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Lineshape calculations are reported for a spin system consisting
f a spin-1

2 nucleus scalar-coupled to two magnetically equivalent
pin-1 nuclei, e.g., a CD2 group. It is found that, because of the
ifferential line broadening, the peak height ratio of the five spin-1

2

ucleus transitions is expected to deviate from the integrated
ntensity ratio of 1:2:3:2:1. The deviation is dependent on the
xtent of cross-correlation between the two quadrupolar interac-
ions. The theoretical predictions for peak height ratios and for
andshapes are tested for the carbon-13 spectrum of perdeuter-
ted ethylene glycol, and iterative fitting is used to obtain an
stimate of the extent of the correlation between the quadrupolar
nteractions for the two deuterons. © 1999 Academic Press

Key Words: cross-correlation; quadrupolar relaxation; car-
on-13 multiplet; reference deconvolution.

INTRODUCTION

Cross-correlation or interference effects in nuclear mag
pin relaxation studies provide simple access to abundan
rodynamical information (1). One of the more fascinatin
ossibilities of utilising interference effects relates to uni
T1” interferences revealed through lineshape investigatio
ess efficiently relaxed, coupled spins (2–4).

In the present study, the appropriate lineshape calcul
or an isolatedA(I 5 1

2) X2(S 5 1) (e.g.,13CD2) spin grouping
s examined. It is demonstrated that it is possible to mea
uadrupole–quadrupole cross-correlation indirectly thro

he lineshapes of spin-1
2 nuclei, for which transverse relaxati

s relatively inefficient and easily dominated by quadrup
elaxation pathways associated with higher-order spin
resent, the only access to such correlation has been th
ultiquantum studies (5) or investigations of spins embedd

n spatially anisotropic environments (6).

THEORY

In the subsequent development, it is assumed that the
euterons (spinsS and S9) are magnetically equivalent a

elaxed efficiently by axially symmetric quadrupolar interac
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ions. It is initially assumed that all members of the13C (spin
) pentet are well resolved, extreme narrowing obtains, an

13C line broadening results from deuteronT1 processes; th
atter requirement is then removed. Any or all of the remain
ssumptions can be removed quite simply, but for the p
e wish to illustrate, such generalizations are unnecessa
The appropriate basis states that diagonalize*0 5 2(vI 2

ISSz)I z 2 vS(Sz 1 S9z) 1 (SS9S z S9 are labeled as follows:ui& 5
mImSmS9&, wheremI 5 a(11

2), b(11
2) andmS(mS9) 5 1, 0,21:

u1& 5 ua11&,

u2& 5 ~ua10& 1 ua01&)/Î2,

u3& 5 ~ua10& 2 ua01&)/Î2,

u4& 5 ~ua1 2 1& 1 ua 2 11& 1 2ua00&)/Î6,

u5& 5 ~ua1 2 1& 2 ua 2 11&)/Î2,

u6& 5 ~ua1 2 1& 1 ua 2 11& 2 ua00&)/Î3,

u7& 5 ~ua 2 10& 2 ua0 2 1&)/Î2,

u8& 5 ~ua 2 10& 1 ua 2 01&)/Î2,

u9& 5 ua 2 1 2 1&,

u10& 5 ub11&,

u11& 5 ~ub10& 1 ub01&)/Î2,

u12& 5 ~ub10& 2 ub01&)/Î2,

u13& 5 ~ub1 2 1& 1 ub 2 11& 1 2ub00&)/Î6,

u14& 5 ~ub1 2 1& 2 ub 2 11&)/Î2,

u15& 5 ~ub1 2 1& 1 ub 2 11& 2 ub00&)/Î3,

u16& 5 ~ub 2 10& 2 ub0 2 1&)/Î2,

u17& 5 ~ub 2 10& 1 ub 2 01&)/Î2,
- u18& 5 ub 2 1 2 1&.
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2 WERBELOW ET AL.
otation can be simplified by contracting each pair of ind
or a coherencex into one:x i ,i19 f x i .

Application of standard theory (7–9) demonstrates th
he free evolution of13C single quantum coherence for
D2 group is described by the partially coupled exp
ions

2~d/dt!x1 5 @i $vC 2 4pJCD% 1 24J#x1, [1]

2~d/dt!Fx2

x3
G 5 S i $vC 2 2pJCD%F 1 0

0 1G
1 F 26J 1 2K 26J 1 6K

26J 1 6K 26J 2 14KGDFx2

x3
G ,

[2]

2~d/dt!3
x4

x5

x6
4

5 3 ivC 1 24J 0 2
16

3
~ J 1 K!

0 ivC 1 24J 2 16K 0

2
16

3
~ J 1 K! 0 ivC 1

80

3
~ J 1 K!

4
3 3

x4

x5

x6
4 , [3]

2~d/dt!Fx7

x8
G 5 S i $vC 1 2pJCD%F 1 0

0 1G
1 F26J 2 14K 26J 1 6K

26J 1 6K 26J 1 2K GDFx7

x8
G ,

[4]

2~d/dt!x9 5 @i $vC 1 4pJCD% 1 24J#x9, [5]

hereJ andK are the autocorrelation and cross-correla
uadrupolar spectral densities, respectively,vC is the off-
et from resonance of the carbon-13 chemical shift, andJCD

s the carbon– deuterium one-bond coupling constant.
resumption of well-resolved lines (the secular approxi

ion) effectively zeros all other couplings. However, E
1]–[5] do assume that the two deuterons are magneti
quivalent. If temporal fluctuations distinguish betw

hese two spins, then the size ofJ(K) compared with th
ery small deuteron– deuteron spin–spin coupling is r
ant and the description becomes considerably more
licated.

For axially symmetric molecular diffusion (characterized byc
s

-

n

e
-
.
ly
n

-
-

he rotational diffusion coefficientsD', D \), the autocorrela
ion and cross-correlation quadrupolar spectral densitie
efined as (7)

J 5 ~3/640!~e2qQ/\! 2@~3 cos2u 2 1! 2t20

1 12~sin2u cos2u !t21 1 3 sin4ut22#, [6]

K 5 ~3/640!~e2qQ/\! 2@~3 cos2u 2 1! 2t20

1 12~sin2u cos2u !cos~f 2 f9!t21

1 3 sin4u cos~2f 2 2f9!t22#, [7]

hereeQ is the nuclear quadrupole moment,eq is the field
radient, 1/t 2n 5 6D' 1 n2(D \ 2 D'), u is the angle
etween the principal axis of the quadrupole interaction an
rincipal axis of the diffusion tensor, andf 2 f9 is the angle
hen viewed along the principal diffusion axis, between

wo quadrupole axes.
Although the integrated intensities of the13C pentet ar

n the ratio of 1:2:3:2:1, the apparent heights of the m
let components do not obey this simple pattern bec
f differential line broadening. This behavior is simi
o the situation for the13C triplet associated with th

13C–2H grouping, where the apparent simple Lorentz
eights, in the same limit, are in the ratio 2:3:2 (10). As
ight be expected, quadrupolar broadened lines in
D2 grouping are somewhat broader than the correspon

ines in the CD grouping. For example, assuming sim
orrelation times and quadrupolar coupling constants
utermost13C multiplet components are twice as broad

13CD2,
6
5 (1/T1Q), as in 13CD, 3

5 (1/T1Q). 1/T1Q denotes th
uadrupolar spin–lattice relaxation rate of the deute
qual in the extreme narrowing regime to 20J (11), and the

inewidths are given as half-widths at half-height in
er second.
More interestingly, whenever the13C resonances are h
ogeneously broadened by deuteron quadrupolar int

ions, the apparent heights of the five lines depend
he degree of correlation between the two quadrup
nteractions. To calculate the apparent peak height
s important to recognize that the outermost lines are
cribed by a single Lorentzian (Eqs. [1] and [5]), wher
he inner lines (cf. Eqs. [2] and [4]) and the central p
Eq. [3]) consist of two and three Lorentzian compone
espectively. Despite this relative complexity, the ba
hape

I ~v! } ReE ^I 1~t!I 2~0!&exp~2ivt!dt [8]
an be solved analytically and written in the form
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3CARBON-13 LINESHAPES IN13CD2 SPIN GROUPING
I ~v! }
24J

~24J! 2 1 ~vC 2 4pJCD 2 v! 2

1
16~64J 2 24K!~40J2 2 15JK 2 4K 2! 1 40J~vC 2 2pJCD 2 v! 2

~16~40J2 2 15JK 2 4K 2!! 2 1 16~89J2 2 48JK 1 17K 2!~vC 2 2pJCD 2 v! 2 1 ~vC 2 2pJCD 2 v! 4

1

2

3
~92J 1 56K!S2

256

9
~ J 1 K! 2 1 ~24J!S80

3
~ J 1 K!DD 1 ~40J 1 16K!~vC 2 v! 2

S2
256

9
~ J 1 K! 2 1 ~24J!S80

3
~ J 1 K!DD 2

1 SS512

9
~ J 1 K! 2 1 ~24J! 2 1 S80

3
~ J 1 K!D 2D ~vC 2 v! 2 1 ~vC 2 v! 4

1
24J 2 16K

~24J 2 16K! 2 1 ~vC 2 v! 2

1
16~64J 2 24K!~40J2 2 15JK 2 4K 2! 1 40J~vC 1 2pJCD 2 v! 2

~16~40J2 2 15JK 2 4K 2!! 2 1 16~89J2 2 48JK 1 17K 2!~vC 1 2pJCD 2 v! 2 1 ~vC 1 2pJCD 2 v! 4

1
24J

~24J! 2 1 ~vC 1 4pJCD 2 v! 2 . [9]
oa
re

ve
g
inc
an
th

via
s o
ed
y r
in
hus, it follows that in the absence of extraneous line br
ning the apparent peak heights of the five components a

he ratios

1 :
12~8 2 3j!

~40 2 15j 2 4j 2!
:

3~2931 70j 2 88j 2!

~2581 74j 2 176j 2 1 8j 3!
:

12~8 2 3j!

~40 2 15j 2 4j 2!
: 1, [10]

here the correlation factor,j, is defined asK/J.

So far it has been assumed that the carbon-13 trans
elaxation is dominated by the one-bond scalar couplin
euterium. In practice this will frequently not be the case, s
oth instrumental effects, such as field inhomogeneity,
ther sources of transverse relaxation will contribute to
arbon-13 linewidths. This broadening will reduce the de
ions of the peak height ratios from 1:2:3:2:1. The effect
hese extraneous sources of line broadening can be includ
he analysis above by adding terms in the extraneous deca

to Eqs. [1] to [5] above, where the extra line broaden

2~d/dt!Fx4

x5

x6

G 5 3 ivC 1 24J 1 r

0 ivC 1 2

2
16

3
~ J 1 K!
orresponds tor /p Hz full width at half-height: T
d-
in

rse
to
e
d
e
-
f
in

ate
g

2~d/dt!x1 5 @i $vC 2 4pJCD% 1 24J 1 r #x1, [11]

2~d/dt!Fx2

x3
G

5 S i $vC 2 2pJCD%F 1 0
0 1G

1 F 26J 1 2K 1 r 26J 1 6K
26J 1 6K 26J 2 14K 1 r GDFx2

x3
G ,

[12]

2~d/dt!Fx7

x8
G

5 S i $vC 1 2pJCD%F 1 0
0 1G

1 F26J 2 14K 1 r 26J 1 6K
26J 1 6K 26J 1 2K 1 rGDFx7

x8
G , [14]

2~d/dt!x9 5 @i $vC 1 4pJCD% 1 24J 1 r #x9. [15]

0 2
16

3
~ J 1 K!

2 16K 1 r 0

0 ivC 1
80

3
~ J 1 K! 1 r

4Fx4

x5

x6

G , [13]
4J
he analytical solution for the total lineshape, given in Table 1,
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4 WERBELOW ET AL.
s similar in form to Eq. [9]. The expressions for the p
eight ratios become

1 :
2~24 1 r!~32 2 12j 1 r!

~6402 64j 2 1 52r 1 r 2 2 12j~20 1 r!!
[16]

or the ratio of the peak height of the inner lines (at6JCD) to
hat of the outer lines, and

FIG. 1. Predicted relative peak heights of inner and central lines
arbon-13 pentet from a CD2 group with respect to the outer lines, as a func
f the ratioj of the quadrupolar cross- and autocorrelation spectral de

unctions, for extraneous decay rates (solid line)r 5 0 and (dashed lines, to

TAB
Analytical Solution for the Bandshape of a CD2 Group in the Pr

he Autocorrelation and Cross-Correlation Quadrupolar Spectra
arbon-13 Chemical Shift, and JCD is the Carbon–Deuterium On

I ~v! }
24J 1 r

~24J 1 r ! 2 1 ~vC 2 4pJCD 2 v! 2

1
~64J 2 24K 1 2r!~640J2 2 240JK 2 64K 2 1 5

~236~J 2 K! 2 1 ~26J 2 14K 1 r !~26J 1 2K 1 r !! 2 1 ~72~J 2 K! 2 1 ~2

1
24J 2 16K 1 r

~24J 2 16K 1 r!2 1 ~vC 2 v! 2

1

2

3
~92J 1 56K 1 3r!S2

256

9
~J 1 K!2 1 ~24J 1 r !S 80

3
~

S2
256

9
~J 1 K! 2 1 ~24J 1 r !S 80

3
~J 1 K! 1 rDD 2

1 SS 512

9
~J 1 K!

1
~64J 2 24K 1 2r!~640J2 2 240JK 2 64K 2 1 5

~236~J 2 K! 2 1 ~26J 2 14K 1 r !~26J 1 2K 1 r !! 2 1 ~72~J 2 K! 2 1 ~2

1
24J1r

(24J1r)21(vC 1 4pJCD 2 v) 2
o bottom)r 5 2T, 4T, and 6T. l
1 :
~24 1 r!

~24 2 16j 1 r!

1
6~92 1 56j 1 3r!~24 1 r!

~55042 256j 2 1 456r 1 9r 2 1 16j~3281 15r!!

[17]

or the ratio of the central line to the outer lines, wherer is the
xtraneous transverse decay rater divided by the autocorrela

ion spectral densityJ.

a

ty
FIG. 2. Loci of the peak height ratios inner:outer and central:outer
D2 group as the cross-correlation factorj varies from 1.0 to20.9 in steps o
.1 (solid circles), for extraneous decay rates (solid line)r 5 0 and (dashe

1
nce of an Extraneous Coherence Decay Rate r, where J and K are
ensities, Respectively, vC Is the Offset from Resonance of the
ond Coupling Constant

2 12Kr 1 r 2! 1 ~40J 1 2r !~vC 2 2pJCD 2 v! 2

14K 1 r ! 2 1 ~26J 1 2K 1 r ! 2!~vC 2 2pJCD 2 v! 2 1 ~vC 2 2pJCD 2 v! 4

K! 1 rDD 1 2~20J 1 8K 1 r !~vC 2 v! 2

~24J 1 r ! 2 1 S 80

3
~J 1 K! 1 rD 2D ~vC 2 v! 2 1 ~vC 2 v! 4D

2 12Kr 1 r 2! 1 ~40J 1 2r !~vC 1 2pJCD 2 v! 2

14K 1 r ! 2 1 ~26J 1 2K 1 r ! 2!~vC 1 2pJCD 2 v! 2 1 ~vC 1 2pJCD 2 v! 4
LE
ese
l D
e-B

2Jr

6J 2

J 1

2 1

2Jr

6J 2
ines, right to left)r 5 2T, 4T, and 6T.
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FIG. 3. Carbon-13 spectra of the CD2 group in perdeuterated ethylene glycol at 323 K: (a) spectrum obtained by Fourier transformation of the origi
ithout any artificial line broadening; (b) spectrum obtained by reference deconvolution using one of the lines of the acetonitrile methyl signal as the lineshap

eference, with a target lineshape of a Lorentzian of full width at half-height 0.3 Hz; (c) spectrum obtained by reference deconvolution with a 0.2target

inewidth; (d) spectrum obtained by reference deconvolution with a target linewidth of 0.1 Hz.
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6 WERBELOW ET AL.
The peak height ratios as a function of the correlation fa
for different values of the extraneous linewidth parametr
re shown in Fig. 1. As expected, the sensitivity of the ratio

he value ofj decreases asr increases. The flat, almost sy
etric region of Fig. 1 close toj 5 0 shows that the pea
eight ratios are relatively poor indicators of the sign
agnitude of small values ofj. It is, however, not immediate
bvious from Fig. 1 how readily a value ofj may be deduce

or other peak height ratios. Figure 2 shows the locus o
eak height ratios as a function ofj for a series of values ofr.
s expected, close toj 5 0 the locus varies only slowly wit
, but for larger magnitudes the peak height ratios form
nambiguous indicator of both sign and magnitude ofj. The
ffect of the extraneous broadeningr is, as expected, to redu

he sensitivity of the peak height ratio toj, but interestingly th
eak height ratios define unique values of bothj andr for most
ombinations of ratios. The peak height ratios are most c
cteristic for more negative values ofj. If the peak heigh
atios can be determined accurately, then only at the inte
ions of the loci of Fig. 2 is there any ambiguity. As will
een, however, the accuracy requirements for the peak h
atios may be difficult to meet in practice, and a method

TABLE 2
Experimental Relative Peak Heights of the Central Line and

Averaged) Inner Line with Respect to (Averaged) Outer Line for
he CD2 Group in Perdeuterated Ethylene Glycola

T T1Q

T1 (s)
LB

Inner Centra(K) (s) Glycol Methyl (Hz)

23 0.23 27 15.7 0.3 2.31 3.40
0.2 2.34 3.43
0.1 2.40 3.55

33 0.31 30 16.0 0.3 2.43 3.40
0.2 2.34 3.35
0.1 2.43 3.57

43 0.40 40 16.0 0.3 2.32 3.38
0.2 2.34 3.22
0.1 2.36 3.43

a The data were obtained using FIDDLE (13) with different values of line
roadening (LB).

TAB
Results of Fitting the Analytical Formula of Table 1 to the

after Deconvolution with a 0.2-Hz

T (K) J (fixed) (s21) K (s21)

323 0.217 0.0846 0.020
333 0.161 0.0456 0.028
343 0.125 0.0326 0.034

a
 Errors quoted are62 estimated standard errors.
r

to

d

e

n

r-

c-

ght
t

akes fuller use of the experimental data may be more a
riate.

RESULTS AND DISCUSSION

To investigate experimentally the deviations from the
:2:1 peak height ratio for a CD2 pentet, one should selec
ystem for which the deuteronT1Q is in a suitable range. Th
uadrupolar relaxation rate should be small enough n
ause the collapse of the pentet and yet large enough to
distinct broadening of the carbon lines. By analogy with
(I 5 1

2) X(S 5 1) spin system discussed by Pople (10), the
ondition can be specified as

r

p
,

1

pT1Q
, JCD, [18]

here r is the extraneous transverse relaxation rate of
arbon spin due to other mechanisms, introduced above
1Q is the deuteron spin–lattice relaxation time. With a typ
D scalar coupling constant of 20–25 Hz, we can expect aT1Q

f a few hundred milliseconds to be suitable. This corresp
o a rotational correlation time (assumed isotropic) of the o
f 10 ps for a deuteron quadrupolar coupling constant of a
70 kHz. These desired magnitudes of the correlation time
uadrupolar relaxation time can be realized in neat perde
ted ethylene glycol above room temperature. Although e
ne glycol shows a two-bond coupling between carbon-13
euterium, the small magnitude of the coupling constant (20.3
z) and the relatively rapid deuterium spin–lattice relaxa
ean that the contribution to scalar relaxation from this so

hould be relatively small.
With these considerations in mind, we have measured

on-13 spectra of a sample containing 95% (by volume)
euterated ethylene glycol and 5% carbon-13-enriched a
itrile. Carbon-13 spectra were taken at 323, 333, and 34
sing a Varian Inova 400 NMR spectrometer, operating a
. A 5-mm-o.d. sample tube was used in a modified Jeol
-mm probe. The temperature was controlled using the
ard Varian VT controller. The spectra were obtained wi
pectral width of 14,000 Hz, using 330K data points and a

3
ee Experimental Spectra of Perdeuterated Ethylene Glycol
ide Lorentzian Target Lineshapea

j r (s21) JCD (Hz)

0.396 0.09 1.646 0.06 21.526 0.01
0.286 0.18 1.486 0.06 21.546 0.01
0.266 0.26 1.236 0.07 21.556 0.01
LE
Thr
-W
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7CARBON-13 LINESHAPES IN13CD2 SPIN GROUPING
ulse duration of 13.5ms. A recycle delay of 170 s was us
ith 256 transients. Since every experiment took about 1
eld/frequency stabilization by means of deuterium lock
ssential. As expected given the very low average deute
adiofrequency field strength of the field/frequency lock ch
el, the application of the deuterium signal for the fie

requency locking had no effect on the measured linesha
he carbon pentet in a short test experiment. The carbon-1
euteron spin–lattice relaxation times were measured usin

ast inversion–recovery technique (12). Deuteron measur
ents were performed, without field/frequency lock, on

ame sample using a Varian 10-mm broadband probe; th
ulse duration for this probe was 35ms.

FIG. 4. Experimental (solid circles) and simulated (solid lines) spectr
he CD2 group in perdeuterated ethylene glycol at (a) 323 K, (b) 333 K, an
43 K.
The reason for adding carbon-13-enriched acetonitrile to thL
h,
s
m
-
/
of
nd
he

e
0°

lycol sample was that we wanted to have a reference s
haracterizing the inhomogeneous lineshape. The inhom
eous broadening was about 0.3–0.4 Hz, which is not n
ible compared with the natural linewidth. To reduce

nfluence of theB0 inhomogeneity on the measured p
eights, and to remove any bias caused by the distinctly
orentzian character of the instrumental lineshape, we

ormed reference deconvolution using the program FIDD
13). The lineshapes of the acetonitrile methyl signal w
uccessively replaced by Lorentzians of width 0.3, 0.2, an
z for each of the three experimental spectra using FIDD
ig. 3 shows the resultant spectra for 323 K. This pro
ffectively replaces the instrumental lineshape by a Loren
f width equal to the width specified less the natural linew
f the reference signal, which in the case of acetonitrile sh
e a few hundredths of a hertz. The peak height ratios fo
D2 pentet, determined by eye to minimize the effects of no
re summarized in Table 2. The table also contains the

eron spin–lattice relaxation timeT1Q as well as the experime
ally determinedT1 for carbon-13 of the perdeuterated gly
nd for the methyl group in acetonitrile. The carbonT1 values
lace an upper limit on the time constant 1/r for extraneou
pin–spin relaxation of the glycol carbon-13, while the d
eronT1Q values give an independent measure of the auto
elation spectral densityJ.

We can see from the data of Table 2 that the perdeute
lycol sample used does indeed fulfil the inequality [18]. We
lso that the experimental peak height ratios deviate signific

rom 1:2:3:2:1 integrated intensity ratio, and that the deviat
re most significant when the inhomogeneous broadening is

mized (deconvolution target lineshape of a 0.1-Hz Lorentz
ocating the peak height ratios on Fig. 2, several interesting p
merge. Firstly, the ratios are relatively low, lying toward
ottom left-hand corner of Fig. 2, showing that the extraneous
roadening is significant compared with the autocorrelation s

ral density, even when the instrumental broadening is reduc
nly 0.1 Hz. Second, the peak height ratios cluster, unfortun

n the region corresponding to small magnitudes ofj. Finally, and
qually disappointingly, the experimental uncertainties in p
eight ratio evident from the scatter in the values in Table 2

o be expected from the limits of signal-to-noise ratio in
xperimental spectra, prevent accurate determination ofj andr

rom the peak height data.
The peak heights, however, represent only a small fractio

he data available. The complete bandshape contains inform
n the widths as well as the relative amplitudes of the

ndividual Lorentzian components of the five lines, and he
haracterizes the coherence dynamics much more fully tha
eak height ratios, in addition to providing statistically m
eliable data. To allow full iterative fitting of the experimen
andshape, the spectral data for the CD2 region at 323, 333, an
43 K were deconvoluted to a target lineshape of a 0.

r
)

eorentzian, baseline corrected, and transferred to a PowerMacin-
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osh 7600/132 computer running Mathematica 3.0 (14). Nonlinear
tting software based on the Levenberg–Marquardt algorithm
sed to fit the analytical formula of Table 1 to the three se
xperimental data, allowing the signal intensities, cr
orrelation spectral densitiesK, coupling constantsJCD, extrane
us decay ratesr, and offsets from resonance to vary, but with
utocorrelation spectral densitiesJ fixed at the values calculat

rom the deuteron spin–lattice relaxation times listed in Tab
he results, listed in Table 3, show that although the stan
rrors on the cross-correlation spectral densitiesK obtained from

he three fits are relatively large, the data are still sufficien
dentify the sign ofj as positive, and all three fits are consis
ith approximately 35% cross-correlation. The extraneous d

atesr correspond to full linewidths at half-height of 0.4–0.5
ignificantly greater than the known instrumental broadening
econvolution of just under 0.2 Hz. The extra broadenin
oughly consistent with the order of magnitude expected for s
elaxation of the second kind via the two-bond carbon–deute
oupling, but decreases slightly with temperature instead o
reasing; it is possible that there is also a contribution
hemical exchange. Figure 4 shows the fit between simulatio
xperiment for the three deconvoluted experimental spectr
roadening of the small impurity signals to high field with
reasing temperature also suggests the presence of an ex
rocess.
In conclusion, we have predicted and demonstrated

ccurrence of differential line broadening in the carbon pe
f a CD2 group. We have shown that it is in principle poss

o estimate the extent of correlation between the quadru
nteractions for the two deuterons using the peak height r
n the pentet, and that a more accurate measure can be ob
y direct iterative fitting of the experimental bandshape.
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