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ABSTRACT: Atomic-level details of nanocellulose structure, DNP-enhanced NMR
particularly at its surface, remain difficult to resolve and are [N MDDSI-l?zLF::SIgtion
therefore poorly understood. Here we apply dynamic nuclear [N

polarization (DNP)-enhanced solid-state NMR to directly probe L

the surface chemistry of phosphorylated cellulose nanofibers. PN

Multidimensional *C—"*C and *'P—"C correlation experiments RS

reveal both mono- and diphosphate substitution, with C2 and C6 oF L

identified as the preferred sites. Quantitative multiCP analysis SRS
establishes the degree of phosphorylation and the conformational L
distribution of surface phosphate groups, while *'P—*'P
correlations reveal their corresponding spatial distribution. The
site-specific phosphorylation derived from DNP-NMR data was
used to construct a CNF model for molecular dynamics (MD) simulations, which reproduce the fibril twisting observed by AFM and
yield *'P—>*'P radial distribution functions consistent with the DNP-NMR data. In addition, the MD-derived C6 phosphorylated and
nonphosphorylated conformational distribution both within the fibril core and at its surface is in agreement with the DNP-NMR
data. To rationalize the preferred conformations of phosphorylated C6 groups observed in both NMR experiments and MD
simulations, DFT calculations were carried out and show that these conformations are governed by facet-dependent hydrogen-bond
formation at the nanocellulose surface.

¢

&
= Phosphog’ylated CNF

1. INTRODUCTION morphology of nanocelluloses. Additionally, X-ray scattering
has been employed to analyze their crystalline structure and

Nanocellulose, which is derived from natural resources such as s
7777 With the advancement of these

wood and plants, has attracted significant attention because of its cross-sectional sizes.

excellent physical and chemical properties, offering sustainable techniques, the understanding of the morphology of nano-
benefits in various fields such as materials science, biotechnol- cellulose has markedly progressed, and the fundamental
ogy, Cosmetics) and medicine_1_3 Nanocellulose production cellulose fibril derived from wood has recently been described
involves the disintegration of tightly packed cellulose fibrils as being composed of 18 cellulose chains.'®'” However, while
present in cell walls into nanosized units. This process requires the morphology of nanocelluloses can be observed in detail,
significant mechanical energy to overcome the inherent strong these techniques lack the resolution needed at the atomic scale
attractive forces between fibrils. To increase the energy to identify chemical surface modifications. This limitation has
efficiency of the disintegration process, chemical pretreatment hindered a thorough spatial understanding of the chemical

is typically employed; this results in the introduction of
functional groups, such as phosphates, carboxylates, sulfates
and amine groups, onto the fibril surface,” which facilitates their
separation. Owing to the variety of chemical pretreatments
available, nanocellulose has a wide range of shapes and surface
chemistries, enabling material performance, such as chemical,
mechanical, and rheological properties, to be tailored. To
optimize their use in materials applications, a fundamental Received: ~ September 29, 2025
understanding of the atomic-level morphology and surface Revised:  January S, 2026
chemistry of nanocellulose is critical. Accepted: January 9, 2026
Historically, microscopic techniques such as transmission Published: January 23, 2026
electron microscopy (TEM) ™" and atomic force microscopy
(AFM)®™'° have been extensively used to observe the

composition of nanocellulose surfaces. Elemental analysis and
energy-dispersive X-ray spectroscopy are also used for the
chemical analysis of cellulose, providing quantitative atomic
information from spectral data, but these methods do not

directly capture the structural details of nanocellulose surfaces.'®

© 2026 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacs.5¢17152
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In contrast, solid-state '*C cross-polarization magic angle
spinning nuclear magnetic resonance (CPMAS NMR) provides
information about the local atomic environment, enabling
detailed characterization of molecular structures. Since the
pioneering solid-state NMR studies by Atalla et al."” and Earl
and VanderHart™ in 1980, solid-state NMR has been widely
used to understand the polymorphs®' ™ and crystallinities** >’
of cellulose. In addition, NMR has the capability to differentiate
crystalline and amorphous contributions, as well as to detect
conformational arrangements and cross-sectional size of
cellulose crystallites,""~'****" offering critical information
about the surface chemistry of nanocellulose. However, a
major challenge associated with '*C CPMAS NMR is its limited
sensitivity, related to the low natural abundance of *C
(~1.1%),">** which severely hinders the ability to obtain
detailed atomic information on samples at natural isotopic
abundance (NA).

This long-standing limitation has been effectively addressed
with the advent of Dynamic nuclear polarization (DNP)-
enhanced NMR, which has emerged as a transformative
approach for overcoming intrinsic sensitivity barriers.” ™" In
DNP, polarization is transferred from unpaired electrons to
nearby nuclei, resulting in signal enhancements of several orders
of magnitude.”® A key milestone was achieved in 2012 by
Takahashi et al. with the report that DNP could be used to
record *C—"3C correlation spectra of microcrystalline cellulose
at NA within an hour.*® Importantly, this work also established
that dipolar-based polarization transfer at NA can be exploited
to probe long-distance polarization transfer (owing to the
absence of dipolar truncation).”” Building on this, Kumar et al.
investigated the surface chemical structure of surface-grafted
nanocellulose by DNP-enhanced NMR and succeeded in
detecting the weak peak signals of grafting moieties, which
accounted for only 1% of the cellulose chains.”” DNP-enhanced
NMR has also been applied to other surface-modified cellulose
or lignocellulosic materials, ™ *® providing critical information
on interfaces and surfaces.

In this contribution, we combined DNP-enhanced NMR and
computational methods, including molecular dynamics (MD)
simulations and density functional theory (DFT) calculations,
to probe the chemical structure of the nanocellulose surface at
atomic resolution. Our results provide, for the first time, a
precise understanding of the chemical surface topology of
surface-phosphorylated-cellulose nanofibers (P-CNFs), includ-
ing the substitution positions, spatial distribution, and
conformation of the surface molecules.

2. METHODS

2.1. Materials

Phosphorylated pulp (total charge: 2.27 mmol g™') was kindly provided
by Oji Holdings Corporation. Phosphorylated pulp was prepared
according to previously reported procedures.*”** Briefly, once-dried
softwood bleached kraft pulp sheets were impregnated with an aqueous
mixed solution comprising phosphoric acid and urea. The impregnated
pulp sheets were then phosphorylated by heating in an oven. After the
reaction, the pulp was thoroughly washed with deionized water to
remove excess reagents. A sodium hydroxide solution was subsequently
added to the pulp suspension to neutralize the phosphate groups with
sodium ions, followed by repeated washing to remove any residual
chemicals. tert-Butyl alcohol, D,0, and AMUPol were purchased from
Wako Chemical Co., Ltd., Sigma—Aldrich, and Cortecnet, respectively,
and were used as received.
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2.2. Potentiometric Titration

To determine the amount of dissociated protons within the phosphate
groups, potentiometric titration of the protonated phosphorylated pulp
was performed using 0.1 M NaOH aqueous solution. In accordance
with previously reported procedures, the amounts of the first and
second dissociated protons were determined on the basis of the amount
of NaOH needed for the first and second equivalent points,
respectively.*’

2.3. Preparation of P-CNFs

Phosphorylated pulp was suspended in distilled water with a pulp
concentration of 0.3% w/w and disintegrated to produce nanofibrillated
P-CNF by operating a mechanical homogenizer (Physcotron NS-56,
Nihonseiki Kaisha Ltd., Japan) at 7,500 rpm for 2 min, followed by
ultrasonication (US-300T, Nihonseiki Kaisha Ltd., Japan) at 19.5 kHz
for 16 min. Undisintegrated fractions were removed by centrifugation at
8,300 rpm for 15 min. The resulting P-CNF aqueous dispersion was
stored at 4 °C.

2.4. AFM Experiments

The P-CNF aqueous dispersion was diluted to 0.0002% w/w, and 10 uL
of the diluted dispersion was dropped on a smooth mica surface
immediately after cleavage, which was then dried under reduced
pressure by using a diaphragm pump for 15 min. AFM observations
were conducted using a MultiMode 8 microscope (Bruker, USA)
equipped with a NanoScope V controller and a ScanAsyst-Air probe in
peak-force tapping mode. The scan size was 2 X 2 um? and the pixel
resolution was 1024 pixels per line. AFM image processing and AFM
height analyses were performed using NanoScope Analysis software
(version 1.7; Bruker, USA).

2.5. Sample Preparation for DNP-Enhanced Solid-State
NMR

The P-CNF aqueous dispersion was freeze-dried after approximately
30% w/w tert-butyl alcohol with respect to its water content was added
to suppress dry agglomeration. Fifty-six milligrams of freeze-dried P-
CNF was impregnated with 80 #L of DNP matrix solution composed of
10 mM AMUPol’' radical in D,O. This impregnated sample was
ground with a pestle and then packed into a 3.2 mm zirconia rotor.

2.6. DNP-Enhanced Solid-State NMR Experiments

All the experiments were performed on a Bruker Avance III 400 MHz
('H resonance) DNP-NMR spectrometer equipped with a 263 GHz
gyrotron for microwave irradiation at 105 K. Chemical shift referencing
was performed indirectly at room temperature using the CH signal of
adamantane for '*C at 37.8 ppm and that of hydroxyapatite for *'P at 2.8
ppm.*>> Tt is important to note that '*C and *'P chemical shifts
measured under low-temperature DNP conditions can differ from
room-temperature values in a site-dependent manner. However, this
does not change the overall conclusions of this study. The pulse-
sequence-related parameters for all the solid-state NMR experiments
are summarized in Tables S2 and S3. All the data were recorded and
processed with Bruker Topspin version 3.6.3 and plotted using
nmrglue®* and Python.

To determine the average distance between phosphorus atoms on
the surface of P-CNFs, the S; experimental buildup curves were fitted
using a library of simulated buildup curves generated with SIMPSON>*
for dipolar couplings ranging from 50 to 350 Hz for monophosphate
groups and from 700 to 1500 Hz for diphosphate groups in 1 Hz steps.
The root-mean-square deviation (RMSD) between the experimental
curve and each simulated buildup curve was then minimized by
adjusting only the scaling factor A and the decay time constant 74, of
the simulated curve according to the following equation:

RMSD(A, Ty,c,y)

2
1
N 2 Iexp(Tmix) —A Isim(TmixJ d)'exp[_

Tmix

T

1X
Tdecay
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Figure 1. Schematic illustration of the preparation of P-CNFs from wood and their morphology; (a) CNF structural model containing 18 cellulose
chains with a 234432 arrangement; (b) expected surface modification upon phosphorylation. The C2 and C6 hydroxy groups exposed on the (1 1 0)
and (11 0) faces (light and dark blue, respectively) are expected to be selectively phosphorylated (light and dark green, respectively); (c) AFM image
of P-CNFs; (d) side-view AFM image and (e) 3D image of a single P-CNF; corresponding (f) side-view and (g) 3D image of a P-CNF model showing

(h) the cross section of the 18-chain P-CNF model.

where Iexp('rmix) and I, (7, d) are the experimental and simulated
peak intensities, respectively, as a function of the mixing time 7,,;, and
the dipolar coupling d for the simulated data and N is the number of
experimental points in the buildup curve. The experimental peak
intensities were extracted from the integrated areas of the individual
peaks.

2.7. MD Simulations

The P-CNF model, consisting of 18 chains with 80 glycosyl
residues, was buﬂt on the basis of the experimental crystal structure of
the I allomorph 7 The total amount of phosphoester groups was set to
~1.15 mmol g™* (total charge: 2.29 mol g~'). The molar ratio of
phosphorylation between the surface C2 and C6 positions was 25:75,
which was based on the experimental results from 2D 31P—13C
TEDOR. To model the CNFs containing sodium phosphate groups,
sodium ions were introduced into the system to counterbalance the
phosphate groups. All-atom molecular dynamics simulations were
performed using GROMACS version 2021.1 and CHARMM C36°%°
as the force field. The initial structure was solvated with water molecules
in a periodic box with dimensions of 12 X 14 X 52 nm®. Electrostatic
interactions and short-range van der Waals interactions were cut off
above 1.0 nm. The particle mesh Ewald (PME) method was applied to
include long-range electrostatic interactions. The system was subjected
to 1000 steps for steepest descent minimization, and a 1000 kcal mol™
nm™2 constraint was applied only to the heavy atoms of the CNFs.
Afterward, the system was relaxed with 1000 steps of steepest descent
minimization without restraint. Afterward, the temperature of the
system was increased gradually to 300 K with the NVT ensemble for
1 ns and subsequently with the NPT ensemble for 1 ns with position
restraint on the heavy atoms (1000 kcal mol™' nm™?) of the CNF. The
Berendsen weak coupling algorlthm was used to maintain a constant
temperature and pressure.”” Afterward, an MD production run was
carried out for 1S ns by using the Parrinello—Rahman barostat without
any position restraint.’’ The simulations were performed with the
LINCS constraint, where the integration time step was 2 fs. PyMol

10,16,56

4239

software (https:/ /pymol.org/2/) was used to generate structural
visualizations.

2.8. DFT Calculations

Structural relaxation of the P-CNF surface models was performed using
the Quantum ESPRESSO package.®” Initially, the system underwent a
primary relaxation phase by employing the damping method, which was
aimed at reducing initial stresses and bringing the structure closer to its
equilibrium state. This was subsequently followed by a secondary, more
refined phase of relaxation using the Broyden—Fletcher—Goldfarb—
Shanno (BFGS) algorithm. The s1mu1at10ns incorporated van der
Waals corrections via the DFT-D3 method.®> The Perdew—Burke—
Ernzerhof (PBE) functional was used for the exchange—correlation
energy.64 The convergence of the self-consistent field (SCF)
calculations was meticulously monitored, with a convergence threshold
of 1.0e™7, to ensure that the electronic structure precisely reached its
ground state. A self-consistent field (SCF) calculation was executed to
obtain the converged ground-state electronic structure of the system.
The settings included the application of DFT-D3 van der Waals
corrections and the use of the PBE exchange-correlation functional.
The kinetic energy cutoff for wave functions was set to 60 Ry, and the
kinetic energy cutoff for charge density was 720 Ry The k-point
sampling was set to a 2 X 2 X 2 Monkhorst—Pack grid.**

3. RESULTS AND DISCUSSION

3.1. Morphology of Phosphorylated Cellulose Nanofibers
(P-CNFs)

The schematics of wood-derived P-CNF preparation and its
morphology are shown in Figure 1. Native crystalline cellulose
fibrils are predommantly composed of a monoclinic unit cell,
known as cellulose Iﬂ, * in which hydroxy groups are densely
exposed on the (1 10) and (11 0) faces. Upon phosphorylation,
the hydroxy groups on the fibril surfaces (Figure 1a) are

https://doi.org/10.1021/jacs.5c17152
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Figure 2. DNP-enhanced NMR spectra of P-CNFs; DNP-enhanced (a) "*C and (b) *'P CPMAS NMR spectra of P-CNFs with (blue and green
spectra, respectively) and without (gray spectra) microwave (uw) irradiation suitable for DNP. DNP-enhanced 2D (c) *'P—"3C TEDOR and (d)
double-quantum (DQ)—single-quantum (SQ) '*C—'*C INADEQUATE spectra of P-CNFs, with enlarged regions shown in c-1 and d-1 to d-3.
Spectra are displayed with identical *C chemical shift axes to allow direct comparison. The assignment is given in the figure. Carbon chemical shifts of
phosphorylated C2 (Phos-C2) and phosphorylated C6 with gt (Phos-C6gt) and gg (Phos-Cégg) conformations are indicated by the three vertical
green dashed lines. Downfield shifts in "*C chemical shifts upon phosphorylation are indicated by orange arrows.

derivatized to phosphoester groups (Figure 1b).°*°° The water by generating repulsive forces between the fibrils, such as
osmotic pressure.
The AFM image of the P-CNFs, which are individually

possible to isolate and disperse individual cellulose fibrils in dispersed on the mica substrate, is shown in Figure Ic. Each

anionic phosphate groups introduced on the surface make it
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Figure 3. Chemical shifts and conformational analysis of the C6 region of P-CNFs; (a) Native and phosphorylated glucose units and (b) three distinct
rotamers in relation to the OS—CS—C6—06 dihedral angle (w). These rotamers are designated as gauche—gauche (gg), gauche—trans (gt), and trans-
gauche (tg). The designation “gauche” or “trans” in the first descriptor refers to the torsional relationship between the OS and O6 atoms, depending on
the 0S—C5—C6—06 dihedral angle @ (@ = £60° for gand 180° for t). Similarly, the second descriptor indicates the torsional relationship between the
C4 and O6 atoms, which is related to the C4—CS5—C6—06 dihedral angle. Similarly, the @ values of the gt, tg, and gg conformers are 60 + 60°, 180 +
60°, and 300 + 60°, respectively. (c) DNP-enhanced *C multiCP spectrum of P-CNF. (d) C6 region of the spectrum given in (c) (in black) and its
deconvolution using 5 components centered at the chemical shift positions found in the 2D *'P—"*C TEDOR and "*C—"3C INADEQUATE spectra.
The assignments of the different contributions are given in the figure, with those of the three rotamers found in native C6 shown in dark blue, medium
blue, and light blue and the two rotamers corresponding to phosphorylated C6 shown in dark green and light green. The red spectrum is the sum of the

five contributions.

individual P-CNF exhibits a twisted morphology along the fibril
axis (Fi§ure le and Figure S1), which agrees with previous
AFM®™777% and TEM®™® studies. In our case, the AFM height
image of P-CNF shows a periodicity pitch of approximately 50
nm (Figure 1f), which is in good agreement with results
previously reported for CNFs prepared from wood.””*” The
maximum and minimum heights of P-CNF are ~3.8 and ~2.1
nm, respectively (Figure 1f). These values are consistent with
those predicted for the cross-section of the 18-chain CNF model
(Figure 1h),"*'®'”® highlighting consistency with the expected
overall fibril structure (Figure le, g).

3.2. Investigation of the Surface Chemistry and C6
Conformation of P-CNFs by DNP-Enhanced NMR

The capacity of MAS-DNP to significantly increase the
sensitivity of *C and *'P NMR experiments is demonstrated
in Figures 2a and b, which compare the 1D *C and *'P CPMAS
spectra of P-CNF, respectively, acquired at 105 K with and
without microwave irradiation (pw). The significant increase in
intensity obtained with DNP is acknowledged by the sizable 'H
enhancement factor &, /.¢ (the ratio of the signal intensity with
and without w) of ~30 for the *C/3'P CPMAS experiments.
Deconvolution of the *'P CPMAS spectrum revealed a
monophosphate-to-diphosphate ratio of approximately 84:16
(Figure S2).

Owing to the improvement in sensitivity provided by DNP,
2D NMR spectra were successfully obtained for P-CNFs at
natural isotopic abundance. The 2D *'P—'*C TEDOR’*”" and
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BBC~13C INADEQUATE'” spectra are shown in Figure 2c and
d, respectively. The *C—"*C INADEQUATE experiment
yielded the expected strong cross peaks correlating chemically
bonded carbon atoms within the glucose unit. In addition, the
fine structure of the cross-peak patterns reveals detailed
chemical and conformational information on the various carbon
atoms in P-CNFs. The *'P—'*C TEDOR spectrum was acquired
with a short mixing time of 1 ms, in order to favor polarization
transfer over short distances. The correlation peaks observed in
this spectrum indicate the close spatial proximity of carbon
atoms to phosphorus atoms, suggesting covalent bonds between
the CNFs and phosphate groups and, therefore, the successful
phosphorylation of CNFs.

In the INADEQUATE spectrum, the C6 hydroxymethyl
group appears to present three main chemical shifts (Figure 2d-
1). This finding is fully consistent with the literature reporting
the presence of three conformers,””~"> corresponding to three
distinct rotamers, designated gauche—gauche (gg), gauche—trans
(gt), and trans-gauche (tg), depending on the O5S—CS5—C6-06
dihedral angle (@) (Figure 3a,b). Lowering the contour levels of
the C5—C6 cross-peaks (Figure 2d-1) reveals additional
contributions, which can be also observed from the 3'P—13C
TEDOR experiment (Figure 2c-1), and thus correspond to
phosphorylated Cé6. Interestingly, the TEDOR spectrum shows
mainly two contributions, at 63.4 and 61.6 ppm, which are
consistent with the presence of gt and gg conformations, since
the C6 chemical shifts shift downfield upon phosphorylation as a
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result of the electron-withdrawing nature of phosphate groups.*’
The absence of a P-tg contribution is not surprising since C6
hydroxymethyl groups of glucose are present mainly in the gt
and gg configurations on the surface of P-CNFs. The tg
conformer is predominantly found within the cellulose I crystal
core, as is expected for native celluloses,””*"”® as demonstrated
by NMR,”®”” neutron diffraction,”® DFT,”” natural bond
orbital”” and QM/MM® analyses. The predominance of the
gt and gg conformations for the C6 groups on the surface of the
fibrils was rationalized by gauche stabilization through stereo-
electronic 6cg_y = 06%cs_os and Ocs_y — 0Fce_o6 inter-
actions.*’

To estimate the ratio of phosphorylation at the C6 position
and its conformational distribution, a *C multiCP®' experiment
was performed under DNP conditions (Figure 3c). While
CPMAS is known not to be quantitative because of very different
CP buildup behaviors of carbons depending on their dynamics
and the number of nearby protons, the DNP-enhanced multiCP
experiment, which employs multiple CP blocks to achieve
uniform polarization transfer to *C, has been shown to provide
quantitative intensities with an absolute error of less than 10%.**
Accurate deconvolution of the C6 peak considering minor
species (phosphorylated-C6) requires, however, a very high
sensitivity, provided by DNP. In our case, given the width of the
CNFs of several nanometers, the DNP enhancement is expected
to be uniform over the entire spectrum, which is confirmed by
the comparison of the spectra with and without pw irradiation.
Moreover, when the integral over the C1 region of the multiCP
spectrum is set to 1, integration over the entire carbon spectrum
gives a value of 5.95 (Table S1), very close to the theoretical
value of 6. On the basis of these results, we assumed that the
multiCP experiment remains, in our case, quantitative under
DNP conditions. Deconvolution of the C6 resonance was
performed considering five contributions, namely, tg, gt, and gg
for nonphosphorylated C6 and P-gt and P-gg for phosphorylated
C6. Their respective chemical shifts were set to the values
extracted from the 2D INADEQUATE and TEDOR spectra.
The line width of each peak of the deconvolution was
independently optimized. As a result, the amount of
phosphorylated C6 is approximately 16.9%, with a P-gt:P-gg
ratio of 79:21 (Figure 3b, d and Table 1). It should be noted that

Table 1. Estimated Relative Amount of the Different C6
Conformations in P-CNFs from the Deconvolution of the 13C
MultiCP Spectrum

Conformation Ratio (%)
tg 36.5
gt 28.1
44 18.6
Pgt 133
P-gg 3.6

multiple C6 chemical shifts have been reported for cellulose I,
derived from wood,” arising from different hydroxymethyl
conformations and hydrogen-bonding environments. For curve
fitting in this study, only the three dominant conformations (tg,
gt and gg) were considered in order to focus on the major
phosphorylated species. On the basis of the 18-chain model,
where only one-third of the C6 units are exposed on the
microfibril surface, this result corresponds to approximately half
(50.7%) of the surface C6 units being phosphorylated.

Analysis of the C1—C2 cross peaks from INADEQUATE
reveals a dominant C2 resonance at 72.2 ppm and a minor
component at 74.8 ppm (Figure 2d-3). The former chemical
shift is typical of native cellulose and likely corresponds to
nonphosphorylated C2. The latter is assigned to a phosphory-
lated C2, with a downfield shift (here, ~2.6 ppm) consistent
with phosphorylation. As expected, we also observe a cross peak
in the TEDOR spectrum at around 74.8 ppm "*C chemical shift
(Figure 2¢-1). No evidence of C3 phosphorylation is observed
on the INADEQUATE and TEDOR spectra, since this would
correspond to a contribution downfield from the native C3
chemical shift at 74.8 ppm (Figure 2d-2). The CS position can
be ruled out because of the absence of hydroxy groups on that
carbon.

The amount of phosphorylated C2 sites is difficult to estimate
only based on the TEDOR experiment, since the TEDOR cross-
peak at 74.8 ppm "*C chemical shift is made of multiple
contributions that include through-space polarization transfer
from *'P of monophosphate units to P—C2, but also, for
instance, CS adjacent to a P—C6 and C3 adjacent to P—C2
carbons. Nevertheless, assuming an 18-chain model in which
one-third of the hydroxyl groups at C2 and C6 positions are
exposed on the molecular-chain surface and accessible for
modification, the phosphorylation molar ratio of exposed C2 can
be determined by matching the total surface charge to the
experimental value obtained by potentiometric titration (2.27
mmol g'), given that the amount of C6 phosphorylation can be
determined by the multiCP analysis. It results in approximately
one-half of the exposed C6 and one-sixth of the exposed C2
being phosphorylated, meaning that about one-third of the
glucose units on the CNF surface carry a phosphate group.

As a result, the interpretation of the DNP INADEQUATE
and TEDOR spectra clearly indicates that the phosphate groups
are predominantly introduced at the C2 and C6 positions. This
finding is in agreement with previous reports on enzymatically
hydrolyzed P-CNFs using solution-state NMR.*” However, in
that study, the conformational distribution of the C6 rotamers
was lost because of the enzymatic treatment and could not be
investigated. In contrast, by working with untreated phosphory-
lated nanocellulose using DNP-enhanced solid-state NMR, we
not only successfully identified the substitution positions but
also quantitatively evaluated the different P—C6 conformations.
The reduced reactivity of the C3 position is attributed to the
intramolecular hydrogen bond formed with the cyclic oxygen
atom of the adjacent cellulose monomer unit.***

To obtain further information about the spatial distribution of
the substituents on the CNF surface, a series of DNP-enhanced
2D double-quantum-single quantum (DQ-SQ) *'P—*'P NMR
experiments were performed using the S; dipolar recoupling
sequencegs_87 with increasing mixing times 7, (Figure 4 and
Figure S3). Owing to DQ_coherence filtration, the 2D spectra
contain contributions only from coupled *'P spins, i.e., from *'P
sites that are sufficiently close in space. Two main correlation
peaks can be observed: the expected cross-peaks between the
alpha *'P and beta *'P of diphosphate units and, more
interestingly, a peak for autocorrelation between mono-
phosphate units. The corresponding dipolar buildup curves
were extracted from the 2D data sets and fitted to estimate the
average distance (see the Methods section and Figure S4 for
details). For the diphosphate units, the buildup can be fitted to a
distance of 2.64 A (Figure S4a—d). Assuming a P—O distance of
1.59 A, as found in diphosphorus pentoxide, ® this result leads to
an average P—O—P bond angle of 113°. Interestingly, the
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Figure 4. Investigation of the distribution of phosphorus substituents by DNP-enhanced NMR; (a) DNP-enhanced 2D DQ—SQ *'P—>*'P S; spectrum
of P-CNFs using a Sy dipolar recoupling mixing time (7,,;,) of 7.38 ms. The assignments and schematics of the different phosphates on the P-CNF
structure are given in the figure. (b) Experimental peak intensities of the monophosphate correlation peak from the series of S; experiments as a

function of 7, together with the best fit simulation (dashed line).

buildup of the autocorrelation peak can also be fitted (Figure
4b) using a single distance of 4.51 A. This suggests that the
distribution of the distance between monophosphate units at the
P-CNF surface is centered at approximately 4.5 A.

3.3. Conformational Analysis by MD Simulation

The different experimental findings obtained for the P-CNFs by
AFM and DNP-enhanced NMR can now be analyzed by MD
simulations. The P-CNF model was constructed on the basis of
the 18-chain model of cellulose I5. More specifically, it contains
18 chains, each with 80 glycosyl residues and ~1.15 mmol g~*
monophosphoester groups (total charge: 2.29 mmol g~'), which
corresponds to a case where one-half of the surface C6 and one-
sixth of the surface C2 are phosphorylated. For simplicity, all
phosphate units used in the model are monophosphates.
According to the 3P NMR data, the ratio of diphosphate to
monophosphate is 1:5.5. The error in the total surface charge is
thus expected to be less than 10%.

Details about the model construction are given in the
Methods section. This CNF model was equilibrated with an
MD production run in water lasting 15 ns. The CNFs twisted in
a right-handed manner along the fibril axis, which settled during
the production run at a twist angle of 4.2°/nm (see Figure Sa, b),
which is in good agreement with the MD-simulated values
previously reported for cellulose I-type crystals with ~18
chains.””*~" By calculating the twist period from this twist
angle, it would take 86 nm for the CNF to twist 360°, which is
close to our AFM results and previously reported AFM
observations (~80 nm for highly charged CNFs).””* The
phosphorus atom radial distribution function, gp_p(r), calcu-
lated from the MD simulation gives the strongest peak at a
distance of 5.0 A (Figure Sd). In our model, this distance
corresponds to phosphorus atoms on neighboring glucan chains.
This is thus fully consistent with the NMR data, which mostly
reveal the shortest distance of ~4.5 A between phosphate units
(Figure 4). Polarization transfer between *'P nuclei from the
same cellulosic chain (a distance of ~10 A in our model) would
require a much longer S; mixing time, and since *'P nuclei are
100% abundant, they would suffer from dipolar truncation
because of the presence of closer phosphorus atoms on
neighboring chains.

An overview of the distribution of conformations found by
MD simulations for all C6 carbons, regardless of whether they

4243

10 0 40 50

20 3
r ()
Figure S. Interphosphorus distances on the surface of P-CNFs from the
MD model. (a, b) Snapshot of the equilibrated structure of a P-CNF
obtained from a MD simulation in a periodic box filled with TIP3P
water lasting 15 ns and (c) enlarged view of the chemical structure at
the (10 0) surface. Phosphorus, oxygen atoms of the phosphate groups,
and all other atoms except protons are colored light green, red and gray,
respectively. (d) Radial distribution function between the phosphorus
atoms gp_p(r). The function was extracted from the final 1 ns of the

trajectories.

are phosphorylated or not, is given in Figure 6a—c. Because
cellulose chains have C6 groups pointing on both sides of the
chain, alternating between facing one or the other neighboring
chain, two conformational distributions are presented for each
cellulosic chain in Figure 6a, as discussed by Oehem et al.”>”*
These chains are referred to as the center and origin chains, with
the former passing through the center of the monoclinic unit cell
of cellulose I and the latter located at the corner of the unit cell.
Although these chains are parallel, the center chain is shifted by
c/4 along the c-axis relative to the origin chain (Figure 6e).”*
Interestingly, for the 6 core molecular chains of the CNFs (i.e.,
which are not phosphorylated), differences in the preferred C6
conformation are observed between the center and origin
chains. Indeed, in the origin chain, the tg conformation, derived
from cellulose I-type crystals,”””* is dominant, whereas in the
center chains, the gg conformation is preferred. The preference
for the gg conformation in the center chains can be explained by
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Figure 6. Conformational distribution of P-CNF C6 groups obtained by MD simulation. (a) tg/gt/gg conformational distributions of phosphorylated
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k) the conformational distribution of phosphorylated C6 groups extracted from the origin and center chains for each surface type. Molecular chains
present at the boundary between the (1 1 0) and (1 T 0) surfaces are not considered.

the ability of the hydroxymethyl groups, which in that
conformation are oriented perpendicular to the plane (Figure
6a and b), to form hydrogen bonds with the C2 hydroxy groups
of adjacent origin chains.”>?*"

The overall conformational distribution of the C6 groups in
the modeled fibril is shown in Figure 6c. Notably, this
distribution is in remarkably good agreement with the results
of the quantitative multiCP NMR experiment (Table 1),
suggesting that the fibril structure modeled by the MD
simulations effectively reproduced the overall distribution of
C6 conformations experimentally found in P-CNF fibrils by
DNP-enhanced NMR. Nevertheless, the proportion of the
conformations obtained from MD simulations differs slightly
from the experimentally observed proportions. This discrepancy
could be explained by the influence of mechanical forces during
nanofibrillation, the dispersion in water, and differences in
temperature conditions between the MD simulations and the
experiments.

Focusing now on the conformation of phosphorylated C6 on
the surface chains, interestingly, the phosphate groups on the (1
1 0) surface are predominantly in the P-gt conformation (Figure
6f—h). This result can be explained by two factors: a P-gg
conformation would likely experience steric hindrance with the
surface chain below (Figure 6f and g), and the P-gt conformer is
stabilized not only through stereoelectronic interactions, as
discussed above but also by the formation of an intramolecular
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hydrogen bond (Figure SSa); however, this is not the case for
the P-gg conformer.

In contrast, the C6 phosphate groups of the origin chains on
the (11 0) surface show a preference for the gg conformation
(Figure 6i—k). This can primarily be explained by steric
hindrance with adjacent chains. Interestingly, a difference in the
conformational distribution is observed between the origin and
center chains on the (1 1 0) surface, with both gg and gt
conformations present in the center chains, with a preference for
the gt conformation (53%). This is likely due to differences in
the ability to form hydrogen bonds, as discussed in detail below
on the basis of the results of the DFT calculations. The average @
value of the gt conformer is lower on the (1 1 0) surface (36.0 +
14.5° for the center chains and 52.3 + 8.4° for the origin chains)
than on the (1 1 0) surface (61.9 + 14.5° for the center chains
and 58.3 & 13.1 for the origin chains) (Figure S5b). This can be
attributed to greater distortion resulting from steric hindrance
with adjacent molecular chains for the P-gt conformer on the (1
1 0) surface, as shown in Figures 6i and j. Similarly, our MD
simulation shows that the phosphoester groups at the C2
position favor conformations that circumvent steric hindrance
(Figure S6).

3.4. Rationalizing Phosphorylated C6 Conformations by
DFT Calculations

To gain a deeper understanding of the preferred conformations

of phosphorylated C6 groups observed both in the NMR
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Figure 7. DFT-optimized structures of phosphorylated C6 hydroxymethyl groups. (a, c) Top and (b, d) side views of two-layer slabs for the (1 10) and
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chains.

experiment and the MD simulation, we conducted DFT
calculations to determine the relative energies. To achieve this
goal, we constructed slabs consisting of two cellulosic chain
layers,”® as shown in Figures 7a, b and ¢, d, for the (110) and (1
1 0) P-CNF surfaces. The slabs were created with three-
dimensional periodicity under vacuum to construct the crystal
surfaces. The structures were then optimized through self-
consistent field calculations, and the system energy was
subsequently calculated for the relaxed configurations. On the
basis of the calculation results, which are consistent with the MD
simulations, the P-gt conformer was more stable than the P-gg
conformer on the (1 1 0) surface for both the origin and center
chains; the energies of the P-gt conformer were 9.4 k] mol ™' and
33.6 kJ mol " less than those of the P-gg conformer for the center
and origin chains, respectively (Figure 7g). The stabilization
energy can likely be attributed to the ability of the P-gt
conformation to form O3'-H---O6 and O3’-H---OS5 hydrogen
bonds (Figure S5a). In contrast, on the (1 1 0) surface, the P-gg
conformer in the origin chains (Figure 7i) has a slightly lower
energy than the P-gt conformer does (Figure 7j), which is again
consistent with the MD simulation results. In addition to
avoiding steric interference between the phosphate group and
neighboring molecular chain sheets, as observed in the MD
model, one of the phosphate oxygens of the P-gg conformer can
form an intermolecular hydrogen bond with the C2 hydroxy
group of adjacent chains (Figure 7i). This interaction
contributes to additional stabilization energy. In the center
chains, while steric hindrance also provides an energetic
advantage to the P-gg conformer, it cannot form intra- or
intermolecular hydrogen bonds, in contrast to the P-gt
conformer. As a result, the phosphorylated C6 group in the
center chains preferentially adopts the P-gt conformer (Figure
7h), which is consistent with the MD results.
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Using the energy differences AE obtained by DFT, we can
now calculate the expected conformer population, p;, for each
crystal surface i, assuming a Boltzmann distribution. The results
obtained at 105 K and the temperature used for the DNP-
enhanced NMR experiments are summarized in Table 2. These
populations align perfectly with the conformer distribution at
the fibril surfaces derived from the MD simulation (Figure 6a—
h),

Table 2. Comparison of the Relative Conformer Populations
(%) of Surface Phosphorylated C6 Sites Extracted from MD
Simulations or Predicted by DFT Calculations

Conformation
Method Surface Chain type P-gt/% P-gg/%
MD (110) origin 100 0
center 96.5 3.5
(110) origin 36.8 63.2
center 52.6 47.4
DFT (110) origin >99.99 <0.01
center >99.99 <0.01
(110) origin 45.5 54.5
center 59.2 40.8

In summary, we revealed the atomic-level structure of the
nanocellulose surface through experimental DNP-NMR, which
was corroborated by computational MD simulations and density
functional theory (DFT) calculations. The dramatic improve-
ment in NMR signal intensity achieved by DNP allowed for the
quantitative analysis of the regioselectivity of phosphorylation,
the distribution of phosphate groups, and their conformation at
C6 sites. This information about a single CNF could not have
been obtained using TEM, AFM, or conventional solid-state
NMR. This hyperpolarization NMR technique has the
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advantage of preserving the original crystallinity and morphol-
ogy of the sample (as with solid-state NMR, but with much
higher sensitivity) and is thus applicable not only to P-CNFs but
also to any materials, including various types of CNFs—such as
surface carboxylated, sulfated, and aminated CNFs—or to other
polysaccharides, enabling detailed analysis of their surface
chemistry. Therefore, our approach fills a critical gap in
understanding the surface structure and material properties of
CNFs and can help tailor their properties for specific
applications in materials science, biotechnology, and environ-
mental engineering.
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