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ABSTRACT: In the continuously developing field of lignocellulosic
biomass, high-yield lignin depolymerization processes are sought to
optimize its productivity and profitability. Recently, formaldehyde
stabilization during lignin extraction and biomass pretreatment has
been found to drastically enhance subsequent lignin upgradeability
but can affect cellulose digestibility. The exact role and/or form of
formaldehyde on the residual biomass surface is still not fully
understood. Here, we use magic angle spinning (MAS) dynamic
nuclear polarization (DNP) methods to characterize the components
that remain inside the residual cell wall after the lignin extraction
process and reveal the topochemistry of the solid residue. The
regioselectivity of relayed DNP allows the observation of hyper-
polarization in a range of 40—200 nm from the surface of the cell wall
for poplar wood materials. That regioselectivity allows us to
distinguish between the external secondary cell wall and the inner middle lamellae. In that respect, for the untreated wood,
we confirm that there is less lignin in the outer part of the cell wall than deeper inside. In treated wood, we determine that the
role of dioxane during the process is to enable the extraction of the modified products from the cell wall. We show that the
modified lignins which were not extracted in the absence of dioxane accumulate in a 40 nm region at the surface of the cell wall.
Also, using carbon-13 enriched formaldehyde during the process, we show that 1% of the total amount of carbon in the material
is assigned to self-polymerization and that no covalent bonds to cellulose are observed.
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1. INTRODUCTION

Pretreatment (or delignification) is a key process in
biorefineries and pulp and paper processes that facilitates
integrated biomass utilization. This step fractionates the
biomass into its three major components, cellulose, hemi-
celluloses, and lignin (see chemical structures in Scheme 1),

formaldehyde and the hydroxyl on the cellulose surface,
which could have prevented reaction between the cellulose and
enzyme. However, no direct evidence showed that form-
aldehyde did react with the cellulose.” Here, we use magic
angle spinning dynamic nuclear polarization (MAS DNP)
NMR spectroscopy methods to illustrate the delignification

facilitating downstream process with the objective of
converting each component into value-added products.'™*
Recently, a lignin extraction process using aliphatic aldehydes
was developed that leads to in situ stabilization of the lignin
structure during acid pretreatment, leaving behind a high
purity cellulose-rich solid.”~” Despite its purity, this leftover
solid still needed further acid treatment before enzymatic
hydrolysis to release high yields of glucose when formaldehyde
was used. The exceptional purity of the cellulose after
treatment was thought to be due to the excellent solubilization
of stabilized lignin in the chosen solvent system, which avoided
recondensation or redeposition of the lignin on the solid
surface. The reason for the need for an additional acid
treatment was thought to be a reaction between the
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process, reveal the topochemistry of the solid residue, and
elucidate the exact nature of the components that remain
inside the residual cell wall after the fractionation process.
High-resolution liquid-state NMR of either 'H or "*C have
been used in this area for several decades and have provided
data to elucidate the main polymer components of wood to
better understand the chemistry and biochemistry of plant cell
walls.”~"* However, the acquisition of NMR spectra in solution
requires the extraction of the key components, which leads to
chemical modifications, and, by nature, destroys the spatial
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“Molecular structure of (a) cellulose, (b) Xylan, the most abundant
chemical component of hemicellulose (the acetates are randomly
distributed on the hemicelluloses and so do not necessarily repeat

regularly), (c) lignin, and (d) formaldehyde stabilized lignin.

arrangement of the constituents. Gel-state NMR methods were
developed to characterize whole cell wall biomass non-
destructively but these methods require extensive preparation
and cannot provide information on the surface functionalities
of the biomass.'™'® To circumvent this, high-resolution solid-
state NMR has become the method of choice for the study of
unmodified lignocellulosic samples, allowing the determination
of the three-dimensional structure of polymers and their spatial
localization inside cell walls, notably with high-resolution
magic angle spinning (MAS) solid state *C NMR experi-
ments.'”~*°

While detailed structural studies using multidimensional
NMR often previously required '*C enriched samples, the
recent advent of dynamic nuclear polarization (DNP)>’
methods for MAS NMR of materials”**’ has allowed the
study of a wide variety of materials at natural isotopic
abundance such as functionalized surfaces,”® >

nanopar-

C Jae 3233 . : 1 34,35 36—49 .

ticles,”””” inorganic solids,”””” polymers, or biomole-
50-55 .

cules.”” > MAS DNP techniques have also been recently

applied to isolated celluloses, cellulose derivatives in
pharmaceutical formulations,”* ™’ modified lignocellulosic
biomass, and functionalized paper substrates at natural
abundance.'” ™%

MAS DNP experiments are usually carried out on powdered
samples usin§ the incipient wetness impregnation (IWI)
technique,zg’2 which requires doping the sample with a source
of unpaired electrons by impregnating the dry powder with a
radical solution. The source of unpaired electrons is usually a
solution containing a stable radical. The radicals most widely
used today for cross effect DNP (currently the most efficient
DNP mechanism at moderate magnetic field, e.g,, 9.4 T, and at
temperatures ~ 100 K) include AMUPol,** TOTAPOL,*® or
TEKPol.°*®” Irradiation of the NMR sample with microwaves
to saturate the EPR transition of the unpaired electron can lead
to spontaneous transfer of polarization from the electrons to
the nearby nuclear spins, usually the protons of the frozen

solvent. The polarization is then further transferred to
heteronuclei by cross—polarization68 (CP) experiments.

NMR can also be used to probe domain sizes in
heterogeneous solids.””’" In MAS DNP experiments, '"H—'H
spin diffusion usually distributes the proton hyperpolarization
throughout the entire nuclear spin bath. We have recently
shown how the dynamics of hyperpolarization in relayed-DNP
experiments can be analyzed in terms of a polarization
diffusion model to very efficiently extract domain sizes in
active pharmaceuticals ingredients, microcrystalline solids and
polymer blends.”'~”* Also, it is possible to measure the
distance that polarization travels (from micrometer to
nanometer scales), and determine layer structures, which has
been shown in the case of organic crystalline nanc;particles74
and lipid nanoparticle based drug delivery systems.”

Here, we characterize the transformations of poplar wood
after different fractionation processes using relayed MAS DNP
methods. We determine (i) the influence of the duration of the
chemical treatment on the residual lignins; (ii) the role of
dioxane and formaldehyde during chemical treatment; and (iii)
that relayed DNP methods are regioselective toward the cell
wall and distinguish the location of the residual lignins.

2. EXPERIMENTAL METHODS

2.1. Wood Sample Preparation. A transgenic plant,
ferulate S-hydroxylase downregulated poplar, was used as the
wood sample in order to provide easily upgradeable and highly
uniform lignin. Indeed, past studies have shown this lignin to
be upgradeable at high yields (~ 80%) and feature almost
exclusively syringyl units (>98%; see structure in Scheme 1).>°
The sample was ball-milled into fine particles for 1 h using a
PM100 planetary ball mill machine (Retsch, German) at 450
rpm. The ball-milled wood was placed in a thick wall glass
reactor together with 9 mL of dioxane, 0.42 mL of 37% HCI,
and 1 mL of a 36 wt % formaldehyde solution. The reactor was
sealed tightly and placed in an oil bath at 80 °C for 0.5-2 h
under continuous stirring. After the reaction, the mixture was
filtered and the solid was washed with dioxane (3 X 5 mL).
The residue was dried at 100 °C for 1S h. In the case where
formaldehyde was not added during pretreatment, an extra
0.69 mL of H,O was added to the reaction mixture. In the case
where dioxane was not used during pretreatment, 10 mL of
H,O and 0.42 mL of 37% HCI were added instead of the
aforementioned solution.

2.2. DNP Experiments. DNP experiments were performed
on a 263 GHz/400 MHz AVANCE III Bruker DNP system.
The spectrometer is equipped with a low temperature CPMAS
probe and a 263 GHz gyrotron capable of outputting ca. 5—10
W of CW microwaves. The probe was configured in 'H/"C
double mode. The sweep coil of the main magnetic field was
optimized so that microwave irradiation gave the maximum
positive proton DNP enhancement for AMUPol. DNP
enhancements were determined by comparing the intensity
of the spectra acquired with and without microwave
irradiation, and the 'H and '*C enhancements are tabulated
in the Supporting Information (SI) for all samples studied.

Note that all samples were ball milled at moderate
conditions to maintain some fiber structure (as described
above) and further ground in a mortar and pestle to obtain a
homogeneous material before proceeding to DNP sample
preparation.

For DNP experiments, typically 30 mg of ground wood
sample was impregnated with 16 L of 10 mM AMUPol in
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D,0/H,0 (9/1 v/v). The DNP sample was then packed in a
3.2 mm sapphire rotor and capped with a Teflon plug and
zirconia cap. The filled DNP rotor was then spun at room
temperature in the spinning station up to 12.5 kHz before
being inserted into the precooled (ca. 100 K) 3.2 mm CPMAS
DNP NMR probe, where the sample was frozen within several
seconds.

2.3. DNP Enhanced 'H and 'C Solid-State NMR. For
BC NMR experiments, the recycle delays were 3 or 4 s. The
'"H 7/2 pulse length used for the variable amplitude CP
experiments was 2.5 ys to afford 100 kHz 'H decoupling using
SPINAL-64.”° The MAS frequency used is 12.5 kHz.

3. RESULTS AND DISCUSSION

3.1. 3C NMR and DNP Enhanced NMR Features of
Untreated Fibers. Figure 1A,B shows the conventional *C
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Figure 1. 3*C CPMAS NMR spectra of untreated poplar wood
acquired at (A) room temperature, 16 384 scans, 3 s recycle delay, 1
ms contact time, 12.5 kHz spinning rate and (B) at 100 K, 15230
scans, 3 s recycle delay, 1 ms contact time, 12.5 kHz spinning rate.
(C) BC CPMAS DNP enhanced NMR spectrum at 100 K, sample is
impregnated with 10 mM AMUPol in D,0/H,0 (9/1 v/v) 224
scans, 3 s recycle delay, 2 ms contact time, 12.5 Hz spinning rate. The
assignment of the resonances follows the color code of the molecular
structure of cellulose (black), hemicellulose (purple), and lignin
(blue) described in Scheme 1. Abbreviations: ne is for nonetherified
arylglycerol p-aryl ethers, and e indicates in etherified arylglycerol j-
aryl ethers (see the SI for the table of chemical shifts).

CPMAS NMR spectra of untreated poplar wood recorded at
room temperature (A) and at 100 K (B). Spectra A and B were
acquired without DNP. Figure 1C shows the DNP enhanced
3C CPMAS NMR spectrum of poplar wood impregnated with
10 mM AMUPol in D,0/H,0 9/1 v/v. The room
temperature spectrum A is typical of lignocellulose and
compares with all the data previously published.*”””~*

Full assignments of the main signals are shown in Figure 1
(chemical shifts are tabulated in the SI) and follow previous
assignments of this type of material.””*" The identification of
the main *C NMR resonances is important in order to follow
the chemical changes of lignocellulosic materials during
chemical and thermal treatment. The resonance at 21 ppm is
assigned to the CHj carbons of the hemicelluloses acetate
units. In the interval ranging between 60 and 105 ppm, large
signals prevail which are predominantly assigned to cellulose,
and to a lesser extent to hemicellulose carbohydrates. Of
particular interest are the signals at 88.3 and 82.8 ppm,
assigned to the C4 of cellulose allomorphs. The signal at 82.8
ppm is indicative of either amorphous or disordered cellulose
at the surface of crystalline microfibers, whereas the signal at
88.3 ppm refers to crystalline cellulose.”’

These signals overlap with the aliphatic carbons of lignins. In
this area, the only resonance which can be specifically assigned
to lignins is at 55.8 ppm, due to methoxy groups occurring in
aromatic units. The intense signal 104.8 ppm is assigned to the
C1 of cellulose, although some overlap with aromatic carbons
of lignins cannot be excluded. A broad and weak shoulder
centered at 102 ppm can be assigned to the Cl1 of
hemicelluloses, with the broadness of this signal being clearly
assigned to the amorphous structure. The peaks occurring in
the region between 105 and 160 ppm are specific to carbons
from the aromatic units of lignins. For hardwood, the presence
of syringyl units is identified by the signal at 152.6 ppm
classically assigned to C3 and CS on the aromatic ring. On the
low-frequency side of the previous signal, the shoulder is
mainly assigned to the same carbons, but in nonetherified
structures. The signal at 151.7 ppm is assigned to C1, and the
signal at 148.4 can be assigned to C4 and C3 in guaiacyl units.
The latter signal is quite weak, which is due to the low
amounts of guaiacyl units in this type of transgenic poplar
(<2%).> The shoulder at 144.1 ppm corresponds to C4 in
nonetherified structures. The relative intensities of these two
broad signals allow us to estimate the depletion of the lignin
polymers in biomass materials. The signal at 172.6 ppm is
generated by the carbonyls of hemicelluloses acetate groups.

Although the three spectra A—C were recorded under
optimized experimental conditions, some differences are
noticed. The first is a slight loss of resolution of the spectra
recorded at low temperature (B and C) compared to the one
recorded at room temperature (spectrum A). This is
particularly visible for the signal of lignin methoxy and for
the C4 of disordered celluloses and hemicelluloses. This is due
to lignins and hemicelluloses being amorphous, and therefore,
when their molecular dynamics become restrained at low
temperatures, an increase in the NMR line widths is
expected.®” At low temperature, the lignin and hemicellulose
become more rigid which explains an increase in their signal
intensity for those regions of the spectra as CP will be more
efficient.

As shown in the SI and summarized in Table S3, we
compare the overall signal-to-noise ratio (SNR) of the DNP
enhanced spectra to the conventional SSNMR spectra®” for the
untreated wood sample recorded at room temperature (RT)
and at 100 K (both recorded on a dry powder without the
addition of AMUPol solution). The *C SNR of the DNP
enhanced spectra (acquired with microwave irradiation on) are
10 times that acquired without DNP at RT and 6 times higher
than the spectrum acquired at 100 K, which represents a gain
in experimental time of a factor 100 and 36, respectively. The
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increase in intensity of the NMR signals observed at low
temperature is expected and due to the Boltzmann factor. Note
that, for the lignins and hemicelluloses, the gain in intensity is
even larger, a factor 14 and 12, respectively (see SI Table S3).

3.2. Lignin Extraction. Pretreatment (or delignification) is
a common process in biorefineries and pulp and the paper
making industry. In a laboratory-scale method, lignin can be
largely extracted using polar aprotic solvents such as dioxane
under acidic conditions and elevated temperatures (>80 °C).
We can use DNP enhanced NMR to follow the extent lignin
extraction and the effect of the various pretreatment
parameters on the biomass surface functionalities.

Figure 2 shows the '*C CPMAS DNP enhanced NMR
spectra of untreated poplar wood (F) as well as of poplar wood
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Figure 2. *C CPMAS DNP enhanced spectra of poplar wood treated
with dioxane/H,0/formaldehyde/HCI for 2 h (D) or 30 min (E),
and untreated poplar wood (F), all impregnated with 10 mM
AMUPol in D,0/H,0 (9/1 v/v), where the spectra shown in the
figure are normalized with respect to the intensity of the C1 peak of
celluloses. The acquisition parameters for the spectra are as follows:
spinning rate of 12.5 kHz, recycle delay of 3 s, and contact time of 1
ms, number of scans of 256 (D, F) and 1024 (E). Refer to Figure 1 for
information on the color code and abbreviations.

after lignin extraction under acidic conditions with a dioxane/
H,0/formaldehyde solution for 30 min (E) or 2 h (D). The
samples are all subsequently impregnated with 10 mM
AMUPol in water (D,0/H,0 9/1 v/v). Scheme 2 illustrates
a transverse section on the micrometer scale of the wood cell
wall. We expect the radical solution to impregnate the cell
lumen (CL) which is located at the exterior of the cell wall,
and to also wet the layers of the secondary cell wall L3 and L2
(black and gray). The relative proportions of the three wood
polymers (celluloses, hemicelluloses, and lignins) vary depend-
ing on the part of the cell wall. It is known that a greater

Scheme 2°

“Scheme of a transverse section of the wood cell wall at the gm scale
(a) dry and (b) impregnated with radical solution (blue region) of
AMUPol (pink circles) which depicts the cell lumen (CL) at the
exterior of the cell walls, and the secondary cell wall layers (L3, L2,
and L1). The radical solution should not reach the interior of the cell
wall where the middle lamella (ML) is located.

concentration of lignins and hemicellulose is present in the
middle lamella regions.**

On the basis of the assignments made previously, the
interpretation of the changes observed in Figure 2 is
straightforward. After 2 h of full treatment, we observe
complete disappearance of both lignins and hemicelluloses
(see Figure 2D). Note that for the residual celluloses the
crystalline moiety is dominant as indicated by the signals
assigned to C4 of crystalline and amorphous celluloses,
respectively. There is no evidence of aromatic carbons. This
means that, in the parts of the fibers of wood treated for 2 h
which are accessible to DNP, the delignification can be
considered almost complete. In contrast, when the pretreat-
ment time was 30 min, the percentage of lignin appeared to
increase within the solid residue as shown by the higher
relative intensity of the lignin peaks (see Figure 2E). This
increase could be explained by a biomass deconstruction
mechanism where, in the initial 30 min of pretreatment,
hemicellulose was the first to be removed while most of the
lignin remained within the biomass matrix.

Furthermore, MAS DNP methods permit topological
information about the depolymerization process to be
obtained. In order to verify whether or not any residual lignin
was still present inside the secondary layers of the cell wall, in
particular in the deeper regions such as L1 and the middle
lamella, the conventional >*C CPMAS NMR spectrum of the
sample of wood after full treatment for a period of 2 h, was
recorded with 35650 scans, and compared with a DNP
enhanced spectrum recorded with 256 scans in Figure 3. The
short broad peaks present at 130—160 ppm in the conventional
spectrum indicated that small quantities of lignin remained
within the solid residue. Whereas with the DNP enhanced
spectrum, the aromatic region was quite clean, indicating
almost no lignin was detected. This unambiguously indicates
that the residual lignin is located in the interior of the cell wall,
far from the DNP polarizing agent. A comparison of the signals
intensities of residual D and G confirms that a very small
amount of residual lignin (less that 4% of the total amount of
carbon) remained inside the fiber.

3.3. Input of DNP Regioselectivity to Cell Wall. Figures
1 and S1 shows that the SNR of lignins (signals S-3(e), S-S(e)
and S-1(e), S-4(e), G-1(e)) and hemicelluloses (—COO-R,
CH;—COO—, and CH;—COO-) decreases when impreg-
nated with the radical solution (spectrum C, NO microwave
irradiation) compared to the SSNMR spectrum B. The
simplest explanation could be that lignins and hemicelluloses
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Figure 3. *C CPMAS NMR spectra acquired at 100 K of poplar
wood treated with HCl for 2 h. Spectra are recorded at a spinning rate
of 12 500 Hz, recycle delay of 3 s, and contact time of 1 ms. (D) DNP
enhanced CPMAS NMR spectrum, sample impregnated with 10 mM
AMUPol in D,0/H,0 (9/1 v/v), 256 scans, and (G) conventional
CPMAS NMR spectrum with 35650 scans. The spectra are
normalized with respect to the intensity of the C1 of celluloses.
Refer to Figure 1 for information on the color code and abbreviations.

are more accessible to the biradical and that the signal is
attenuated by bleaching effects.

Relaxation DNP experiments are used to determine the
depolymerization process and to identify the components that
remain inside the cell wall (see the SI for more details).
Summarized in Table 1 are the experimental 'H spin—lattice

Table 1. Measured '"H Spin—Lattice Relaxation T, (s) at 100
K (Dry Sample) and for Wood Samples of Nontreated and
Treated Wood (Full Treatment with and without Dioxane)“

treated 80 °C

no dioxane
nontreated 0.5 h 2h 1h 2h

lignin 6.5 7.7 ND 0.85 1.3
cellulose 7.5 173 13.1 2.6 33
hemicellulose 7.0 7.3 ND 0.89 ND

“ND: not determined because signal intensities were too weak.

relaxations (T;) and in Table S4 are their corresponding
diffusion lengths (p, = (D, T))"?) for treated and untreated
(with or without dioxane) wood as determined from
measurements of T, and assuming a constant spin diffusion
coefficient (D,) of 107> mm? s~

The characteristic T is longer for treated materials than for
pristine wood which could be a consequence of the change in
dynamics in the materials. If we consider the NMR signals

30411

assigned to the cellulose moiety, all the lengths range between
80 and 130 nm for the treated and untreated samples (see
Table in SI). The 80—130 nm range of diffusion lengths is
clearly shorter than the total thickness expected for a
lignocellulosic cell wall of wood materials which is on the
order of 4—10 ym,**~5¢ illustrating that the hyperpolarisation
probes the surface of the cell walls. This confirms that MAS
DNP enhances the secondary cell wall layers and allows a
regioselective study of wood material. This near surface
characterization is of high relevance when working with chemical
processes which are dependent upon the accessibility of the
components involved in the process.

As a result, direct interaction between lignins or hemi-
celluloses and AMUPol can be discarded, as these components
are known to be more abundant in the deepest parts of the cell
wall. Therefore the apparent loss of lignins and hemicelluloses
observed above is due to the fact that the inner part of the cell
wall, the middle lamella, is not observed by MAS DNP (see
Scheme 2).

3.4. Role of Dioxane. Figures 4 and S2 show the spectra of
the residues after being treated with an acidic aqueous solution
(without dioxane) at different times and temperatures. The
absence of dioxane leads to a strong accumulation of lignin in

the cell lumen of the exterior cell wall. Several conclusions can
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Figure 4. *C DNP enhanced CPMAS NMR spectra of poplar wood
treated with the standard process (HCI) but without dioxane,
acquired with a spinning rate of 12 500 Hz, recycle delays of 3 s, and
contact time of 1 ms. Samples treated for (H) 2 h at 160 °C, 128
scans 128; (I) 1 h at 160 °C, 128 scans; (J) 2 h at 80 °C, 4 scans; (K)
1 h at 80 °C, 4 scans. The spectra are normalized with respect to the
intensity of the C1 of celluloses. Refer to Figure 1 for information on
the color code and abbreviations.
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be drawn by comparing the lignin signals with those of the
untreated wood (Figure 1A).

First, it appears that syringyl signals —3(ne), —S(ne) and
guaiacyls —3(ne,e), —4(ne,e) strongly increase as the temper-
ature increases from 80 to 160 °C. This indicates that the
lignin was depolymerized, recondensed, and relocated on the
surface of the fibers. These observations are consistent with an
initial depolymerization of lignin, with $-O-4 cleavage, and
subsequent repolymerization of said lignin on the surface of
pretreated biomass, consistent with several literature re-
ports.87’88 Moreover, for the wood treated at 160 °C, either
for 1 or 2 h, we observe depletion of acetyl groups and a new
shoulder at 128 ppm and a broad signal centered at 33 ppm,
which are not detectable in the samples treated at 80 °C. These
signals are highlighted in green in Figure 4. Baccile et al. have
assigned signals in this region to furan rings arising from the
degradation of carbohydrates in the presence of water.”” A
possible explanation is that the carbohydrates (mainly
hemicellulose in this case) were depolymerized under the
acidic condition and partially converted into furans, which
further condensed to humins on the cellulose surface. Due to
the aforementioned regioselectivity of MAS DNP, we
determine that the degradation products are formed within a
40 nm region from cell lumen and we can conclude that they
correspond mainly to products that remain at the surface of the
cell wall due to their insolubility in the absence of dioxane. In
contrast, the spectrum of the sample pretreated with dioxane/
HCI/H,0/formaldehyde showed only peaks associated with
carbohydrates. Thus, dioxane appears to greatly facilitate
solubilization of lignin and hemicellulose derivatives during
extraction, which prevents their reprecipitation on the surface.
These controls were also run without formaldehyde which has
also been shown to prevent condensation for both lignin and
carbohydrates,””’ which likely further contributed to the
absence of these residue signals when it was used.

3.5. Reaction of Formaldehyde on the Surface of
Cellulose. In order to gain a better understanding of the
reactions between formaldehyde and biomass during lignin
extraction, we used the '>C labeled formaldehyde for the
reaction and characterized the leftover solid after delignifica-
tion to determine if the formaldehyde had reacted with any of
the polysaccharide functionalities on the surface. With
unlabeled formaldehyde (Figure SN), no new C NMR
signals could indicate the occurrence of new structures
between residual cellulose and formaldehyde, or self-polymer-
ization, could be observed. Note that even under MAS DNP
conditions no new signal were detected after 64 scans.

On the contrary, in the spectrum of Figure SM of the
material obtained using fully carbon-13 labeled formaldehyde,
we clearly see new signals in the spectral range from 100 to 90
ppm and no significant changes in the cellulose resonances.
They can be assigned to CH, in poly(oxymethylene)
structures, as a result of self-polymerization of CH,O inside
the network of the remaining cell wall. Either way, the presence
of this material at the surface explains the low activity that was
previously observed during enzymatic hydrolysis of form-
aldehyde treated material. Either self-polymerized or covalently
linked formaldehyde at the cellulose surface would block
enzyme binding and reaction sites, which would lower
hydrolysis activity.

The solid residue is mainly made of cellulose since lignins
and hemicelluloses were almost completely depleted during
extraction and dissolution in dioxane. The experiment using
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Figure 5. *C CPMAS DNP enhanced NMR spectra of poplar wood
treated with the standard process of HCl for a period of 2 h at 80 °C
using (M) labeled '*C formaldehyde and (N) unlabeled '*C
formaldehyde. (L) is the difference spectrum between (M) and
(N). All spectra were recorded with a spinning rate of 12 500 Hz,
recycle delays of 3 s, contact time of 2.5 ms, and 64 scans. Refer to
Figure 1 for information on the color code and abbreviations.

fully labeled *C formaldehyde permits one to quantify the
amount of new structure formed with respect to the unlabeled
sample. By comparison of the integral regions of the
formaldehyde with respect to the integral of C1 of cellulose
(see the spectrum in Figure S3), we obtained a ratio of 0.8
CHO per glucose unit. If we consider that formaldehyde is
fully labeled (100%), the ratio has to be divided by the same
factor to obtain a molar concentration of CHO per glucose
units. It means that the sensitivity of NMR, even with DNP
enhancement, remains in the range of 1%, within the
corresponding surface. The depth of the considered surface
corresponds to the diffusion distance. Considering the sample
treated at 80 °C during 2 h which only shows cellulose signals
(see spectrum D, Figure 2), the diffusion distance is equal to
~60 nm, which represents a depth of about six cellulose fibrils
if we consider a cellulose fibril width of about 10 nm.

4. CONCLUSIONS

The high sensitivity of MAS DNP permits acquisition of '*C
solid-state NMR spectra in minutes. The carbon chemical
shifts are good probes to distinguish between the various
constituents of the poplar wood such as celluloses, hemi-
celluloses, and lignins. We have shown how MAS DNP
methods allow the study of the topology resulting from
pretreatment and fractionation processes of poplar wood
where it clearly distinguishes between different sections of the
wood cell wall. For example, lignin and hemicelluloses in
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poplar wood were almost completely extracted after a 2 h
pretreatment with dioxane/H,0O/formaldehyde/HCI accord-
ing to the *C CPMAS spectrum. Shorter pretreatment process
times of 30 min do not completely delignify poplar wood, as
their residual signals are clearly observed in the '*C CPMAS
DNP enhanced NMR spectrum, but not in the conventional
NMR spectrum. Hence, MAS DNP is a regioselective method
to study wood materials. We show that polarization is effective
in a 100 nm range for these wood materials.

We demonstrate that condensed lignins and humins which
reprecipitated in the absence of dioxane and formaldehyde
accumulated in a 40 nm external range of the cell wall. Finally,
using fully enriched formaldehyde to follow the depolymeriza-
tion mechanism with *C CPMAS NMR, we have demon-
strated that 1% of the total amount of carbon on the surface of
the material could be assigned to self-polymerization of the
formaldehyde, which could explain previously observed
reductions in cellulose digestibility by surface blockage.
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