 10-mHz Lor-
entzian broadening to improve the signal-to-noise ratio and with an 
additional 32K "zero fill" data points, which yielded a simulated ac
quisition time of 163.84 s and 6.1-mHz digital resolution. The main peak 
is truncated at 2% of its full height. The peaks labeled SSB are spinning 
sidebands. Zero frequency has been set at the chemical shift of the main 
peak. 

broadening.1 There seems to be a widely held belief that very small 
peaks near very large ones are difficult to detect not only because 
of resolution problems but also because of interference from 
spurious signals such as spinning sidebands and "artifacts" at the 
base line of large peaks. Figure 1 is evidence to the contrary, at 
least for ultrahigh resolution NMR. Spinning sidebands, labeled 
SSB in Figure 1, are broad because the spinning speed is not 
constant enough relative to our line width of 37 mHz. In any case, 
it is easy to modulate the spinning speed on purpose and thus smear 
out the spinning sidebands.16 There are no other artifacts in 
Figure 1. The peak at -2.514 Hz has an intensity about 1/500 
that of the main resonance and can be readily assigned to 13C18O 
on the basis of published results for lsO-enriched acetone.17 The 
peaks at -20.239 and 19.995 Hz clearly arise from the carbonyl 
of 13CH3-13CO-CH3. Although ' / c c values can be readily ob
tained without ultrahigh resolution by suppressing the major 
resonance with double-quantum coherence methods,8 the ultrahigh 
resolution spectrum of Figure 1 not only makes double-quantum 
coherence unnecessary for lJcc measurements but it also allows 
very precise measurements of the peak positions of the satellites, 
thus improving the precision of ' / c c and of the 13C isotope effect 
on the 13C chemical shift. From Figure 1, we get [JCC = 40.234 
± 0.003 Hz and a 13CH3 isotope effect on the carbonyl chemical 
shift of-122 ± 3 mHz (-0.00242 ± 0.00006 ppm). Experimental 
evidence for this unprecedented level of accuracy is presented in 
the following section. 

Figure 2A shows the proton-decoupled 13C NMR spectrum of 
(CH3)4Si of natural isotopic composition, after 40 scans, processed 
with no digital broadening or narrowing. The width at half-height 
of the main peak is 36.6 mHz. When we subtract the estimated 
natural line width (based on 1/IrT1) of 20.1 mHz, the remaining 
instrumental broadening is 16.5 mHz. The natural isotopic 
composition of silicon is 92.23% 28Si (spin 0), 4.67% 29Si (spin 
V2), and 3.10% 30Si (spin O).18 The peaks at -25.465 and 25.380 
Hz in Figure 2A are the 29Si satellites, which yield a 13C-29Si scalar 
coupling constant of 50.845 Hz. Reported values are 52 ± 2 Hz,19 

(16) Bamtnel, B.; Evilia, R. F. Anal. Chem. 1980, 52, 1999-2000. 
(17) Risely, J. M.; Van Etten, R. L. J. Am. Chem. Soc. 1980, 102, 

4609-4614. 
(18) Weast, R. C, Astle, M. J., Beyer, W. H., Eds. "CRC Handbook of 

Chemistry and Physics", 65th ed.; CRC Press: Boca Raton, FL, 1984. 
(19) Dean, R. R.; McFarlane, W. MoI. Phys. 1967, 12, 289-291. 
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Figure 2. Proton-decoupled 13C NMR spectrum of air-free Me4Si (15% 
v/v in a 2:1 v/v mixture of acetone and acetone-d6) under argon at 22.2 
0C, after 40 scans. Other acquisition and processing conditions were as 
for acetone (Figure 1), except as indicated below. The main peak is 
truncated at 10% of its full height. (A) Region of-31 to 31 Hz (from 
the main peak), processed with no digital broadening or narrowing of the 
resonances. Spinning sidebands at about ±18.5 Hz are essentially buried 
in noise. (B) Region of-0.61 to 0.61 Hz, processed with 30-mHz Lor-
entzian narrowing plus 20-mHz Gaussian broadening. 

50.3 ± 1.0 Hz,20 and 51.0 ± 0.5 Hz.21 We believe that our value 
has an accuracy of ±0.003 Hz. Evidence is presented in the 
following section. 

Figure 2A also yields a 29Si isotope effect (relative to 28Si) on 
the 13C chemical shift of Me4Si of -43 ± 3 mHz (-0.000 85 ± 
0.000 06 ppm). As far as we know, this is the first report of a 
29Si isotope effect on a 13C chemical shift. A 43-mHz effect is 
easily detectable here because the resonances are very narrow. 
Additional minor peaks are visible slightly upfield of the strong 
resonance of 13CH3-28Si-(12CH3)3. In order to improve the 
resolution of these peaks, the data processing for Figure 2B in
cluded 30 mHz of Lorentzian narrowing plus 20 mHz of Gaussian 
broadening.22 The resulting width at half-height of the main peak 
was reduced to 21 mHz, and also the wings of the main peak 
tapered off more rapidly than in Figure 2A. The intensity of the 
peak at -107 mHz is greater in the spectrum of specifically (34%) 
13C-enriched 13CH3-Si-(CH3)3 than in Figure 2B and is therefore 
assigned to the expected 3.3% of (13CH3)2-

28Si-(12CH3)2, relative 
to 13CH3-28Si-(12CH3)3, in the sample of natural isotopic com
position. The resulting 13C isotope effect on the 13C chemical shift 
of Me4Si is -0.0021 ± 0.0001 ppm. By elimination, the peak at 
-84 mHz in Figure 2B must arise from the 13CH3-30Si-(12CH3)3 

molecules. The 30Si isotope effect is -0.0017 ± 0.0001 ppm, which 
is, within experimental error, twice the value we obtained from 
Figure 1 for the 29Si isotope effect. 

It is noteworthy that the resonances of l3CH3-30Si-(12CH3)3 

and (13CH3)2-28Si-(12CH3)2 are separated by only 0.00046 ppm 
(23 mHz). Ultrahigh resolution NMR of small molecules provides 
an opportunity to resolve chemical shifts that differ by less than 
one part per billion, perhaps even as little as 0.2 ppb at higher 
frequencies than our 200 MHz (1H) value. 

(20) Levy, G. C; White, D. M.; Cargioli, J. D. /. Magn. Reson. 1972, 8, 
280—283 

(21) Harris, R. K.; Kimber, B. J. J. Magn. Reson. 1975, 17, 174-188. 
(22) Ferrige, A. G.; Lindon. J. C. J. Magn. Reson. 1978, 31, 337-340. 
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Figure 3. Proton-decoupled C-I resonance of air-saturated toluene (with 
20% v/v CD3OD) at 35 0C and 50.3 MHz, after 40 scans with an 
acquisition time of 81.92 s per scan, a spectral width of ±50 Hz, and 16K 
data points. The data were processed without exponential broadening 
or narrowing but with an additional 16K time-domain "zero fill" points, 
which yielded a final digital resolution of 6.1 mHz. Zero frequency is 
set at the chemical shift of the main peak, which is truncated at 2% of 
its full height. The chemical shifts (in hertz) displayed above the peaks 
were obtained with the use of a Lorentzian line-shape-fitting routine. 

Table I. Long-Range 13C-13C Scalar Coupling Constants (Hertz) in 
Toluene" 

obsd C 6 

1 
2,6 
3, 5 
4 
7 

1 

2.042 
9.540 

coupled carbon 

2,6 

9.004<* 
2.555 
3.170 

3, 5 

2.042 
9.003^ 

3.854 

C 

4 

9.543 
2.555 

0.921 

7 

3.168 
3.852 
0.920 

"Obtained from Figures 3 and 4 and a similar spectrum of C-7 (see 
text). 'The carbon whose main resonance was in between the observed 
satellites. cThe second carbon involved in the 13C-13C scalar interac
tion. ^Coupling of C-2 to C-5 and C-3 to C-6. 

Long-Range 13C-13C Scalar Coupling Constants 
Figure 3 shows the proton-decoupled C-I resonance of air-

saturated toluene after 40 scans, processed with no digital 
broadening or narrowing. The resulting width at half-height of 
the main resonance is 16 mHz, which yields an instrumental 
broadening of 9 mHz after subtraction of an estimated natural 
line width (based on 1/IrT1) of 6.8 mHz. The expected two 
long-range 13C-13C satellites are fully resolved. The ' / c c satellites 
are far outside the spectral range shown in Figure 3. Each inner 
satellite of Figure 3 has about 1% of the intensity of the main peak 
(instead of 0.5%) because they arise from the sum of the equivalent 
1-3 and 1-5 carbon pairs (see below). 

At the time of these experiments, our Nicolet NT-200 NMR 
instrument was equipped with 64K data memory, which was 
inadequate for recording the full range of 13C chemical shifts of 
toluene (about 6000 Hz). Therefore, as a temporary measure, 
we recorded one spectrum for C-1, one for the methine aromatic 
region, and one for the methyl group. When the spectra were 
processed without digital broadening or narrowing, the observed 
line widths for C-2, C-3, C-4, and C-7 (methyl) were 41, 37, 45, 
and 60 mHz, respectively, and the corresponding estimated natural 
line widths, based on l/ir7"[ values, were 18, 19, 23, and 28 mHz, 
respectively. In order to enhance the observation of very small 
Jcc values, the methine carbon spectrum (Figure 4) was processed 
with 40-mHz Lorentzian narrowing plus 30-mHz Gaussian 
broadening, and the methyl carbon spectrum was processed with 
50-mHz Lorentzian narrowing plus 50-mHz Gaussian broaden
ing.22 It is clear from Figure 4 that satellites even as close as 0.5 
Hz from the main resonance are resolvable. 

Figures 3 and 4 demonstrate the feasibility of observing all JCc 
£1 Hz in a single ultrahigh resolution 13C NMR spectrum, without 
the use of double-quantum coherence methods. Furthermore, the 
combined use of ultrahigh resolution and double-quantum co
herence may permit the observation of 7Cc values as small as 0.1 
Hz. In addition, with or without double-quantum coherence, 
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Table II. Values (Hertz) of W and 1/Tr1 of 1 and 2" 

residue4 

IF 

IG 

2F 

2G 

21 

2T 

relaxation rate 

W 
1/7T7-, 

W 
1/̂ r1 
W 
1/TTT, 

W 
\ I IrTx 

W 
V T T 1 

W 
1/̂ r1 

i 

1.16rf 

1.13rf 

0.72 
0.69 
1.46d 

1.46* 
1.09 
1.05 
1.06 
1.05 
0.73 
0.69 

2 

e 
e 
0.70 
0.68 
e 
e 
1.18 
1.08 
1.22 
1.14 
0.93 
0.85 

car 

3 

0.76 
0.70 
0.70 
0.66 
1.09 
0.99 
1.14 
1.08 
1.22 
1.15 
0.86 
0.85 

Donc 

4 

0.72 
0.69 
0.69 
0.65 
1.03 
0.93 
1.21 
1.11 
1.16 
1.04 
0.80 
0.70 

5 

0.77 
0.71 
0.70 
0.66 
1.02 
0.98 
1.18 
1.13 
1.21 
1.17 
0.87 
0.83 

6 

0.97* 
0.96* 
1.07* 
1.08* 
1.19* 
1.20* 
1.71* 
1.74* 
1.91* 
1.95* 
0.81* 
0.77* 

" l v a l u e s have an estimated precision of ± 3 % , on the basis of repeated measurements, l v a l u e s of 2 were obtained from the spectrum shown in 
part in Figure 6. Those of 1 (0.5 M in H 2 O with 10% v/v CD 3 OD and 0.5%) v/v 1 3 CH 3 OH, pH 4.0, 42 0 C ) are the averages of values from six 
spectra obtained as described for 2 in the caption of Figure 6, except that each spectrum was recorded with 400 scans, an acquisition time of 9.08 s 
per scan, a spectral width of ±902.527 Hz (enough to cover the C H and C H 2 resonances), and a final digital resolution of 0.0551 Hz. The T1 values 
of 1 and 2 were measured on the same samples and at the same temperatures as were used for getting the values of W, and they have an estimated 
precision of ± 5 % . Each T1 value is the arithmetic average of two values from two independent sets of 18-28 inversion-recovery spectra. The number 
of scans per inversion-recovery spectrum was 160 and 500 for 1 and 2, respectively. Other information about the measurements of W a n d T1 is given 
in the text. ' T h e letters F, G, I, and T after the compound designations 1 and 2 refer to fructose, glucose, internal galactose, and terminal galactose, 
respectively. c Meth ine carbon unless otherwise indicated. * Methylene carbon. 'Nonpro tona ted carbon. 

n 

+^i^W^M^ 

Figure 4. Proton-decoupled 13C NMR spectrum of the methine carbons 
of air-saturated toluene (with 20% v/v CD3OD) at 35 0C and 50.3 MHz, 
after 160 scans with an acquisition time of 54.61 s per scan, a spectral 
width of ±150.015 Hz, and 32K data points. All three spectral regions 
come from a single spectrum, processed with 40-mHz Lorentzian line 
narrowing and 30-mHz Gaussian line broadening, and an additional 32K 
"zero fill" time-domain points, which yielded 9.2-mHz digital resolution. 
The same vertical scale is used for all three spectral regions. The main 
peak of C-4 is truncated at 2% of its full height. The other two main 
peaks are truncated at 1%. Zero frequency is set at the chemical shift 
of each main peak. The chemical shifts (in hertz) displayed above the 
peaks were obtained with the use of a Lorentzian line-shape-fitting rou
tine. 

ultrahigh resolution 13C N M R of small molecules (with small 
natural line widths) permits the resolution of two or more very 
closely spaced 1 3C-1 3C satellites and the measurement of very 
accurate 7 C C values. The available accuracy is dramatically 
demonstrated in Table I, which tabulates the 7 C C values for 
toluene.23"25 Because we have detected all possible long-range 

(23) For early reports of some long-range Jcc values of toluene, see ref 24. 
A nearly complete set has been reported in ref 25. Within experimental error 
(which is ±0.15 Hz in ref 24b and ±0.03 Hz in ref 25), our values are in 
agreement with the reported ones, except for the 1-3 coupling constant in ref 
24b, which was reported as 0.78 Hz (but 2.05 Hz in ref 25). 

If i ^ \ terminal galactose 

internal galactose 

fructose 

Figure 5. Structure of 2. 

13C-13C satellites, Table I lists two independently measured values 
for each 7Cc> s o that we can assign every satellite to a specific 
carbon-carbon pair, and we can also estimate the precision of the 
measurements. For each pair of theoretically identical Jcc values, 
Table I yields a discrepancy no greater than 0.003 Hz. Even 
greater precision is feasible, because our digital resolution was 
0.009 Hz for the methine carbon resonances (see caption of Figure 
4), which can be improved with the use of more than 64K data 
memory. 

As a bonus, ultrahigh resolution spectra such as Figures 3 and 
4 also yield detectable long-range 13C isotope effects on 13C 
chemical shifts.26 Because most of these isotope effects are very 
small, it is desirable to determine the chemical shifts of the 13C-13C 
pairs with the use of the expressions for the strongly coupled AB 
system, even for pairs whose chemical shifts differ by much more 
than the value of / c c . 

Measurement of 13C Spin-Spin Relaxation Times Directly 
from Line Widths 

For measurements of the line widths (W) of sucrose (1), six 
spectra were recorded under identical conditions, except that the 

(24) (a) Ihrig, A. M.; Marshall, J. L. J. Am. Chem. Soc. 1972, 94, 
1756-1757. (b) Marshall, J. L.; Ihrig, A. M.; Miiller, D. E. J. MoI. Speclrosc. 
1972, 43, 323-325. 

(25) Wray, V.; Ernst, L.; Lund, T.; Jacobsen, H. J. J. Magn. Reson. 1980, 
40, 55-68. 

(26) Allerhand, A., unpublished results. 
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Figure 6. Only crowded region in the proton-decoupled 13C NMR 
spectrum of 2 (0.2 M in H2O with 20% v/v CD3OD) at 55 0C and 50.3 
MHz, after 4000 scans with an acquisition time of 4.83 s per scan, a 
spectral width of ±1694.91 Hz, and 32K data points. The data were 
processed without exponential broadening or narrowing but with an ad
ditional 32K "zero-fill" time-domain points, which yielded a final digital 
resolution of 0.103 Hz. The chemical shift scale was set by assuming that 
the value for C-6 of the glucose residue is the same as reported for 2 in 
D2O at 22 "C.30 F, G, I, and T designate fructose, glucose, internal 
galactose, and terminal galactose, respectively (see Figure 5), and the 
numbers are standard carbon designations. The full spectrum covers the 
range 62.0-104.6 ppm, with chemical shifts similar to those reported by 
Christofides and Davies,30 when corrected for the effect of deuteration 
of hydroxyls in D2O.30 

WALTZ-16 proton-decoupler center frequency was 3 ppm from 
Me4Si in one spectrum, 5 ppm in another, and 4 ppm in the 
remaining ones. As expected,27 no broadening caused by decoupler 
frequency offsets could be detected. All resonances of 1 and all 
but two resonances of stachyose (2, see structure in Figure 5) were 
resolved well enough for a least-square fit to a single Lorentzian 
line. The exceptions were the two peaks of 2 at about 70.6 ppm 
(see Figure 6), whose line widths were obtained by a least-squares 
fit to two Lorentzian peaks. Assignments of the resonances of 
1 are the reported ones28,29 based on independent evidence from 

(27) Allerhand, A.; Addleman, R. E.; Osman, D.; Dohrenwend, M. J. 
Magn. Reson., in press. 

(28) Jones, A. J.; Hanisch, P.; McPhail, A. K. Aust. J. Chem. 1979, 32, 
2763-2766. 

(29) Bax, A.; Freeman, R.; Frenkiel, T. A.; Levitt, M. H. J. Magn. Reson. 
1981, 43, 478-483. 
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selective proton-decoupling28 and double-quantum coherence.29 

The assignments for 2 are the reported ones based on deuterium 
isotope effects,30 which did not distinguish the resonances of 
carbons 1-4 of the terminal galactose from the corresponding ones 
of the internal galactose (Figure 5). We used the Tx values 
measured here to distinguish these resonances, as described earlier 
for a few of them under much lower resolution.31 

There is excellent agreement between each measured W and 
the corresponding 1/7TT1 value (Table II), as should happen if 
there is negligible instrumental broadening and if the molecular 
tumbling rate is much greater than the resonance frequency, a 
condition that is satisfied here.11 The instrumental contribution 
to the line width (50.05 Hz) is difficult to pinpoint precisely 
because it is masked by the experimental errors for Wand Tx. 
In any case, the comparisons of Wand 1/TrT1 (Table II) clearly 
show that measurements of T2 from a single ultrahigh resolution 
spectrum can replace the more time-consuming Tx measurements 
when the natural line widths are about 0.5 Hz or greater. Fur
thermore, small but important differences in relaxation times can 
be verified by measuring Wand T1, because measurements of W 
and Tx are affected by very different systematic errors. For 
example, the glucose and fructose rings of 1 seem to have slightly 
different Tx values, but the difference is very small, and it is 
reassuring to observe an analogous trend in the values of W. An 
earlier measurement of the 13C Tx values of 1 was seen as indicative 
of equal values for the two rings and, therefore, as evidence of 
isotropic tumbling of the sucrose molecule in aqueous solution.32 

Table II suggests a slight anisotropy. 

There is a wealth of information and potential applications in 
a detailed analysis of the data for 2 (Table II), but this will be 
discussed in a future report. Finally it should be noted that the 
easy and accurate method for measuring T2 values of spin - ' / 2 

resonances presented here is also of interest in situations when 
one wishes to detect important contributions to 1/T2 which do 
not affect 1/T1, such as chemical exchange and various types of 
scalar relaxation. 
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