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A particularly promising approach to deconstructing and fraction-
ating lignocellulosic biomass to produce green renewable fuels
and high-value chemicals pretreats the biomass with organic sol-
vents in aqueous solution. Here, neutron scattering and molecular-
dynamics simulations reveal the temperature-dependent morpho-
logical changes in poplar wood biomass during tetrahydrofuran
(THF):water pretreatment and provide a mechanism by which
the solvent components drive efficient biomass breakdown.
Whereas lignin dissociates over a wide temperature range
(>25 °C) cellulose disruption occurs only above 150 °C. Neutron
scattering with contrast variation provides direct evidence for the
formation of THF-rich nanoclusters (Rg ∼ 0.5 nm) on the nonpolar
cellulose surfaces and on hydrophobic lignin, and equivalent water-
rich nanoclusters on polar cellulose surfaces. The disassembly of the
amphiphilic biomass is thus enabled through the local demixing of
highly functional cosolvents, THF and water, which preferentially
solvate specific biomass surfaces so as to match the local solute
polarity. A multiscale description of the efficiency of THF:water pre-
treatment is provided: matching polarity at the atomic scale prevents
lignin aggregation and disrupts cellulose, leading to improvements in
deconstruction at the macroscopic scale.
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Plant biomass is a plentiful and inexpensive feedstock for
isolating green chemical and fuel precursors to serve future

bioindustries. Full valorization of this “vegetable goldmine” requires
understanding how to efficiently break down and fractionate the
biomass to its molecular constituents, which can then be converted
to liquid transportation fuels, plastics, carbon fibers, and many other
high-value products (1, 2). Deconstruction of biomass is, however,
rendered difficult by its heterogeneous and complex structure. At
the molecular level, biomass is made of partially crystalline cellulose
fibers that are laminated with lignin and a polysaccharide matrix,
containing hemicelluloses and pectins (3). The molecular constitu-
ents are chemically complex. For example, cellulose fibers have
both polar and nonpolar surfaces (SI Appendix, Fig. S1), depending
on the degree of exposure to the solvent of the cellulose hydroxyl
groups (4). While, due to its dominant aromatic rings, lignin is
hydrophobic overall, it also contains polar hydroxyl groups (5), and
its chemical structure is highly heterogeneous, comprising various
monomeric units connected with a variety of covalent linkages.
Hemicelluloses and pectins are made of a manifold of backbone
and side-chain monomers, with their chemical composition
determining their functional role (3). These plant biopolymers
are organized spatially to form an intricate and robust hierar-
chical microarchitecture (6) that confers on biomass resistance
to deconstruction (7).
The sturdy structure of biomass arises, in part, from the or-

ganization of both the polar and nonpolar constituents and from
their interaction with the aqueous environment of the plant cell

wall. Cellulose fibers are stabilized by hydrogen bonds leading to
chains organizing into sheets and by hydrophobic stacking of the
sheets to form fibrils (8, 9). Similarly, lignin adopts collapsed
conformations in aqueous solution, which contributes to its func-
tion in providing rigidity to cell walls (10). Due to the presence of
polar groups the lignin collapse differs fundamentally from that of
a purely hydrophobic polymer (5, 8). Reversing the above fun-
damental physicochemical effects, and solubilizing biomass, has
therefore been nontrivial.
Thermochemical pretreatments using a variety of chemicals

have been employed to enhance biomass deconstruction and
fractionation (8). Although the effects of each pretreatment
method on biomass differ, the overall aim is to deconstruct
biomass components and to fractionate them so that they can be
separately processed. This is achieved by disrupting biomass
structure across multiple length scales relevant to the organization
of the biopolymers, from nanometers to micrometers. Common
factors that have been shown to improve biomass deconstruction
under various pretreatment technologies include lignin removal
and reduction of cellulose crystallinity (11).
A variety of chemicals such as, but not limited to, dilute acids

(12), ammonia (13), ionic liquids (14), and deep-eutectic solvents
(15) have shown some efficacy in deconstructing biomass. However,
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it has recently been shown that the use of multifunctional cosolvents
provides a particularly effective and economic route to solubilizing
plant cell walls and presenting the products in a form convenient
for subsequent conversion into biofuels and other high-value
products. Examples of these cosolvents are γ-valerolactone (16),
aromatic acids (17), and tetrahydrofuran (THF) (18). The organic
solvents are typically combined with dilute acid, which removes
hemicellulose and pectin through dissolution and depolymer-
izaton. However, the effect of the pretreatment on the nanoscale
architecture of biomass and the role the cosolvents play in solu-
bilizing lignin and cellulose are not well understood.
Here, we examine in detail the interactions with biomass of a

cosolvent mixture of water and THF, a polar aprotic cyclic ether.
The mixture has been previously shown to significantly improve
cellulose saccharification, optimize hemicellulose hydrolysis (19),
produce high ethanol titers favorable for economical biofuel pro-
duction (20), and efficiently fractionate biomass by solubilizing and
depolymerizing the lignin (21). Contrast-enabled neutron scatter-
ing complemented by molecular-dynamics simulations provide di-
rect experimental and computational evidence that THF forms
nanoclusters on nonpolar cellulose surfaces and that it preferen-
tially associates with lignin, while water preferentially solvates
cellulose polar surfaces. Changes to biomass structure are analyzed
in real time and as a function of temperature for four solvents:
water, dilute acid, THF:water, and THF:dilute acid. Use of THF
and water cosolvents lead to lignin disaggregation at all temper-
atures studied (25–150 °C) and additionally to cellulose fiber
disruption above ∼150 °C, correlating well to reported experi-
mental results. We establish that, despite the complexity of bio-
mass, the physical changes that lead to its efficient fractionation
and deconstruction can be understood by the simple physico-
chemical concept of preferential solvation of biomass surfaces of
matching polarity.

Results
In situ small-angle neutron-scattering (SANS) data were col-
lected from poplar wood as it was being pretreated to 150 °C in
four solvents: water (D2O), dilute acid, THF-water, and THF-
dilute acid. SANS probes structural changes on the ∼10–1,000-Å
scale: the high-Q region (Q > 0.08 Å−1) probes cellulose fibril
morphology, while the mid-Q region (0.007 > Q > 0.08 Å−1)
reflects changes in lignin aggregation (12).
Water-only pretreatment induced only minor changes in bio-

mass structure, as evidenced by the similarity of the SANS in-
tensities (Fig. 1A). Dilute acid leads to an increase of the
intensity in the mid-Q range that corresponds to lignin aggre-
gation (Fig. 1B) (22). The lignin aggregation feature is first ob-
served at ∼100 °C, but becomes more prominent only after the
biomass is held at ∼150 °C. In contrast to the aqueous pre-
treatments, in THF:water lignin aggregation is not observed at
any temperature (Fig. 1 C and D). Additionally, the use of water/
THF cosolvent also leads to a decrease in the intensity of the
high-Q shoulder above ∼150 °C, suggesting it disrupts cellulose
fiber structure (Fig. 1C). Addition of dilute acid to the cosolvent
accelerates the disruption of cellulose (Fig. 1D): the SANS
profile after 24 min (140 °C) with acid is similar to that after
28 min (150 °C) without acid. Use of THF leads to two mor-
phological changes, lignin dissolution and disruption of the cel-
lulose fiber structure, that increase cellulose accessibility.
Through the use of contrast variation, neutron scattering has

the unique ability of visualizing individual components of a
complex biological system. To rationalize the changes observed
in the complex biomass material, we measured excess SANS
scattering from partially deuterated bacterial cellulose (23) in a
THF-water cosolvent and compared with cellulose in water
(Fig. 2 and SI Appendix, Fig. S2). In both these measurements,
contrast matching was applied, with the solvents deuterated at
the appropriate level to match out the scattering of the cellulose.

The expectation for a system with a homogeneously mixed
(monophasic) solvent is to observe a flat SANS profile, at least in
the high-Q region (and this was observed in an aqueous solvent;
see SI Appendix, Fig. S2). Strikingly, however, a feature is found
at Q ∼ 0.2 Å−1 for cellulose in contrast-matched cosolvent, which
indicates there are nanosized (Rg ∼ 5.5 Å) heterogeneities in the
THF:water sample, the neutron-scattering density of which does
not match that of the bulk cosolvent (Fig. 2A).
The origin of the excess scattering was revealed by molecular-

dynamics (MD) simulations to be nanoscale solvent clusters (24, 25)
in which the local concentration of THF (the number of molecules
per unit volume) is substantially larger/smaller (at least 3× larger/
smaller) than bulk (Fig. 2 B–D). The simulations were validated by
a comparison to the experimental data of theoretical SANS in-
tensities calculated from the simulation (Fig. 2A). The THF-rich
nanoclusters are localized on the nonpolar cellulose surfaces.
Similar, water-rich nanoclusters form on the polar cellulose sur-
faces, which also contribute to the measured SANS signal. Thus,
there exists a complementarity between the polarity of the solvent
nanoclusters and the surfaces they solvate. The measurements in
Fig. 2 were performed at 25 °C and at a 1:3 THF:water ratio.
However, MD simulations have found the nanoclusters at condi-
tions representative of Fig. 1: equivolume THF:water ratio and
temperatures up to 175 °C (24).
We also measured SANS of lignin isolated from poplar and

found the solvent to have a profound effect on its molecular
conformations. In D2O, lignin collapses and forms macroscopic
aggregates that are not permeated by the solvent. In comparison,
d8-THF:D2O is found here to be a θ-solvent for lignin, i.e., in
which lignin–lignin and lignin–solvent interactions balance leading to
lignin adopting random coil conformations with an Rg ∼ 13 Å (Fig. 3
and SI Appendix, Fig. S3) (8, 26). A Debye-coil model (SI Appendix,
Eq. S1), which assumes an individually solvated and dispersed
random coil, indeed provides a good fit to the d8-THF:D2O SANS
data (SI Appendix, Fig. S3).

Fig. 1. In situ SANS profiles of poplar wood subjected to different solvent
pretreatments. SANS data collected while a poplar wood chip was pre-
treated. The temperature of the reaction cell was increased at a rate of 5 °C/min
to 150 °C and held at this temperature for 30 min. The colors indicate the
temperature of the reaction cell and the time passed since pretreatment
begun. Arrows indicate changes in the SANS profiles associated with the
cellulose and lignin. (Insets) I(Q) at relevant Q ranges: red boxes zoom-in the
high-Q region associated with cellulose, while blue boxes zoom-in the mid-Q
region associated with lignin.
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In pure THF the position of the SANS shoulder is found at a
lower Q as compared to lignin in the cosolvent. The Rmin
obtained from the unified fit (27) to the data, in which the
scattering intensity is represented as the sum of Guinier’s ex-
ponential form and a power-law regime (SI Appendix, Eq. S2 and
Fig. S3), is the lower bound of the particle dimension. The
unified fit results indicate an Rg ≥ Rmin = 93 Å of the lignin
aggregates, but the exact particle size cannot be obtained.
Nonetheless the Rmin is found here to be greater than that of a
single lignin coil (Rg 13 Å), suggesting it arises from multiple
lignin molecules associating to form a larger “assembly.” A
unified fit (27) to the data (SI Appendix, Eq. S2 and Fig. S3) finds
the configurations of the assembly in THF to be random coils, as
indicated by an ∼Q−2 power-law dependence of the SANS in the
mid-Q region (SI Appendix, Fig. S3): The Q−2 scaling is consis-
tent with a Gaussian fractal chain, equivalent to a random coil in
θ-solvent conditions (28), although the precise origin of the
scattering cannot be unequivocally inferred from the experi-
ments alone. The assembly revealed by SANS can thus be con-
sidered as rodlike aggregates of entangled lignin molecules (SI
Appendix, Fig. S5) that are organized in a random-coil configu-
ration. Comparing Fig. 3 A and B we conclude that addition of
water to THF breaks the lignin assembly without changing the
random-coil configurations of the individual lignin molecules.
An explanation of the above changes is provided by MD

simulations of a single lignin molecule in the three solvents. The
reliability of the MD is confirmed by the good agreement found
between simulation-derived and experimental SANS intensities
for lignin in THF:water (Fig. 3A). Whereas lignin is collapsed in

water, it assumes coil conformations in both pure THF and the
cosolvent (Fig. 4A). The lignin Rg was found to decrease with
addition of water: Rg = 14.1 ± 0.3 Å in THF, Rg = 13.0 ± 0.1 Å
in THF:water, and Rg = 10.0 ± 0.4 Å in water. The conformation
of lignin is found here to be influenced by its local solvation:
THF is found to preferentially solvate the lignin in the cosolvent,
the local number concentration (number of molecules per unit
volume) of THF being ∼2× larger on the lignin surface than that
of water (Fig. 4B, solid lines). In comparison, THF and water are
mixed far from the lignin and have the same bulk number con-
centration (Fig. 4B). This indicates that the binding of THF to
lignin, found not only in pure THF but also in the cosolvent,
drives the adoption of the coil conformations.
Further, THF is found to have a lower number concentration

close to polar atoms of lignin (defined as having a particle charge
|q| < 0.3) than around the less polar atoms (Fig. 4C). In this
manner, the solvation of lignin and cellulose are similar in that
complementarity is found between the polarity of the biopolymer
and the solvents around it. Although the data of Figs. 3 and 4
were obtained at 25 °C, previous MD simulations have shown the
preferential solvation of lignin by THF to occur at temperatures
up to 170 °C (29), i.e., at temperatures at which the experiments
in Fig. 1 were conducted.
MD simulations of lignin in THF and THF:water find that,

although lignin adopts coil conformations in both solvents, the
intermolecular lignin contacts (SI Appendix, Fig. S6) are almost
4× more numerous in THF (34 ± 8) than in THF:water (9 ± 4).
These simulation results are only qualitatively consistent with the
SANS observation of a supramolecular assembly of lignin in

Fig. 2. SANS and MD simulations of cellulose in THF:water cosolvent. (A) Excess SANS obtained by subtracting the signal of contrast-matched partially
deuterated bacterial cellulose in 85:15 D2O:H2O from contrast-matched bacterial cellulose in a cosolvent of d8-THF:D2O:H2O at 1:1.95:1.05 volume ratio. The
experimental SANS are shown as black dots (SI Appendix, Fig. S2) and simulations as a red line. The simulation-derived intensities have been scaled by a
constant factor to match experiments at low Q. (B) Surfaces of cellulose fiber classified as nonpolar (red) and polar (blue). (C and D) Isosurfaces in which THF
(orange) concentration is 3× higher than bulk, viewed perpendicular (C) and parallel (D) to the cellulose fiber(green) axis. SANS and MD were conducted at
25 °C and at the same THF:water vol/vol ratios. All data were collected at 25 °C.

Fig. 3. SANS and MD simulations of lignin in THF:water cosolvent and in pure THF. SANS of acetylated lignin (10 mg/mL) extracted from poplar in A. A
cosolvent of d8-THF:D2O (1:1 v:v), black dots are the experimental data and the red line the MD simulation. The simulation-derived intensities have been
scaled by a constant factor to match experiments at low Q. (B) d8-THF, black dots are experimental data and the red line is a unified fit (SI Appendix, Eq. S2).
See also SI Appendix, Fig. S3. All data were collected at 25 °C.

16778 | www.pnas.org/cgi/doi/10.1073/pnas.1922883117 Pingali et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922883117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922883117


THF but not in THF:water (Fig. 3). We note that kinetic barriers
could lead to lignin association on times longer than 250 ns that
are not captured here.

Discussion
The complexity of plant biomass, manifested across multiple
scales from plant ultrastructure to molecular and chemical fea-
tures, contributes significantly to its recalcitrance to chemical
and biological deconstruction. Recent studies demonstrate that
adding THF as a lower-polarity cosolvent to water in combina-
tion with a dilute acid catalyst can effectively overcome this re-
calcitrance at lower severity reactions. This cosolvent mixture
can completely solubilize plant polysaccharides and solubilize
90% of the lignin, leaving only nonrecalcitrant structural lignin
behind. However, the molecular-level mechanism by which the
two solvent components drive efficient biomass deconstruction
has not been understood.
Using MD simulation aided by neutron scattering, we detail

mechanistic evidence of biomass disruption during THF cosol-
vent pretreatment and elucidate the molecular driving forces
involved. Use of THF disrupts the cellulose fiber structure and
prevents the undesirable aggregation of lignin. By comparing
temperature-resolved measurements performed in water, dilute
acid, THF:water, and THF:dilute acid we find that the lack of
lignin aggregation is observed over a wide temperature range
studied here (25–150 °C), with and without acid. Interestingly,
the THF:water cosolvent is found to prevent interlignin associ-
ation more than pure THF does (Fig. 3). This finding may ex-
plain why mixtures of organic solvents with water lead to higher
delignification of biomass than their pure organic solvent coun-
terparts (30), and why addition of water to lignin solubilized in
THF leads to the formation of lignin nanoparticles (31). In contrast
to lignin, cellulose disruption occurs only above∼150 °C and occurs
earlier in the pretreatment if dilute acid is added. The above
suggest that the severity of THF cosolvent reaction on biomass has
a differential effect on lignin solubilization and cellulose disruption,
enabling greater processing versatility. Low-severity pretreatments

may be effective when fractionation of biomass is prioritized over
deconstruction.
The disassembly of the amphiphilic biomass is enhanced because

the solvents demix near biomass elements to locally match the
polarity of the solutes with the solvents. Although simulations have
predicted localization of organic solvents near biomass polymers
(24, 29, 32–34), we provide here direct experimental evidence of
this demixing in the form of THF nanoclusters localized on the
cellulose nonpolar surfaces (Fig. 2) and near the hydrophobic lignin
by THF (Fig. 4), and of water-rich nanoclusters near the polar
cellulose surfaces (Fig. 2). Furthermore, the size of the nanoclusters
was determined to be Rg ∼ 0.5 nm. In addition, the validation of the
MD simulations by comparison to neutron scattering (Figs. 2 and 3)
indicates the accuracy of the simulations employed.
The presence of solvent clusters has been previously reported

in binary mixtures of organic solvents and water (35). For
THF:water, previous SANS studies have found discrete water
and THF clusters in THF:water vol/vol 2:1 ratio (36). Further, in
contrast to what is reported here for lignin, the presence of
nanoclusters in THF:water coincides with reduced solubility of
polyN-isopropylacrylamide (PNIPAM). PNIPAM has favorable
interactions with both THF and water, while for the lignin system
only the lignin–THF interactions are favorable. Therefore, solvent
nanoclusters in binary mixtures may lead to loss of solubility in the
cases when both pure solvents are good solvents for a polymer.
Based on the above results we suggest the desirable physical

chemical features of THF that render it an efficient pretreatment
solvent. THF, an aprotic organic solvent (37), is polar enough to
be miscible with water, but not too polar to prevent its associa-
tion with the hydrophobic elements of biomass. Further, the
roughly planar geometry of THF molecules assists interactions
with the relatively flat cellulose nonpolar surfaces (24) and we
speculate that the planarity of THF may also facilitate its in-
teraction with the lignin aromatic rings. We also suggest that
favorable interactions with cellulose are an important aspect of
efficient organic pretreatment solvents, in addition to their widely
recognized ability to dissolve lignin.

Fig. 4. MD simulations of lignin in different solvents. (A) Representative structures from MD simulations of single lignin molecules in three solvents at 25 °C;
carbon atoms shown in cyan and oxygen in red. (B) Radial distribution function (RDF), a measure of the local density of a solvent at a distance r from the
lignin, between lignin and THF (orange) or water (blue) in either the cosolvent (solid lines) or the pure solvent (dashed lines). (C) RDF in the cosolvent en-
vironment between THF atoms and polar lignin atoms, defined here as having a partial charge |q| > 0.3 (red) or nonpolar, with |q| < 0.3, (red) atoms. Data are
normalized to 1 at large distances. All RDFs are calculated with respect to nonhydrogen atoms of both lignin and the solvents.
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We examined here THF as a pretreatment solvent, but the
above mechanisms may be more broadly in play in pretreatments
involving other aprotic polar solvents, such as γ-valerolactone
(16), dioxane (38), acetone (39), and dimethyl sulfoxide (40),
which promote delignification and are generally important for
valorizing biomass by fractionating it into its components with
high purity (41). Although we focus here on physical changes,
localization of polar solvents may also enhance chemical re-
activity (33). For example, the local segregation of solvents has
been previously found to increase the chemical hydrolysis of
cellulose (24) and enhance the rates of acid-catalyzed biomass
dehydration reactions (42).
The presence of nanoclusters in mixed solvents has been shown

to drive other interesting phenomena. For example, the complex
behavior of polymer coils in a binary solvent near the critical
temperature of demixing has been attributed to microphase sep-
aration of the solvent inside the polymer coil (43). It is therefore
becoming apparent that meso/nanoscale fluctuations of molecular
fluids can drive major changes in the dimensions and organiza-
tions of macromolecular solutes.
In conclusion, by combining neutron scattering and molecular

simulation, we have obtained direct evidence of water and THF,
which are miscible in bulk, demixing on amphiphilic biomass
substrates. We further reveal that locally matching the polarity of
solutes and solvents leads to two molecular-level processes, dis-
ruption of cellulose and prevention of lignin aggregation, that
drive the morphological changes in biomass during THF:water
pretreatment. By comparing temperature-resolved pretreatment
of poplar wood performed in water, dilute acid, THF:water, and
THF:dilute acid we find these two processes have a different
dependence on temperature and acidity. We provide mechanistic
details connecting atomic-scale solvation to mesoscale changes
that take place during the facile deconstruction and fractionation
of the complex biomass material. The inclusion of a solvent of
modest polarity, polar enough to mix with water but not too
polar to prevent interaction with hydrophobic biomass elements,
is suggested as a potent pretreatment component to destabilize
the assembly of biomass that has evolved to be highly recalcitrant
in aqueous conditions. Although the complexity and heterogeneity
of the biomass make its deconstruction difficult, simple hydropho-
bicity concepts can explain the efficiency of solvent-based pre-
treatment. These concepts can be employed to tune pretreatment
technologies that maximize deconstruction of biomass and facilitate
the separation of its components for upgrading to energy and ma-
terials. These results, when put in the context of nanoscale fluctu-
ations, suggest that nanoclusters in the mixed solvent act as a driving
force behind changes in the structure of macromolecular solutes.

Materials and Methods
Samples. Three types of sample were prepared: 1) intact and milled wood
chips of poplar, a promising bioenergy feedstock; 2) lignin isolated from
poplar and subsequently acetylated (44); and 3) partially deuterated bacterial
cellulose, prepared by growing the Acetobacter xylinus subsp. sucrofermentans

bacteria in a D2O-based growth media with hydrogenated glycerol. The neutron
contrast-match point of the cellulose is 85:15 D2O:H2O (23).

SANS. SANS data were collected at the Bio-SANS instrument located at the
High Flux Isotope Reactor (HFIR) facility at Oak Ridge National Laboratory
(45, 46). Three main types of SANS experiments were performed, a reaction,
a contrast variation, and a regular SANS study. For the reaction study, in situ
SANS measurements were performed during thermochemical pretreatment
of poplar wood chips in a reaction cell (46) using four different solvents: 1)
D2O; 2) dilute acid (0.05 M H2SO4) in D2O; 3) 1:1 (v:v) D2O: d8-THF; and 4)
dilute acid (0.05 M H2SO4) in 1:1 (v:v) D2O: d8-THF. The temperature of the
reaction cell was raised at the rate of 5 °C/min to 150 °C and kept at this
temperature for 30 min. For the contrast-matching SANS study, partially
deuterated bacterial cellulose (1 mg/mL) was measured in two different
contrast-matching solvents: 1) 85:15 (v:v) D2O:H2O; and 2) a 1:3 (v:v) mixture
of d8-THF:aqueous mixture of 65:35 (v:v) D2O:H2O (i.e., d8-THF:D2O:H2O
1:1.95:1.05 v:v). The overall scattering length densities of these solvents are
the same. Banjo Hellma cells with 1-mm path length were used for these
measurements. Finally, SANS data of acetylated lignin (10 mg/mL) in three
solvents, 1) D2O; 2) d8-THF; and 3) 1:1 (v:v) D2O: d8-THF, were collected. Since
lignin is not entirely soluble in these collections of solvents, detachable wall
titanium cells with 1-mm spacer were used for these measurements.

MD Simulations. A 36-chain cellulose Iβ fibril (degree of polymerization 20)
solvated in 3:1 THF:water (v:v) and in pure water. Five independent simula-
tions were run for each solvent condition, 100 ns each. SASSENA (47) was
employed for the calculation of SANS profiles, and were assigned the appro-
priate atomic scattering length densities to match the experimental deutera-
tion conditions; see SI Appendix,Methods. Molecular models representative of
acetylated poplar lignin were built based on experimentally determined av-
erage chemical composition data (48). Two systems, one containing a single
molecule and the other containing three initially separated molecules, were
simulated in three solvents: water, THF, and 1:1 THF:water (v:v). The MD
models were assigned the appropriate atomic scattering length densities to
match the experimental deuteration conditions. All simulations were per-
formed at 25 °C, using GROMACS and employing CHARMM force-field pa-
rameters and the TIP3P water model (49–52).

Data Availability. The data reported in this paper have been deposited in the
Oak Ridge National Laboratory webpage. Scripts for the computational
analysis are available upon request from the corresponding author.
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