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Lignin solubilization is key to a viable biorefinery because its removal leads to facile deconstruc-

tion of biomass and because the isolated lignin can serve to derive precursors of novel high-value
materials. The mixing of organic solvents with water has been shown to improve biomass fraction-
ation and lignin conversion reactions. However, generally-applicable solubilization strategies are
lacking because of the remarkable variability of lignin across plant feedstocks. Here, to obtain a
predictive understanding of lignin solvation, we perform molecular dynamics simulations of model
lignin polymers in two mixtures of water with polar aprotic solvents: tetrahydrofuran (THF):water
and y-valerolactone (GVL):water. The model lignins include H-, G- and S-only homopolymers
and lignins with an S:G 1:1 ratio. We find that a well-established theory of self-avoding polymers
in a "good" solvent describes accurately the physical conformations of all types of lignin in both
solvents. As the degree of methoxy substitution increases in the homopolymers, the distributions
of the lignin radius of gyration and the Flory exponent v, which describes the lignin-solvent in-
teractions, do not change in THF:water, while v shifts to slightly higher values in GVL:water. We
attribute this increase to the interaction between the methyl group of GVL with the lignin methoxy
groups. We also find that the reduction in the lignin radius of gyration due to branching is accu-
rately described by the Zimm-Stockmayer theory for both THF:water and GVL:water. The above
findings validate the applicability of polymer physics concepts to lignin and suggest that GVL:water
may have the most favorable interaction with S-lignin, whereas the interactions of THF:water with
lignin are independent of lignin monomeric content.
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1 Introduction oL

tion biofuels,
able precursor of carbon fibers, colloids and thermoplastics.

while the solubilized lignin can serve as a valu-
Realizing the full potential of the utilization of lignocellulosic 12116
biomass for low-carbon energy and material supply requires un-
derstanding how to efficiently break down and fractionate its
carbohydrates and lignin."3 Solubilizing lignin during biomass
deconstruction is therefore key for the production of biofuels
and lignin-based bioproducts.% Not only does lignin impede en-

zymatic biomass degradation,”"Z but the development of value-

Various polar aprotic solvents have been employed to solubi-
lize lignocellulose,” such as sulfolane, dimethyl sulfoxide, 1,4-
dioxide, tetrahydrofuran (THF) and 7y-valerolactone (GVL).18-22
In particular, the use of THF has been shown to reduce biomass
recalcitrance to deconstruction and to increase lignin fractiona-
tion.23"27 THF:water exhibits efficiency for the solubilization of
the intermediates and products, and shifting reaction equilibrium,
thereby significantly improving the yield and selectivity of target
products.?® Mixing THF and water enables multiple processes
that synergistically improve biomass fractionation by acting on
all three major biomass components. THF-water is a good sol-

added products from lignin is considered as critical for the eco-
nomic sustainability of a biorefinery.®! After lignin removal, hemi-
celluloses and cellulose can be converted into liquid transporta-
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vent for lignin, 2239 leading to the dissociation of lignin from itself
and from cellulose.”? Further, the addition of THF to water signifi-
cantly enhances cellulose deconstruction and lignocellulose solu-
bilization*! and also slows the rate of xylan hydrolysis, allowing
an economically desirable "single-pot" conversion of both xylan
and cellulose to fuel precursors.=2

GVL has also been used for the production of chemicals from
both the carbohydrates and the lignin of biomass.2373% Similar to
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Table 1 The chemical composition of lignin-like molecules. The primary sequence of each molecules is shown in Tables S-2 to S-7s

Molecule Units Linkages
H-lignin H (100%) B—0—4 (100%)
Glignin G (100%) B—0—4 (100%)
G-lignin G(100%) B—0—4 (94%)
(1-branch) 5—5(6%)
S/G-lignin G (50%) B—0—4 (100%)
(alternating) S (50%)

S/G-lignin G (50%) B—0—4 (88%)
(random) S (50%) B—5(12%)
S-lignin S (100%) B—0—4(100%)

THF, GVL also acts on all major biomass components. Fraction-
ation of biomass by GVL isolates the solid cellulose fraction, dis-
solves hemicellulose and solubilizes lignin. Further, GVL improves
the reaction rates and product selectivity of the acid-catalyzed
conversion of xylose into furfural.2Z The highly-pure lignin frac-
tion can be depolymerized to its monomeric units for further up-
grading.*4

Lignin is made primarily from the polymerization of three sub-
units, p-hydroxyl phenol (H), guaiacyl (G) and syringyl (S), that
differ in the degree of methoxylation of their aromatic ring. Fur-
ther, there are suggestions that lignin architecture may not be lin-
ear as it may contain branch points: monomer units that are co-
valently linked to three other units. However, both the exact type
of branch points and the existence of branches are disputed. 3832
Lignin’s chemical structure is irregular and heterogenous, vary-
ing between different plant species and even across layers of the
same cell wall. 4% Perhaps because of this heterogeneity, a sim-
ple description of the fundamental physical chemistry of the in-
teraction of lignin with aprotic organic pretreatment solvents is
lacking. Establishing such principles should provide significant
conceptual impetus to the important field of bioenergy and lead
to rational improvement of fractionation conditions.

Here, we examine whether established concepts in polymer
theory are applicable to lignin. One way to quantify the inter-
actions between lignin and a solvent is via the concept of the
quality of the solvent developed by Flory=%4L which connects
the relative strength of the intra-polymer and polymer-solvent in-
teractions to the configuration the polymer adopts. In a "poor"
solvent intra-polymer interactions are favored and the polymer
adopts collapsed configurations. In a "theta" solvent the interac-
tions are exactly balanced, leading to a random coil configuration
in which the distribution of the radius of gyration of the configu-
ration of a polymer is a Gaussian. In a "good" solvent the polymer-
solvent interactions are favored and a self-avoiding configuration,
consistent with excluded volume interactions, is found. We also
test whether the Zimm-Stockmayer theory, which describes the
conformations of branched polymers in a "theta" solvent and pre-
dicts their radius of gyration as a function of the length of the
branches, 42 is valid for lignin in aprotic solvents.

We investigate by molecular dynamics (MD) simulations the
solvation of lignin polymers, with different S/G/H compositions,
in three solvents: water, THF:water and GVL:water. We find
that the size and shape of lignin is similar in THF:water and
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GVL:water, apart from S-lignin in GVL:water which adopts more
elongated structures than the other systems. Similarly, THF:water
and GVL:water are found to be "good" solvents for all the lignins.
The lignin solvent interactions, quantified by the Flory exponent,
become slightly more favorable with increasing lignin methoxy
substitution in GVL:water, but do not vary in THF:water.

2 Methods

2.1 Lignin Models

Six lignin polymers were constructed. Three linear homopoly-
mers were built, whose units all connected with 8 — O — 4 link-
ages, of

(i) H-only units

(ii) G-only units

(iii) S-only units

(iv) A branched homopolymer of G-only units was connected
with B — O —4 linkages and a 5-5 linkage at a "Y" branch point.

Two linear polymers were built that contain S/G units in 1/1
ratio:

(v) one with alternating S and G units connected with § —0—4
linkages called here "S&G-lignin (alternating)"

(vi) the other with S and G units randomly distributed along the
lignin sequence, and connected with a linkage distribution repre-
sentative of Populus trichocarpa with 88%  —O—4 and 12% 3 —5,
called here "S&G-lignin (random)".

All lignin polymers comprised 18 units, with a molecular
weight of ~ 4 kDa. The unit and linkage compositions can be
found in Table |1} and the primary sequence of each molecules is
shown in Tables S-6 to S-11. Each of the six models was solvated
in three solvents: water, THF:water 1:1 v/v, and GVL:water 1 : 1
v/v. The three homopolymers ( H-only, G-only and S-only) were
also simulated in pure THF and pure GVL.

2.2 MD Simulations

Molecular simulations are commonly employed to study polymer
solubilization. citechen2012,Mananghaya MD simulations were
performed using GROMACS 5.243 at 297 K. We employed the
CHARMM force field for lignin®®, THF and GVL4249 and the
TIP3P4Z model for water. The Van der Waals interactions were
truncated at 11 A, and the electrostatic interactions represented
using the Particle Mesh Ewald method€ with a real-space cutoff
of 11 nm. All bonds including hydrogen atoms were constrained
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Table 2 The time-averaged radius of gyration (R,) of lignin molecules in five solvents (water, THF:water, GVL:water, pure THF and pure GVL)

Molecules water THF:water GVL:water pure THF pure GVL
H-lignin 9.56+0.26 14.61+0.75 13.83+0.49 12.89+0.79 17.91+0.42
G-lignin 10.31£0.39 14.45+0.33 14.56 +£0.52 13.71+0.61 18.84+0.40
G-lignin (1-branch) 10.05£0.32 12.87+0.51 12.274+0.56

S/G-lignin (alternating) 10.81+0.37 15.22+0.35 14.83+£0.54

S/G-lignin (random) 10.434+0.74 14.794+0.57 13.994+0.60

Averaged S-lignin G-lignin 10.75+£0.45 14.28 £0.70 14.87+£0.77

S-lignin 11.19+£0.50 14.11+1.08 15.18+1.01 13.51+£1.25 19.54+£0.72

with a linear constraints solver algorithm (LINCS) 49 The cutoff
distance for nearest neighbors was 11 A and the neighbor list was
updated every 20 steps. The Nose-Hoover algorithm>221 with
a coupling time of 2 ps and the Parrinello-Rahman algorithm®2
with a coupling time of 1 ps were used for the temperature and
pressure coupling, respectively. Typical delignification reactions
employ 160 °C for 15 min for THF:water, but 120 °C for 120
min for GVL:water??, Here we are interested in the solubility
of lignin at room temperature, after delignification reactions of
biomass have taken place and the lignin has been cooled down
for processing.

The energy of the system was first minimized using 50,000
steepest-descent steps. The system was then equilibrated in the
NPT ensemble at 1 bar for 5 ns. To improve statistics, three inde-
pendent 500 ns production simulations were performed of each
model, starting with a different velocity distribution. The coor-
dinates were saved every 1 ps. The integration step was 2 fs.
All calculations were performed on the Edison supercomputer at
NERSC.

2.3 Analysis of MD Simulations

Analysis was performed using the last 350 ns of each simula-
tion employing GROMACS 5.243/and Virtual Molecular Dynamics
(VMD)3, The radius of gyration (R) and the asphericity (A)

(Ly —Lp)? + (Ly — L3)? + (L, — L3)?
2(L1 + 1Ly +L3)2

A={ ) &)
where L;, L, and L, are the eigenvalues of the radius of gyration
tensor of the lignin molecule and (-) represents a time average,
were computed by using the gmx rdf and gmx polystat GROMACS
tools. The § — O —4 dihedral angle was taken between the Cq, Cg
atoms of first monomer and O}, C atoms of second monomer, and
computed by using the gmx angle GROMACS tool. Error estimates
were calculated using block averaging, by using the gmx analyze
GROMACS tool.

3 Results

3.1 Conformations of lignin molecules

MD simulations were performed of six lignin molecules (Table
with different S/G/H ratios in three solvents environments (wa-
ter, THF:water and GVL:water). The R, for all lignin molecules
is larger in THF:water and GVL:water, R, ~ 15 A, than in water,
Ry ~ 10 A (Table [2] Figures [1| and S-1). Representative snap-
shots from the simulations indicate that lignin molecules adopt

collapsed structures in water, whereas their structure becomes
coil-like in the presence of THF and GVL (Figure [2)).20532I54155

! I
| THF:water — Hlignin

1.5

Distribution
T

o
a
T

— H-lignin
1.5F

Distribution
T

Fig. 1 The probability distribution of R, for the three homopolymers in
the two solutions.

Although the R, of all lignin molecules are statistically similar
in the two co-solvents, there is an interesting trend (Figure [1)).
As the degree of methoxy substitution increases in the homopoly-
mers (H-lignin has the lowest and S-lignin the highest), the dis-
tribution of R, remains almost the same in THF:water, while it
shifts to slightly higher R, values in GVL:water. Overall, the most
extended conformations are found for S-lignin in GVL:water. The
size of lignin molecules is found to have an "additive" dependence
on monomer composition: the R, of lignins with 1:1 S:G ratios

Journal Name, [year], [vol.], 1 |3
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GVL:water

Fig. 2 G-lignin in water, THF:water and GVL:water, which has the R, in Figure

is similar to the average of the R, of G-lignin and S-lignin ho-
mopolymers (Table [2). We also find that S/G-lignin (alternating)
and S/G-lignin (random) have similar R,. Thus the R, of S/G-
lignin does not depend on the precise sequence of its monomer
units, in agreement with a previous report on vanilla lignin.m

The R, of lignin in pure GVL is considerably larger than in pure
THF (Table 2). Addition of water reduces slightly, not-statistically
significant, the Rg of lignin in pure GVL, but increases the Rg in
pure THF. Therefore, assuming the Rg is a measure of the quality
of a solvent, the presence of water does not alter significantly
the quality of THF, whereas water makes GVL a ?worse? solvent
for lignin. This may explain why addition of water reduces the
solubility of enzymatic hydrolysis lignin in GVL.>7

While branching does not change the size of the G-lignin in wa-
ter, the R, of the branched G-lignin is smaller than its linear coun-
terpart in the organic solvents. The theory of Zimm and Stock-
mayer (ZS) for polymers in theta solvents42 predicts the ratio of
the R§ of a branched molecule to that of its linear counterpart to

be
2N3

3 2
Z N @)

where N, is the number of monomers in one of the branches p,
and N = N; + N, + N3 is the total number of monomers. Here,
the branch lengths are Ny =5,6,7 and N = 18, thus using Eq.
we obtain a theoretical prediction of gz5 = 0.78. The ratio of the
R, calculated from the simulation trajectories yields gz = 0.79 +
0.07 for THF:water, and gzs = 0.71 £+ 0.08 for GVL. Thus, the ZS

2
Rg branched
8zs =

ngear

4| Journal Name, [year], [vol.],1

theory is applicable to lignin in both THF:water and GVL:water
co-solvent solutions.

The shape of the lignin polymer is described here by the as-
phericity parameter, A, which varies between A = 0, correspond-
ing to a spherical shape, and A = 1, for a rod-like shape. Similar
trends to those in R, are observed, consistent with more spher-
ical conformations having smaller R, (Figure : the lignins are
most spherical in water whereas the largest asphericity is found
for S-lignin in GVL, while the average asphericity of G- and S-
lignins matches the S:G 1:1 lignin. Further, addition of a branch
point makes the lignin more spherical. Although, the structure
of lignin polymer varies with the solvent, the distribution of the
0 = Cq — Cg — 04 — C4 dihedral angles in the 8 — O — 4 linkages is
almost independent of the solvent (Figure S-2). The distribution
becomes more broadened with increasing the number of methyl
groups (Table S-1 ).

To test which polymer model is applicable to lignin, the distri-
bution of the end-to end distance, P(r) was calculated for each
lignin molecule and fitted by the following function859

P(r)= Lrtv exp(fKrﬁ) €)]

where K and L are constants and v is the Flory parameter. For
an ideal chain in a "theta" solvent, v = 1/2 and P(r) is a Gaussian
function. For a self-avoiding chain in a "good" solvent v > 1/2.
We fitted Eq. (3| to the P(r) calculated from the MD trajectories
and obtained values of v indicative of "good" solvent conditions
(Figure and Table . Further the trend in v matches that of the
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H-lignin
THF:water
20.4r GVL:water T
.0
5 . _
<
[o%
7]
< 0.2f .
water
¢ ]
0
G-lignin (1-branch)
204 .
(3]
@ !
S
Look THFE.water GVLéwater i
water
s ]
0
S&G-lignin (random)
204F TH Fiwater GVLwater
0
@ !
<
[%
£ 0.2k water i
0

Fig. 3 The asphericity (A) of six lignin molecules in three solvents; water, THF:water and GVL:water. The asphericity for each lignin molecules is
represented by red dots with error bars, and green dots represent the averaged of the asphericity of G- and S-lignins. The larger error bars for

G-lignin
-~ GVL:water
5 0.4 THF:water }
@
<
[o%
7]
< 0.2r water
¢
0
e S&G-lignin (alternating)
[ 4 average S-lignin G-lignin
2041
(3]
2 i THF:water GVL:water
73
<< 0.2f
$
water
0
S-lignin GVL:water
2041 THF:water
(%) {
@
<
% water
<< 0.2f
0

THF:water and GVL:water is observed due to the cross over from spherical to aspherical form.

R,: For THF:water, all lignin homopolymers are found to have
v = 0.61, while for GVL:water v increases with the degree of
methoxylation of lignin. We note that constraining v = 1/2 to
obtain a Gaussian P(r) does not provide a good fit to the data
(Figure [4).

The conformation of a polymer can also be characterized by

the

dependence of the radius of gyration, R, of a segment be-
tween monomers i and j, on the number of monomers n = |i — j|
that make up the segment (Figure[5). Renormalization-group ar-
guments predict that a polymer in a "good" solvent R, follows an
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Fig. 4 The fit of the end-to-end distribution function P(r)

the dotted blue line and P(r) is a Gaussian.
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Fig. 5 The radius of gyration of a segment of a lignin molecule vs. the
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sponds to R,(n = 18).

expansion in powers of n>%

B
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n

The so-called critical exponents v and 8 are universal, i.e. do not
depend on the specifics of the polymer, and are predicted to be

Green Chemistry

B =0.56 and v = 0.588 for an excluded volume chain. We fitted
Eq. [ to the simulation data, using A, B and v as free parameters,
while keeping B = 0.56 constant (Figure [5). In the case of wa-
ter, we took B = 0. In water v ~ 1/3, a value indicative of "bad"
solvent conditions®?, In THF:water and GVL:water, all lignins
have v ~ 0.6, which corresponds to a "good" solvent conditions.
The interaction energies of lignin with THF:water and GVL:water
are similar (Table S5). This finding is consistent with both co-
solvents having a similar v, as the Flory exponent is determined
by the solvent-polymer effective interactions. A good agreement
is found between the v values obtained from the two indepen-
dent fits to Egs. [3]and [4} thus strongly suggesting lignin in aprotic
solvents behaves as a a self-avoiding polymer in "good" solvent
conditions.

3.2 Interactions between lignin and the solvent

The solvation of the lignins was characterized by calculating the
radial distribution function g(r) of the organic solvents (THF and
GVL) around the lignin molecules (Figure[6). In general, the more
well-defined the first peak in g(r) is, the more structured the sol-
vation shell. Similarly, the higher the first peak intensity is, the
larger the local density of the solvent. We therefore observe that
THF has a more structured solvation shell than GVL (Figures [6h,
b), and that increasing the degree of lignin methoxylation de-
creases the first solvation shell density for both solvents.

A difference between the two solvents studied here is the pres-
ence of a methyl group in GVL. The methyl group of GVL is found
to have high probability of being near the methyl groups of S-
and G-lignin (Figure[7). This preferential interaction between the
methyl groups of GVL and lignin may explain why the structural
properties of lignin depend on the degree of its methoxylation
only when it is solvated in GVL, but not when solvated in THF,
which does not have a methyl group.

3.3 Discussion

The development of effective techniques for converting lignin to
valuable products is key for sustainable biorefinery schemes®.
This requires developing separation technologies that obtain high
purity lignin as well as downstream processes that upgrade lignin
to novel chemicals and materials®L. The use of organic solvents,
such as THF and GVL, may be critical in both steps. These solvents
are employed to fractionate biomass and during the catalytic con-
version of lignin. However, to fully realize the potential to val-
orize lignin, we must overcome the challenges posed by its the
chemical complexity. Lignin is a heteropolymer that lacks a well-
defined primary structure and whose average chemical composi-
tion may vary between cells of the same plant®2, One approach
to overcoming this challenge is to provide physico-chemical prin-
ciples that are broadly applicable to lignin.

The results presented here demonstrate that, despite its het-
erogeneous chemical structure, well-established polymer theories
do describe lignin solvation in polar aprotic solvents. Specifically,
lignin can be accurately modeled by Flory’s description of a self-
avoiding polymer, and aprotic cosolvents are "good" solvents for
lignin. Previously, we have reported THF:water to be a "theta"

Journal Name, [year], [vol.], 1 |7
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Fig. 6 The radial distribution function of non-hydrogen atoms of water and co-solvents (THF and GVL) around non-hydrogen atoms of lignin. See also
Figure S-4. Distributions are normalized at large distances to their partial volumes.
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— S-lignin
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52
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Fig. 7 The radial distribution function of methyl group of co-solvent, GVL,
around methyl groups of lignin

solvent for lignin??9 a conclusion that was based on fitting R,

in Figure |5/ assuming an infinitely long polymer chain, i.e. as-
suming B =0 in Eq. 4. The approach we employ here may be

8| Journal Name, [year], [vol.],1

better suited for oligomeric lignin. In addition to the lignin con-
formational properties studied here, it has been shown that the
lignin glass transition dynamics can also be described by concepts
developed for chemically homogeneous polymers©3e4 We thus
suggest that despite the chemical complexity and variability of
lignin, the physical properties of lignin follow theoretical predic-
tions representative of simple polymers.

Lignin in THF:water adopts similar conformations independent
of the degree of methoxylation of its subunits. In contrast, in
GVL:water, a solvent which contains a methyl group, increasing
the lignin methoxylation leads to more extended conformations.
This is due to the interaction of GVL methyl groups with lignin
methoxyl groups. In general, the more extended the configura-
tion of a polymer in solution, the more soluble the polymer will
be in that solvent. Therefore, our results suggest that THF:water
will have similar performance in solubilizing lignin, independent
of its chemical composition, and that GVL:water might be best
employed to solubilize lignin rich in S units, such as lignin iso-
lated from Poplar.

Although the conformations of lignin are similar in the two sol-
vent systems, the distribution of the solvents around lignin dif-
fers. THF has a more structured solvation shell, as evidenced by
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the sharper features of the radial distribution function. The less
ordered GVL solvation shell indicates entropy may play a bigger
role in solvation of lignin by GVL than by THF. Given that GVL is
bulkier than THF and that S units are bulkier than H units, there
is a trend towards the more bulky the lignin units or the solvent,
the less ordered is the lignin solvation shell.

In this work, we have examined the physical properties of
lignin. However, the heterogeneity of lignin poses challenges in
its chemical upgrading that have not been considered here. For
example, depolymerization of lignin lacks specificity, resulting in
diverse products that require expensive separation®. Further, the
S/G ratio of the monomers produced by catalytic depolymeriza-
tion of lignin show only a weak correlation with the S/G ratio of
the biomass feedstock®®, Moreover, the heterogeneity of lignin
chemistry is thought to be one of the main reasons lignin-based
carbon fiber is currently impractical for commercial uses®Z. Local
solvent effects have been shown to be important for the chemical
conversion of biomass feedstocks©8 21, It would be helpful to
the bioenergy community if future studies investigate the inter-
dependence between physical effects at play in lignin dissolution.
We also note that the recalcitrance of untreated biomass to de-
construction is influenced by many factors, some of which are not
described here, such as cellulose degree of polymerization, cellu-
lose accessibility and total lignin content. 73174,

The intermolecular interactions in lignin make it difficult to sol-
ubilize in common solvents unless it has been acetylated.”? How-
ever, ionic liquids can efficiently dissolve lignin, making them
ideal solvents for the processing of biomass. The cations play
an important role, stabilizing lignin’s aromatic rings and hy-
droxyl groupsZ®, although hydrogen-bonds between anions and
the lignin have also been shown to be important for lignin solubi-

lization.Z”

4 Conclusions

We performed MD simulations of lignin models with different
S/G/H ratios in two polar aprotic solvents: THF:water and
GVL:water with 1 : 1 volume ratio. Overall, we find that lignin
conformations can be described by the well-established theory of
a self-avoiding polymer in a "good" solvent. The size of lignin
homopolymers is largely independent of the S/G/H ratios in
THF:water, but increases with the degree of lignin methoxyl sub-
stitution in GVL:water. This behavior is reflected in the Flory ex-
ponent, which is v ~ 0.60 in THF:water for all lignins, but varies
slightly in GVL: v = 0.58,0.61,0.65 for H-lignin, G-lignin and S-
lignin, respectively. The methoxyl groups seem to have an "addi-
tive" effect on the structure of lignin, in the sense that the proper-
ties of a lignin with a S:G 1:1 ratio lie in between those of S-lignin
and G-lignin. Assuming the solubility of isolated lignin is primar-
ily determined by its interaction with the solvent, our findings
suggest that use of GVL:water may be a judicious choice to en-
hance solubilization of isolated lignin rich in S-units, whereas in
THF:water the lignin solubility is independent of its composition.
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