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ABSTRACT: The average spatial dimensions between major biopolymers within the plant cell wall can be resolved using a
solid-state NMR technique referred to as a 13C cross-polarization (CP) SELDOM (selectively by destruction of magnetization)
with a mixing time delay for spin diffusion. Selective excitation of specific aromatic lignin carbons indicates that lignin is in close
proximity to hemicellulose followed by amorphous and finally crystalline cellulose. 13C spin diffusion time constants (TSD) were
extracted using a two-site spin diffusion theory developed for 13C nuclei under magic angle spinning (MAS) conditions. These
time constants were then used to calculate an average lower-limit spin diffusion length between chemical groups within the plant
cell wall. The results on untreated 13C enriched corn stover stem reveal that the lignin carbons are, on average, located at
distances ∼0.7−2.0 nm from the carbons in hemicellulose and cellulose, whereas the pretreated material had larger separations.
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■ INTRODUCTION
The plant secondary cell wall, which accounts for the majority
of carbohydrates found in biomass, is a critical evolutionary
adaptation, providing structural support and protection and
facilitating the transport of water and nutrients. The highly
functional nature of the plant cell wall directly correlates with
the unique chemical and physical properties that it exhibits.
These properties have been, in part, attributed to the
heterogeneous, multicomponent ultrastructure of the plant
cell wall.1,2 The structure of the plant cell wall is believed to
occur as a complex microstructural system composed of a lignin
and hemicellulose matrix encapsulating and supporting
cellulose fibrils packed into bundles.2 The very properties
that make the cell wall so useful in nature as a structural
element make it difficult and expensive to biologically
deconstruct.3 Therefore, understanding the cell wall ultra-
structure and its relationship to recalcitrance, the ability of the
plant cell wall to resist enzymatic deconstruction, is vital for
improving current biomass processing and conversion tech-
nologies for biofuel production.3,4

Cellulose, as shown in Figure 1, is the most abundant
terrestrial source of carbon and a polysaccharide consisting of a
linear chain of β(1→4)-linked D-glucose units packed in both
crystalline and amorphous morphologies in the cell wall.1,2 The
13C nuclear magnetic resonance (NMR) spectrum of cellulose
is dominated by O-alkyl-associated carbon resonances at
various chemical shifts between 105 and 65 ppm.1 Corn stover
has been considered a principal feedstock for the production of
bioethanol and a variety of biomass-derived bioproducts;5

however, corn stover was primarily chosen as a substrate in this
study because its 13C-enriched version is commercially
available.
Along with cellulose in almost all plant cell walls including

corn stover is hemicellulose. Hemicellulose is a broad class of

biopolymers, consisting of several branched, heteropolymers,
such as arabinoxylans, composed of both 5- and 6-carbon
sugars (see Figure 1).2,6 Hemicellulose not only generates O-
alkyl-associated carbon NMR resonances (105−65 ppm) but
also signals related to acetyl functionality with carboxylic and
methyl carbons (at ∼174 and 21 ppm).7 The last major
biopolymer shown in Figure 1 is lignin. Lignin is a complex,
racemic, cross-linked, and highly heterogeneous aromatic
macromolecule based on hydroxycinnamyl monomers with
various degrees of methoxylation.2

Corn stover lignin is a p-hydroxyphenyl (H), guaiacyl (G),
syringyl (S) lignin (see Figure 1), generally accounting for 20−
30% of the biomass dry weight and proportions of the acetyl
group content.5 The NMR spectrum of lignin consists, in part,
of aliphatic (∼83−61 ppm), methoxy (∼55 ppm), and
substituted/unsubstituted aromatic carbons (∼155−106
ppm).8 Thioacidolysis analysis of mature maize stalks indicates
the proportions of H, G, and S units in a representative sample
of corn stover lignin to be about 4, 35, and 61%, respectively.5

Other research has also shown corn stover to contain significant
proportions of hydroxycinnamic acids such as ferulic acids,
which have been shown to serve as bridges between lignin and
polysaccharides bonding via ether and ester linkages, called
lignin−carbohydrate complexes.5 Lignin content, monolignol
distribution, and lignin−carbohydrate complexes have all been
cited as potential factors in biomass recalcitrance.9

No methods exist to isolate or separate cell wall components
while keeping their native 3D ultrastructure fully intact.10

Nondestructive methods, such as infrared-red (IR) and Raman
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spectroscopy, along with X-ray diffraction (XRD) and electron
diffraction/microscopic methodologies, have been used to
elucidate the ultrastructure of plant cell walls; however, none
of these techniques alone can fully characterize the plant cell
wall architecture.1,10 Solid-state NMR spin diffusion experi-
ments are particularly useful tools for the determination of
inter- and intramacromolecular distances,11 used typically in
traditional polymer/additive systems,12 semicrystalline poly-
mers,13,14 polymer blends,15−18 block copolymers,19 and, more
recently, crystallized proteins.20,21 Along with NMR's ability to
clearly resolve various chemical and ultrastructural features in
the cell wall, these types of spin diffusion experiments should
be ideal for determining the spatial distribution of cell wall
components.
For example, Masuda and Horii et al. conducted 13C and 1H

spin diffusion measurements to investigate the spatial
distribution of amorphous and crystalline C4 carbons in
bacterial cellulose.22 By employing a selective inversion
DANTE (delays alternating with nutation for tailored
excitation) π pulse sequence and 13C spin diffusion on 13C4-
enriched bacterial cellulose, they found that amorphous C4
carbons are more than likely located at distances less than about
1 nm from the crystalline C4 carbons.

22 More interestingly, they
determined that amorphous C4 carbons are not localized to the
microfibril surface22 but are instead distributed throughout the
whole volume of the cellulose, which disagrees with several
cellulose microfibril models.23−30

The nature of biopolymer chain organization and cell wall
ultrastructure can be very critical in understanding, improving
and reducing the cost of enzymatic hydrolysis.31,32 Utilizing 13C
proton driven spin diffusion experiments qualitatively, one
would expect to observe relative distances between cell wall
components based on relative spin diffusion times; moreover, it
should also be possible to quantitatively determine the

corresponding spin diffusion length scales. In an effort to
demonstrate the viability and usefulness of these types of
experiments, particularly to plant cell wall and biofuel research,
13C CP selective excitation spin diffusion measurements have
been conducted on 13C-enriched corn stover stem material to
obtain information about the relative spatial dimensions
between cell wall components.
A typical step to reduce the inherent recalcitrance within the

plant cell wall for enzymatic deconstruction of cellulose to
glucose is thermochemical pretreatment.33−35 A common and
well-studied prehydrolysis method is dilute acid pretreatment,
which reportedly removes hemicellulose through acid hydrol-
ysis, disrupts the lignin structure, and ultimately enhances
deconstruction of cellulose.33−35 A combination of optimized
pH, temperature, and pressure is utilized to minimize lignin-
and carbohydrate-degradation product formation, which can
cause inhibitory effects on enzymatic activity while maximizing
swelling and solublization of hemicellulose.36−38 The hydro-
thermal and acidic conditions used during pretreatment not
only could possibly impact chemical structures in cell wall
biopolymers but also affect the three-dimensional micro-
structure of the cell wall. Specifically, Esteghlalian et al. found
corn stover pretreated at 180 °C in 0.6% H2SO4 for 5 min
generated a substrate that had 88% of the xylan removed,39

whereas Donohoe et al. reported that lignin droplets were
formed in sizes ranging from 5 nm to 10 mm in diameter as a
result of lignin coalescence, migration, and cell wall extrusion
during dilute acid pretreatment of corn stover, visualized
through scanning electron microscopy.40 The resulting lignin
droplet size was found to depend significantly on process
severity.40 In this study, we utilized similar dilute acid
pretreatment conditions to induce changes in cell wall
ultrastructure relevant to reduced recalcitrance.

Figure 1. Major biopolymer in the plant cell wall where the lignin structure represents characteristic subunits in corn stover lignin (images taken
from ref 2b) and the hemicellulose represents xylan, the main hemicellulose macromolecule. The three main monolignol units are defined as follows:
p-hydroxyphenyl (H) units with no methoxy groups, syringyl (S) units with methoxy groups at the C3 and C5 positions, and guaiacyl (G) units with
a methoxy group at the C3 position.
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NMR Background. Very few solid-state NMR experiments
rely on selective pulses. Selective pulse excitation for static
samples can be relatively straightforward; however, under magic
angle spinning (MAS) conditions, selective excitation can be
considerably more complex and difficult to execute.41 On the
basis of work done with high-resolution liquid state spectros-
copy, selective pulse experiments have been shown to be quite
informative and are typically used for either spectral
simplification or the preparation of an initial nonequilibrium
state for experiments like spin diffusion.41 In general, selective
excitation is achieved by the application of either a “soft” pulse,
a weak radio frequency field of the proper frequency, or by a
DANTE sequence consisting of a train of short and intense
180° radio frequency pulses for selective resonance inver-
sion.41,42 There are only a few examples in the literature where
DANTE selective pulses have been utilized on biomass like
substrates, including 13C4-enriched bacterial cellulose

22 and coal
structures43 for spin diffusion experiments. In 1988, Canet et al.
described a different method for selective excitation for MAS
experiments, which takes advantage of the short T2 times
associated with 1H coupled 13C nuclei in the solid state,
referred to as SELDOM (selectivity by destruction of
magnetization).42 A DANTE sequence selects the resonances
to remove by selective inversion or saturation, whereas
SELDOM selects the resonance to retain; because of this, we
chose to use the SELDOM sequence.
Selective Excitation Method by SELDOM. Figure 2 shows

the pulse sequence used for the 13C selective excitation cross-

polarization and spin diffusion measurements, first described by
Canet et al.42 The sequence begins as a normal cross-
polarization experiment; however, after magnetization transfers
to all of the carbons in the system, a carbon 90° pulse is used to
store magnetization back in the z-direction. Directly following
this, two hard carbon 90° pulses at the chosen resonance
frequency are generated to retrieve and restore carbon
magnetization. These pulses are separated by a short dephasing
delay (denoted as τ1) during which 1H decoupling is
maintained. Following the carbon restore pulse, there is an
additional rotor synchronized delay (denoted as τ2 = i·rotor
period) during which 1H decoupling is off. During the first τ1
delay, decoupling allows magnetization to evolve under the
influence of chemical shift. Through the second τ2 delay,
coupling of spins cancels transverse components of the
magnetization vector. Selective excitation is achieved by
repeating the sequence of retrieve and restore carbon pulses
with τ1 and τ2 delays, progressively reducing the transverse
components of the individual magnetization vectors of spectral
features located away from the carrier frequency, essentially
deleting magnetization of off-resonance signals.

After the SELDOM pulse train, a mixing time delay allows
for spin diffusion of stored magnetization, during which
dipolar-assisted rotational resonance (DARR) recoupling is
utilized. MAS averages out anisotropic nuclear spin interactions,
causing the nuclear spins to behave as if they were in a liquid
solution, undergoing rapid, isotropic tumbling. This can reduce
the effective dipolar coupling, which causes spin diffusion and is
used to extract distance information. Therefore, a properly set
up DARR recoupling can reintroduce dipolar interaction via
broadband recoupling, increasing the effective spin diffusion
distances, which can be measured at moderate spinning
speeds.50 Afterward, a final 13C 90° pulse recalls magnetization
after spin diffusion.
The aim of this study is not only to demonstrate the viability

and usefulness of these types of experiments to resolve the
spatial dimensions of major cell wall biopolymers of intact plant
material but also to present data on untreated and pretreated
13C-enriched corn stover, which can be used to infer a probable
3D ultrastructural cell wall model and how that structure is
altered during pretreatment. This methodology on untreated,
pretreated, and genetically altered plants of a wide range of
species and its resulting conclusions with respect to correlations
between cell wall spatial dimensions and recalcitrance is
particularly significant to future improvements in biomass
bioengineering and processing as well as the rational design of
superior biocatalysts.

■ MATERIALS AND METHODS
Feedstock. 13C-enriched corn stover (Zea mayes) stems (0.147−

0.837 mm ground, >97 atom %) were purchased from IsoLife
(Wageningen, Netherlands). Extractives were subsequently removed
from ground samples by placing the biomass into an extraction
thimble in a Soxhlet extraction apparatus. The extraction flask was
filled with 1:2 ethanol:benzene mixture (∼150 mL) and then refluxed
at a boiling rate, which cycled the biomass for at least 24 extractions
over a 4 h period.

Chemical Analysis. The preparation and analysis of samples for
carbohydrate constituents and acid-insoluble residue (Klason lignin)
analysis used a two-stage acid hydrolysis protocol based on TAPPI
methods T-222 om-88 with a slight modification44 following the exact
experimental conditions in cited literature.45 The preparation and
analysis of samples for whole cell wall ionic liquid 1D 13C and 2D
1H−13C heteronuclear single quantum correlation HSQC NMR
analysis used an anhydrous pyridinium chloride-d5/DMSO-d6 solvent
mixture and Bruker Avance-500 spectrometer following the exact
experimental conditions in cited literature.46,47 On the basis of cited
chemical shifts, 1D and 2D NMR assignments and subsequent
methods of quantification were based on literature material; these data
are provided in the Supporting Information.48,49

NMR Spectroscopy. The center-packed NMR samples were
prepared with ground biomass added into 4 mm cylindrical ceramic
MAS rotors with Teflon plugs. Solid-state NMR measurements were
carried out on a Bruker Avance-400 spectrometer operating at
frequencies of 399.84 MHz for 1H and 100.55 MHz for 13C NMR in a
Bruker double-resonance MAS probehead at spinning speeds of 10.1
kHz. 13C CP/MAS and SELDOM spin diffusion experiments utilized a
5 μs (90°) 1H and 13C pulse, 2.5 ms 50 kHz HH-contact pulse, 50 kHz
SPINAL-64 heteronuclear decoupling, 4 s recycle delay, 250 ppm
sweep width, and 8−16 K scans. Continuous wave 1H DARR
recoupling utilized a rotary resonance power level of 10.1 kHz and
mixing times between 0.09 and 4950 ms. Baseline-corrected spectra
were processed with 75 Hz exponential line broadening.

■ RESULTS AND DISCUSSION
As part of this study, we also investigated the use of 2D
13C−13C proton-driven spin diffusion (PDSD) experiments,

Figure 2. Schematic illustrating the 13C SELDOM spin diffusion NMR
(based on a sequence from ref 42). π/2 = 90° pulse; CP = cross-
polarization; DD = decoupling; DARR = dipolar assisted rotational
resonance, broadband recoupling; and Tm = mixing time.
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similar to those utilized on site-directed 13C-enriched protein
samples.20,21 In these experiments, extraction of distance
information results from cross-peak intensities, recorded and
analyzed for a set of spectra over various mixing times. While
initial experiments were successful, the time required to acquire
enough mixing time data points suggests that the most efficient
route to resolving spatial dimensions in 13C-enriched plant cell
walls could be employing the above 13C CP SELDOM
sequence with spin diffusion, which is essentially the 1D
version of the 2D 13C−13C PDSD experiment.
Sugar profiles from HPLC-based monosaccharide anionic

exchange chromatography and acid-insoluble residue content of
the 13C-enriched untreated and pretreated corn stover were
obtained to quantitatively analyze the changes in the cell wall
composition and are tabulated in Table 1. The untreated 13C-

enriched corn stover sample was also analyzed by whole cell
wall ionic liquid 1D 13C and 2D 1H−13C HSQC NMR analysis
(see the Supporting Information). One-dimensional 13C NMR
determine the proportions of H, G, and S units in the untreated
13C-enriched corn stover lignin to be about 12, 21, and 66%,
respectively. Two-dimensional 1H−13C HSQC NMR clearly
observed the significant presence of C2- and C3-acetylated
xylan, β-O-4-aryl ether lignin linkages, and ferulate and p-
coumarate units.

Figures 3 and 4 show the normal CP spectrum of 13C-
enriched corn stover stem, displaying the resonances due to
major chemical groups within lignin, cellulose, and hemi-
cellulose. Throughout the remainder of this paper, various
chemical moieties will be denoted by the following: A1 carbons,
which correspond to aromatic lignin carbons appearing ∼153
ppm or the S3,5 and G3,4 carbons; A2 carbons corresponding to
aromatic lignin carbons appearing ∼135 ppm or the S1,4 and G1

carbons; and A3 carbons attributed to S2,6 and G2,5,6 at ∼110

ppm.8 Other resonances of interest highlighted in Figure 4 are
those for cellulose C1, C2,3,5, C6, C4a (amorphous C4), and C4c
(crystalline C4) at ∼105, 75, 64, 86, and 90 ppm, respectively.1

Hemicellulose has a 13C signal that arises ∼83.9 ppm and is
attributed to the C4 carbon in the xylose monomer unit.7 This
resonance is unique to xylan chains, which are part of xylan-
cellulose aggregates and typically found in combination with
the hemicellulose carbonyl and methyl moieties associated with
acetyl groups observed at resonances ∼174 and 21.5 ppm.7 The
resonance at 21.5 ppm also happens to be the only completely
resolved hemicellulose-associated resonance. Utilizing the
resonances contributing to lignin (A1, A2, and A3) and
hemicellulose acetyl groups and neglecting any contributions
from hemicellulose to the narrow chemical shift ranges used to
represent cellulose (C4a, C4c, and C2,3,5), the analysis described
below was utilized to generate normalized and T1-adjusted spin
diffusion attenuation curves.
The SELDOM pulse train carrier frequency was generated at

the chemical shift of S3,5 and G3,4 carbons (∼153 ppm) in
lignin. Figure 3 clearly shows how successful the SELDOM
filter is at localizing magnetization in lignin-related resonances;
however, signals at frequencies equaling integers of the rotor
speed are not removed, as evident by the appearance of the
methoxy carbon resonance at ∼55 ppm in Figure 3. In an
attempt to only select aromatic carbon magnetization, rotor
speeds in the excess of 16−20 kHz were tried; however,
inefficient spin diffusion due to reduced dipolar interaction was
observed. A better compromise seemed to be to tune the
number of SELDOM pulse trains, τ1, τ2, and rotor speed to
only select carbons only on lignin. This was done also while
maximizing the selective nature of the SELDOM and the
corresponding signal intensity generated. Optimum conditions
were determined to be at a SELDOM pulse train carrier
frequency of 153 ppm, spinning speed of 10.1 kHz, τ1 = 99 μs,
τ2 = 594 μs, and 36 SELDOM pulse train cycles.
On the basis of signal-to-noise calculations of the methoxy

peak from the normal CP and chemical shift filtered spectra,
the SELDOM filter only causes ∼35% signal loss in the selected
areas, while effectively removing magnetization from all of the
other carbons. The implication of this in a system in which the
selected carbon resonances only correspond to a small fraction
of the overall carbon (∼3 of 10 carbons in a monolignol unit in
a system with ∼10−15% lignin) is a resulting loss of the total
magnetization by spectral integration of ∼95%. This essentially
reduces the amount of initial nonequilibrium magnetization
such that upon equilibration the spectrum has a low S/N
requiring a large number of scans; however, in systems with less
diffusive chemical shift distributions and a high proportion
carbon in the selected region, this technique can be particularly
simplistic and quick to conduct.

13C Spin Diffusion Length Scale Estimations. Once the
SELDOM sequence is applied and magnetization localized on
the lignin-associated S3,5, G3,4, and methoxy carbons, the actual
mechanism of signal attenuation during the spin diffusion
experiment is fairly complex. This is mainly because magnet-
ization is not just transferring between major cell wall
components but is actually moving from multiple chemical
moieties distributed heterogeneously among the lignin chains
to their nearest neighbors. However, as an initial approx-
imation, these experiments can be analyzed in terms of a three-
or two-site model given in Figure 5. In these models,
magnetization is assumed to fully equilibrate in the lignin and
then move to the other cell wall components.

Table 1. Compositional Analysis of the 13C-Enriched Corn
Stover

% glucan % xylan % Klason lignin

control natural abundant corn stover 30 23 26
13C-enriched corn stover 38 25 20

pretreated 13C-enriched corn stover 68 2 22

Figure 3. One-dimensional selective excitation method by SELDOM
at MAS = 10.1 kHz.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf204853b | J. Agric. Food Chem. XXXX, XXX, XXX−XXXD



Figure 5 visually depicts the intrinsic longitudinal relaxation
occurring in the lignin, cellulose, and hemicellulose cell wall
fractions with downward vertical arrows and the cross-
relaxation equilibrium phenomena, represented by diagonal
arrows. Although this three-site model more describes the
actual system, for mathematical model simplification, two two-
site exchange models were used to extract spin diffusion length
scales and spatial dimensions. This model assumes transfer
occurs between lignin and hemicellulose, while another
assumes transfer between lignin and cellulose.
During the spin diffusion mixing time, the change in

magnetization of a given 13C nucleus i is related to both 13C
spin diffusion and 13C spin−lattice relaxation (T1), which is
given by:
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In an effort to account for 13C spin−lattice relaxations, the
sequence in Figure 1 was used with no SELDOM selection.
This experiment is essentially measuring the T1 attenuation
occurring during the mixing time. By dividing the relative
intensity of the 13C SELDOM spin diffusion experiments by the
relative intensity resulting from those experiments, eq 2 can be
reduced to
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As denoted by Masuda and Horii et al., the average 13C spin
diffusion rate, Wij, between spin i and j under the MAS
condition is given by:

≈ = π ω
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where ωij is the dipolar coupling frequency and F(0) is the
probability for single quantum spin transitions for spins i and
j.22 The ωij term integrates distance information,
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therefore, TSD and spin diffusion length scales as,

≈
T

K

r

1

SD 6 (6)

where K is a spin diffusion coefficient.22

Figure 4 shows the normal CP spectrum of 13C-enriched
corn stover stem in a stacked plot along with SELDOM spin
diffusion spectra of increasing Tm or mixing time. At the
shortest mixing time, the spectra show the SELDOM filter to
be effective at isolating magnetization in the methoxy and A1
(S3,5 and G3,4) carbons. As the mixing time increases,
magnetization is transferred to other groups in the lignin and
then to the carbohydrate carbons, presumably first to
hemicellulose and then to cellulose based on the rapid
appearance of the acetyl-related methyl peak at ∼21 ppm.
The mathematical treatment described above is based on a
simple 1D spin diffusion theory developed for 13C nuclei under
MAS condition.22 Determining the 13C spin diffusion length

Figure 4. Normal CP (top) and 13C selective excitation and spin diffusion experiments of 13C-enriched corn stover stem.

Figure 5. Three-site model used for evaluation of the 13C spin
diffusion and 13C spin−lattice relaxation phenomena occurring in the
plant cell wall.
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requires previous knowledge of the spin diffusion coefficient.
Unfortunately, spin diffusion coefficients are difficult to
measure or estimate by nuclear spin density,51 so the data
were analyzed utilizing two strategies: (1) determining the spin
diffusion rate based on known inter-ring distances between
lignin aromatic carbon positions and (2) using a spin diffusion
rate cited in the literature determined for 13C-enriched bacterial
cellulose.
A simple exponential fit (as described in eq 3) was applied to

13C spin diffusion attenuation curves to determine the
characteristic 13C spin diffusion time constant (TSD) of each
resonance of interest. Figure 6 shows normalized and T1-

adjusted spin diffusion peak intensities as a function of mixing
time. As evident in Figure 6a, which contains results from
aromatic resonances, the spin diffusion occurs in two stages
within the lignin, inter- and intramolecular equilibration.
Because of this, the data were not normalized by the intensity
at time = 0 but rather the maximum value integral, and eq 3 was
fit separately to the first three and last four data points for the
aromatic lignin signals. Additionally, eq 3 was applied to the full
spin diffusion attenuation curve of the hemicellulose and
cellulose signals, as shown in Figure 6b.

As mentioned before, determining K can be difficult;
therefore, we took two approaches, using K as determined by
an average distance of ∼1.9 Å between A1 and A2 carbons (K =
5.315 × 10−61 m6/ms) and using a K determined by Masuda
and Horii et al. for 13C-enriched crystalline bacterial cellulose
(K = 2.75 × 10−57 m6/ms) estimated by its nuclear density.22

The spin diffusion times and calculated spin diffusion lengths
resulting from eq 6 are compiled in Table 2. Much of this

analysis was based on work by Masuda and Horii et al. and
seems to agree at least within an order of magnitude with spin
diffusion lengths with 13C-enriched crystalline bacterial
cellulose.
The shortest spin diffusion length (∼0.77 nm) corresponds

to the spin diffusion from lignin to a neighboring acetylated
hemicellulose residue; as a reference, consider that the size of
one cellobiose residue is ∼0.5 nm in radius. Therefore, lignin
and hemicellulose are on average less than two cellobiose
residues from one another. The calculated spin diffusion length
from lignin to an acetyl group is very similar whether
determined with the methyl or carbonyl carbon, seemingly
supporting the validity of the analysis. The next spin diffusion
length, in increasing order, seems to be closely associated with
the spin diffusion from lignin to a neighboring amorphous C4
carbon on a glucose residue (∼0.98 nm). The other calculated
spin diffusion lengths range from ∼1.12−1.33 nm for the C1,
C2, C3, C5, and C6 carbons. Lastly, the longest diffusion length
(∼1.99 nm) is related to the spin diffusion from lignin to a
neighboring crystalline C4 carbon on a glucose residue.
Interestingly, the other carbon cellulose sites appear to be a
weighted average of the distances calculated for C4a and C4c.
The results also seem to suggest that lignin is in close contact
with both hemicellulose and cellulose, especially considering
that all calculated lengths are much smaller than the size of a
cellulose microfibril (4−6 nm). The spin diffusion lengths for
the C4 carbon suggest that amorphous cellulose is indeed closer
to lignin than crystalline cellulose, generating a core−shell
interpretation, with the amorphous shell being ∼1 nm thick and
in the most contact with lignin.
In an effort to demonstrate the usefulness of this technique

on a range of biomass samples and especially in studies
intended to evaluate changes in the spatial relationships
between cell wall biopolymers, Figure 7 shows the normal
CP spectrum of 13C-enriched corn stover stem, which was
pretreated at 180 °C in 1.2% H2SO4 for 5 min in a stacked plot
along with SELDOM spin diffusion spectra of increasing Tm.
Again, the spectra corresponding to the shortest mixing time
clearly indicate the SELDOM filter was effective at isolating

Figure 6. Plots of normalized and T1-adjusted peak intensities of the
(a) A1 (red), A2 (green), and A (blue) resonance lines shown in Figure
2 against Tm values and (b) cellulose C2,3,5 (red), C4a (blue), and C4c
(green). The solid lines in the right plot only serve to follow trends
and in the left plot are obtained by the least-squares method based on
eq 3.

Table 2. Time Constants (TSD) for the
13C Spin Diffusion

and the Diffusion Lengths (r) for Different Carbon Species

resonance assignment TSD (ms) r (Å)a r (Å)b

cellulose-C6 702 2.7 11.2
cellulose-C2,3,5 1481 3.0 12.6
cellulose-C4c 22472 4.8 19.9
cellulose-C4a 313 2.3 9.8
cellulose-C1 2020 3.2 13.3
acetyl-carboxyl 250 2.3 9.4
acetyl-methyl 78 1.9 7.7
A3 47 1.7 7.1
A2 88 1.9 7.9

aK = 5.315 × 10−61 m6/ms. bK = 2.75 × 10−57 m6/ms.19
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magnetization in the methoxy, S3,5, and G3,4 carbons. Unlike
Figure 5, Figure 7 indicates significant magnetization transfer
between the lignin and the cellulose does not occur even at the
longest mixing time. This suggests that either lignin has
aggregated beyond the length scale of which magnetization can
transfer before nuclear spin−lattice relaxation begins to
dominate and/or the extraction of hemicellulose by acid
hydrolysis removed the major physical connection between
lignin and cellulose. Using the spin diffusion coefficient
calculated by Masuda and Horii et al., a mixing time delay of
4950 ms corresponds to a spin diffusion length of ∼2 nm. On
the basis of this, longer mixing time delays should be used on
the pretreated samples; however, although the 13C T1 times for
amorphous and crystalline cellulose may be ∼15 and 30 s,52

respectively, the T1 times of chemical groups on lignin have
been cited as between 0.7 and 2.5 s,53 which corresponds to
∼85−99% lost in signal intensity. This fact combined with the
low lignin content in corn stover (10−15%) made ∼5 s the
longest mixing time in which sufficient signal-to-noise at 16 K
scans was obtained, even for a highly 13C-enriched sample.
Figure 3 clearly shows the SELDOM sequence-localized

magnetization within chemical moieties on the lignin, while
Figure 5 displays that magnetization transfer does occur to
other carbon sites as a function of increasing mixing time. All
calculated spin diffusion length scales on the untreated sample
seem to be within 2 nm, suggesting that the plant cell wall
structure is intimately blended. In an ideal experiment, two spin
diffusion coefficients would be determined, since the spin
diffusion rates are mainly a function of nuclear spin density and
residual dipolar interactions, and will change inter- and
intramolecularly. Therefore, the spatial dimensions determined
more than likely represent lower limits, as nuclear spin density
and dipolar interactions vary nonuniformly throughout the cell
wall; moreover, the spin diffusion rate may further change with
the possibility of variable chain dynamics, such as freely rotating
methyl groups on methoxy functionality.
In conclusion, the results, on average, seem to suggest that

lignin is in close contact with both hemicellulose and cellulose,
indicating methyl carbons on acetyl groups followed by
carbonyl carbons on acetyl groups line the interface between
hemicellulose and lignin. The C4 results show the amorphous
cellulose to be closer to lignin than crystalline cellulose,
suggesting a core−shell model, with the amorphous shell being
∼1 nm thick. The other carbon cellulose sites appear to be an
average of the distances calculated for C4a and C4c, further

supporting the validity of the results. The 13C CP SELDOM
spin diffusion experiments on the pretreated sample did not
indicate that significant magnetization transfer between the
lignin and the cellulose occurs even at the longest mixing time.
This suggests that either lignin has aggregated beyond the
length scale of which magnetization can transfer before nuclear
spin−lattice relaxation begins to dominate and/or the
extraction of hemicellulose by acid hydrolysis removed the
major physical connection between lignin and cellulose such
that the system is no longer intimately mixed. This seems to
confirm the previous claim that hemicellulose, which is
removed in the pretreated sample by acid hydrolysis, lies at
the interface between lignin and amorphous cellulose. We
believe this is evidence of one of the major mechanisms of
pretreatment, the removal of the hemicellulose layer disrupts
the hemicellulose−lignin matrix, leaving behind voids in the
secondary cell wall and increasing cellulose accessibility. In the
future, a particularly interesting experiment could involve
genetically altered substrates that display vastly altered
recalcitrance to untreated samples, probing the spatial relation-
ships of cell wall biopolymer as a function of genetic
manipulation and how that may be related to biomass
recalcitrance.
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