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Abstract

A simple '*C MAS spin-echo experiment is applied to a partially '*C-labelled cellulose sample extracted from wood. *C-'3C J
couplings are determined even though considerable chemical disorder leads to observed linewidths in the normal 1D '*C CP MAS
spectrum which far exceed the J couplings. The fitting of the experimental data also allows the quantification of the degree of iso-

topic enrichment.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Solid-state NMR is well-suited to the investigation of
disordered samples, e.g., natural or synthetic polymers,
because of its applicability to systems lacking long-range
order [1]. In solid-state NMR, disorder does, neverthe-
less, lead to a distribution of chemical shifts, which
has the effect of often seriously reducing the resolution
in a normal one-dimensional spectrum. In particular,
splittings due to J couplings are usually obscured. In
solution-state NMR, such J couplings provide valuable
structural information about, for example, bonding
types or conformations. In this communication, the
application of a simple magic-angle spinning (MAS)
spin-echo experiment to a partially "*C labelled cellulose
sample extracted from wood is described. It is shown
that spectral broadening due to disorder in the normal
3C cross-polarisation (CP) MAS spectrum does not
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preclude the determination of specific '*C-'*C J
couplings.

In the early 1980s, *C CP MAS NMR spectra con-
tributed much to the understanding of the complex sol-
id-state structure of cellulose [2-4]. Twenty years on,
unanswered questions remain, and the investigation of
cellulose structure is a subject of ongoing current re-
search, both by solid-state NMR [5] and other methods
such as X-ray and neutron fibre diffraction [6]. In this
communication, we investigate a cellulose (1) sample ex-
tracted from a sample of wood, which was grown in 20%
13CO, atmosphere, such that the carbons sites are par-
tially '°C labelled [7]. It has been shown that the car-
bon-carbon connectivities in this sample can be
mapped out in a two-dimensional '*C refocused INAD-
EQUATE experiment, whereby the correlations are
established by means of the through-bond *C-'3C J
couplings [8]. Specifically, we and co-workers have re-
cently demonstrated that chains of correlated chemical
shifts are revealed in a two-dimensional '*C refocused
INADEQUATE spectrum of the cellulose sample
provided that a combination of a sufficiently fast MAS
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frequency and efficient heteronuclear 'H decoupling is
employed [9]. Similar two-dimensional *C refocused
INADEQUATE spectra have also recently been ob-
tained by Kono et al. [10] for Cladophora and tunicate
celluloses at natural abundance.

Homonuclear J couplings can be measured in solid-
state NMR using a simple MAS spin-echo experiment,
and various applications to the determination of
3131 J couplings in inorganic and organometallic
systems have been presented [11-14]. Moreover, it has
been further shown that the '>’N MAS spin-echo meth-
od allows ""N-'>N hydrogen-bond mediated J cou-
plings to be measured with a very high precision such
that differences in hydrogen-bonding strength can be
identified [15]. Recently, we and co-workers have pre-
sented a detailed analysis of the MAS spin-echo exper-
iment, which combines a theoretical treatment,
numerical simulations and experimental data for model
systems [16]. This study demonstrated, for the case of a
homonuclear pair of dipole-dipole coupled nuclei, that
the dominant spin-echo modulation frequency is ex-
actly equal to the J coupling in nearly all cases, with
the chemical shift anisotropies and dipole—-dipole cou-
plings actually stabilising rather than obscuring the J-
modulation. The partial '*C labelling of the cellulose
sample means that the spin-pair treatment of [16] is va-
lid here for nearly all subunits containing more than
one *C spin.

A key feature of the spin-echo sequence is that it refo-
cuses the evolution of all terms that appear as offsets, in
particular those due to a distribution of chemical shifts.
Importantly, in the solid state, the “non-refocusable”
linewidth, A" = 1/nT), which is defined by the time con-
stant, T, measured in a spin-echo experiment, is usually
significantly less than the “apparent” linewidth [8,17,18].
Thus, the incorporation of spin echoes into solid-state
NMR experiments enables the detection, utilisation,
and quantitative determination of J couplings, even if
no splitting can be observed in the normal spectrum. The
ability to extract *C—'°C J couplings for the cellulose
sample studied here relies on this important fact.

2. Experimental details

The preparation of the cellulose sample is described
in [7].

Solid-state NMR experiments were performed on a
Bruker DSX 500 NMR spectrometer operating at 'H
and '*C Larmor frequencies of 500.1 and 125.8 MHz,
respectively. A 4 mm triple-resonance probe (operating
in double-resonance mode) was used. The sample vol-
ume was restricted by flat spacers to the central third
of the rotor. A MAS frequency of v, = 12.0 kHz was em-
ployed. The 'H and '*C 90° pulse lengths were 2.5 and
4.0 ps, respectively. The pulse sequence employed con-
sisted of ramped cross-polarisation [19,20] from 'H to
13C followed by a simple Carr—Purcell spin-echo (t—m—
7) where the spin-echo delay 7 is an integer number of
rotor periods, with '"H TPPM decoupling [21] at a rf
field of v; =100 kHz being applied during both the
spin-echo and the acquisition time, #,. The CP contact
time was 1.5 ms. The recycle delay was 6 s. For each
value, 32 transients were co-added. An 8-step phase cy-
cle was employed to select Ap = 1 (2 steps) and +2 (4
steps) on the 'H n/2 and '*C n pulses, respectively (Ap
refers to the change in coherence order, p). The pulse
program is available from our website [22] or upon
request.

3. Results and discussion

A 3C CP MAS spectrum of the cellulose sample re-
corded at a MAS frequency of v, = 12.5 kHz is shown
at the top of Fig. 1(see Fig. 2b of [18] for experimental
details). Four broad resonances are observed which
can be assigned to the Cl1 (100-110 ppm), C4 (80—
90 ppm), C2 & C3 & C5 (70-80 ppm), and C6 (60—
70 ppm) resonances, respectively. Fine structure is seen
within each resonance; this indicates the presence of
both amorphous (e.g., the broad resonances at 83 and
65 ppm) and crystalline regions (e.g., sharp peaks at
107.3, 105.1, 89.0, 87.7, 76.8, 75.1, 73.0, 63.2, and
62.6 ppm) within the sample. (Note that there is a refer-
encing error in Fig. 3 of [9].) Two-dimensional '*C spin-
diffusion experiments have shown that the crystalline
and amorphous regions are intimately mixed. [23].

Fig. 1 plots the dependence of the integrated fre-
quency-domain signal, S(r), on the spin-echo delay,
7, for the four broad resonances in the normal '*C
CP MAS spectrum. All S(r) data sets have been nor-
malised such that the first point is set equal to unity.
Similar spin-echo curves obtained at the lower MAS
frequency of 6 kHz were presented in Fig. 4a of [§].
In that case, however, the focus was on determining
the non-refocusable linewidths which are characterised
by the time constants, 7%, such that the data were fitted
to a simple exponential function. A close inspection of
Fig. 4a of [8] reveals that there appears to be an addi-
tional modulation to that described solely by the sim-
ple exponential function. This modulation is even
more marked in Fig. 1. This additional modulation is
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Fig. 1. Plots of S(r) against 7 for the (A) C1 (95-115 ppm), (B) C4
(80-95 ppm), (C) C2, C3, & C5 (67-80 ppm), and (D) C6 (55-67 ppm)
resonances of cellulose, together with the best-fit analytical curves (see
Table 1). Note that spectral noise corresponds to no more than 1% of
the maximum integrated intensity. A '*C CP MAS spectrum of the
cellulose sample (v, = 12.5 kHz) is shown at the top (see Fig. 2b of [18]
for experimental details).

a consequence of the partial '*C labelling of the carbon
sites in the cellulose sample.

For example, consider first the resonance peak in the
13C spectrum due to C1, where the C1 carbon is directly
bonded to only one other carbon, C2. Let us assume
that all carbon sites are '*C labelled to the same degree,
such that a proportion p are NMR-active '*C nuclei,
while (1 — p) are NMR-invisible '*C nuclei. Considering
the C1 '3C nuclei, a proportion p will have a C2 '3C
neighbour, while a proportion (1 — p) will have a C2
12C neighbour. Let us further assume that *C-'3C J-
couplings over two- or more bonds are negligible and
that the dephasing of S(r) can be described by a
mono-exponential function. It is then apparent that,
while the spin-echo curve for the proportion (1 — p) hav-
ing a C2 '2C neighbour is described by a simple expo-
nential function, for the proportion p having a C2 3C
neighbour, it is necessary to additionally consider the
modulation due to the *C-'3C J coupling, namely
cos(2nJt). The solid-line in Fig. 1A corresponds to the
best-fit (see Table 1) to a five-parameter function based
on the above arguments. It is evident that the experi-
mental data are very well fit by this function.

Fig. 1B displays the spin-echo data for the C4 reso-
nance. Even though the C4 carbon is directly bonded
to two carbons, an excellent fit (see Table 1) of the exper-
imental data to the same five-parameter function used
before is again obtained. Such a fit only considers the
C4 '3C carbons having either no or one '*C neighbour,
i.e., it neglects the contribution of the small proportion
of C4 3C carbons having two '*C neighbours (at both
C3 and CS5 positions). It also does not take into account
the possibility that the C3—-C4 and C4-C5 *C-'3C J cou-
plings are different. However, attempts to fit the data to
more complex functions failed—it seems that five inde-
pendent fit parameters is the limit. The spin-echo data
in Fig. 1C for the overlapping resonances due to the
C2, C3, and C5 carbons, which all have two carbon
neighbours, is also well fit to the five-parameter function.

The fitted parameter values are given in Table 1 for
the three cases discussed above. The fitted o values indi-
cate that about 20% of all carbons are '*C labelled—note
that the o values for the carbons having two carbon
neighbours (C4 and C2&C3&C5) are approximately
double that for the case of carbon CI which has only
one carbon neighbour. This is what is predicted by basic
probability theory: the proportion, o, of '*C carbons
having one '*C neighbour is equal to p and 2p(1 — p)
for a carbon bonded to one and two carbons, respec-
tively. It is to be noted that the as-determined proportion
of carbons which are '*C labelled, namely 20%, corre-
sponds to the 20% atmosphere '*CO, in which the cellu-
lose sample was prepared. It is, however, different to the
previously stated overall >C enrichment of 11%. [7] In
this respect, it is to be remembered that the solid-state
NMR method here is measuring a conditional
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Table 1
Parameters extracted from the fits to the spin-echo spectra
Site o T}, (ms) T, (ms) 'J (Hz) [
1° 0.18 £0.02 20%1 162 450+ 1.9 0.0007
4° 0.38 £0.03 24+1 16t1 37.6 1.1 0.0008
2&3&5° 0.43£0.02 211 111 383%1.3 0.0002
6° 0.67 £0.02 18£2 5+1 — 0.0008

67 = 3 () — Loxp (DTS Lexpln)’.

° Fit to A[(1 — &) exp(—2t/Th,) + acos(2m/t) exp(—21/Th;)].

¢ Fit to A[(1 — a) exp(—21/T%,) + aexp(—2t/T5,)].

0.2 A

01+t
0.0 % — =

probability, namely the proportion of carbons which are
13C labelled for those subunits where there is at least one
13C. Therefore, a possible explanation of the anomaly is
that the wood sample contains regions at both natural
abundance and at 20% '°C enrichment. Further inspec-
tion of Table 1 reveals that the time constant characteris-
ing the spin-echo decay is shorter in all three cases for the
proportion, o, of '>C carbons having a directly bonded
13C neighbour. This observation is consistent with the
expectation that the presence of a '*C-'*C dipole-dipole
coupling leads to faster dephasing.

Consider now the fitted '*C-">C J couplings. From an
analysis of a two-dimensional INADEQUATE "*C spec-
trum of the cellulose sample in N,N-dimethylacetamide-
do/LiCl solution, it was possible to determine '*C-'3C J
couplings of 44.5 and 36 Hz for the C1-C2 and C5-C6
pairs, respectively. [7] It is then evident that the fitted sol-
id-state value for the C1 site in Table 1 is in excellent
agreement with the solution-state data. While the other
two extracted J couplings cannot be assigned to a specific
pair of carbons, it is to be noted that the values are sig-
nificantly different to that for the C1 site and are similar
to the solution-state value for the C5-C6 pair. It may be
possible to determine the separate J couplings by com-
bining the spin-echo experiment with a double-quantum
filter, such that only the signal due to molecules contain-
ing two or more neighbouring '*C nuclei is observed. [24]

In Fig. 2, modified spin-echo data, S’ (7), obtained by
subtracting the fitted contribution of '*C nuclei having
no 3C neighbours from the experimental S(r) data, is
plotted against 7. In this way, the zero-crossings charac-
teristic of the cos(2nJt) modulation are clearly revealed.
The observation of well-defined J modulations for the
C1 to CS5 resonances suggests that the ring structure in
the studied cellulose sample is rigid. However, it is to
be noted that the employed spin-echo approach relies
on an integration of the signal intensity—it is thus not
possible to distinguish between the overlapping crystal-
line and amorphous peaks noted above. Therefore, it
may be that there is a distribution of J couplings associ-
ated with conformational disorder in the amorphous re-
gions, and this may simply be obscured by the dominant
J modulation arising from the crystalline region.

For the C6 carbon, it was not possible to determine
the '*C-"3C J coupling to the C5 carbon. Instead the fit-

S'(t) / normalised units

0 10 20 30 40 50
T/ ms

Fig. 2. The modulation by the *C-'3C J couplings is revealed by
subtracting A(1 — ) exp(—21/T,) (where A, «, and T, are fitted
parameters—see Table 1) from the experimental S(t) data. Plots of this
modified spin-echo data, S’ (t), against 7 are shown for the (A) C1 (95—
115 ppm), (B) C4 (80-95 pm), and (c) C2, C3, & C5 (67-80 ppm)
resonances, together with the best-fit analytical curves corresponding
to the Ao cos(2nJ7) exp(—2t/T%,) term (see Table 1).

ting (see Table 1 and Fig. 1D) revealed the presence of
two components exhibiting mono-exponential decay
characterised by significantly different time constants.
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The same observation has also been made by Earl and
VanderHart for a cellulose sample at natural abundance
in 13C. [3] We tentatively assign the two components to
the crystalline and amorphous regions. The failure to
observe the '*C-'3C J coupling to the C5 carbon could
be due to conformational disorder (for the crystalline as
well as the amorphous regions) associated with the ori-
entation of the C6-OH linkage with respect to the ring.
We are currently pursuing further experiments to ex-
plore this hypothesis, for example, a three-dimensional
refocused INADEQUATE experiment, whereby the
third time dimension corresponds to the incrementing
of one of the spin-echo periods. In this way, we hope
to observe different J couplings to C6 for the different
chains of correlated chemical shifts observed in the
two-dimensional refocused INADEQUATE spectrum
in [9].

To conclude, this communication has shown that
13C-13C J couplings can be extracted using a simple
MAS spin-echo approach for a solid-state cellulose sam-
ple exhibiting considerable spectral broadening due to
the presence of both crystalline and amorphous environ-
ments. The method also allows the quantification of the
degree of isotopic enrichment. This approach is applica-
ble to other polymeric systems, be they natural or syn-
thetic, with one potential application being the study
of delocalisation in conjugated polymers.
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