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Introduction

Dynamics of the Lignin Glass Transition®

Derya Vural,**< Jeremy C. Smith,%¢ and Loukas Petridis®*

The dynamics of lignin, a complex and heterogeneous major plant cell-wall macromolecule, is of
both fundamental and practical importance. Lignin is typically heated to temperatures above its
glass transition to facilitate its industrial processing. We performed molecular dynamics simula-
tions to investigate the segmental (o) relaxation of lignin, the dynamical process that gives rise
to the glass transition. It is found that lignin dynamics involves mainly internal motions below 7y,
while segmental inter-molecular motions are activated above 7,. The segments whose mobility
is enhanced above T, consist of 3-5 lignin monomeric units. The temperature dependence of
the lignin segmental relaxation time changes from Arrhenius below 7, to Vogel-Fulcher-Tamman
above T,. This change in temperature dependence is determined by the underlying energy land-
scape being restricted below T, but exhibiting multiple minima above 7,. The Q-dependence of
the relaxation time is found to obey a power-law up to Q,., indicative of sub-diffusive motion of
lignin above T,. Temperature and hydration affect the segmental relaxation similarly. Increasing
hydration or temperature leads to: (1) the o process starting earlier, i.e. the beta process be-
comes shortened (2) O,.qc decreasing, i.e. the lengthscale above which subdiffusion is observed
increases (3) the number of monomers constituting a segment increasing, i.e. the motions that
lead to the glass transition become more collective. The above findings provide a molecular-
level understanding of the technologically important segmental motions of lignin and demonstrate
that, despite the heterogeneous and complex structure of lignin, its segmental dynamics can be
described by concepts developed for chemically homogeneous polymers.

Generally, the dynamics of polymers is different at tempera-
tures below and above the glass transition temperature, Tg.

Lignocellulosic biomass is an abundant and renewable source ma-
terial for the production of biofuels, thermoplastics and synthetic
fibers™. Biomass is made of lignin, cellulose and hemicellulose
polymers. Lignin, accounting for 15-25% of the dry weight of
woody plant, is used for the production of carbon fibers, plas-
tics, colloidal particles and filmsS™ Y, but it also poses serious
challenges for biomass utilization. Thermal pretreatment is com-
monly used to remove lignin from biomass, which improves the
production of biofuels and other bioproducts®®14, During ther-
mal pretreatment, structural and dynamical changes such as the
delocalization of lignin are observed in biomass due to the applied
high temperature.
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At T < T, a polymer is in a glassy state and its atoms exhibit lo-
calized dynamics, also called the 8 relaxation process. At T > T,
the polymer dynamics crosser over to the o relaxation process,
in which a polymer becomes less viscous and flows because of
activated segmental motions. The thermodynamic glass transi-
tion temperature is usually determined by differential scanning
calorimetry (DSC)M or specific volume measurement12-21 T,
of lignin lies in a broad temperature range, 110— 150 C°, the value
depending on the biomass source, heating rate and molecular
weight.

Glass-forming polymers have been studied experimentally
and theoreticallym. Segmental motions, in which many
monomers move collectively, are recognized to play a critical role
in the glass transition. Lignin, however, has a complex molec-
ular structure: it is made of a random sequence of three types
of monomers (often called “units") connected by numerous inter-
unit linkages. Furthermore, lignin molecules are believed to have
different primary structures in plants, so that one lignin molecule
may be different to another. In some respects, lignin should not
be considered as a polymer due to its irregular primary structure.
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It is therefore important to establish whether the description ob-
tained for chemically simple glass-forming polymers holds for the
significantly more heterogeneous and complex lignin.

Here, we investigate the relaxation processes of lignin by us-
ing molecular dynamics (MD) simulations. We analyze 0.05 and
0.25 hydration levels (g water per g lignin), which correspond to
a typical powder form of lignin isolated from biomass, and lignin
in its native secondary plant cell walls, respectively. The motions
of atoms giving rise to the dynamical processes of lignin are re-
vealed by principal component analysis. The motions are decom-
posed into intra- and inter-molecular contributions, the latter be-
ing activated above T,. The temperature dependence of the lignin
relaxation time is found to transition from Arrhenius below T, to
non-Arrhenius above Ty, similar to glass-forming polymers. The
simulations furnish an atomic-level description of the segmental
motions of lignin that are critical to its thermal processing.

Methods

Model Generation

Nuclear magnetic resonance information on the average chemical
composition of vanillia stem lignin®, which has been extensively
characterized, was used to construct models of individual lignin
molecules. Vanillia lignins are composed of guaiacyl (G) and
syringly (S) units, bonded by various linkages. We constructed
structural models of four different lignin polymers that approxi-
mately match 2D-NMR experimental data=¢: the polymers com-
prised 16 G units and 6 S units, with a molecular weight of 5
kDa, and average linkage composition of § — 0 —4' 76%,  —5
19% and 8 — B 5%. The primary sequence of each lignin can be
found in Tables S1-S4 of the Supporting information (S.1.).

MD Simulation

The simulation systems contained randomly oriented four lignin
polymers packed in a box of dimensions 35 A x 38 A x 30 A. The
lignin polymers were solvated at two different hydration levels, h
= 0.05 and 0.25 gyuarer/8iignin» corresponding to 56 and 276 wa-
ter molecules, respectively. The box was replicated using periodic
boundary conditions. NAMD®Z was used to perform the simula-
tions with a time step of 2 fs for bonded and short-range non-
bonded interactions, and 4 fs for long-range electrostatic inter-
actions. The TIP3P water model“8 and the CHARMM force field
for lignin®? were employed. The Particle Mesh Ewald method“Y
was used to model the electrostatic interactions with a grid spac-
ing of 1 A and a force-switching function to smoothly transition
the Leonard Jones interaction to zero over the range of 10 - 11 A.
The neighbor search was performed every 20 steps with a pair-list
distance of 12.5 A. The cutoff distance for the nearest neighbour
search was 11 A. The temperature and pressure were maintained
by using the Langevin dynamics#! and the Nose-Hoover Langevin
piston®2 algorithms, respectively. A damping coefficient of 5 ps~!
was used for the Langevin dynamics algorithm. The Nose-Hoover
Langevin piston algorithm employed a piston oscillation period of
200 fs and a piston damping decay time of 100 fs.

Each system was simulated for 150 ns at 1 bar and 34 temper-
atures from 150 to 480 K in 10 K increments. The coordinates
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were saved every 1 ps. Data from the last 75 ns were analysed at
each temperature. All calculations were performed on the Edison
and Hopper supercomputers at NERSC.

Analysis

To characterize the lignin dynamics we calculated a Fourier space-
and time-dependent correlation function, the incoherent interme-
diate scattering function (ISF),

N
1(Q.1) = % ;b?<exp[—iQ~(ri(f)—l‘i(O))D- e

where r;(¢) is the position of atom i at the reference time t, N is
the number of atoms, Q is the scattering vector, its magnitude be-
ing O = |QJ, b; is the incohorent scattering length of nucleus i and
the brackets denote ensemble and orientation averages. b of hy-
drogen is almost 20 times larger than for other atoms. 1(Q,¢) can
be determined in neutron scattering experiments, a particularly
useful technique for probing atomic motions in biomolecules. To
mimic a neutron scattering experiment performed in D, 0O, the ex-
changeable hydrogen atoms in the lignin molecules were assigned
the scattering length of deuterium. A large contribution to 7(Q,¢)
thus comes from the non-exchangeable hydrogen atoms in lignin
molecules. 1(Q,t) for lignin was calculated from the MD using
SASSENA43 Finite size effects lead to motions with wavelengths
longer than the box size being suppressed. Here, with a periodic
box size of 37 A, these motions correspond to ~ 27/(37 A) ~0.17
A~1. We examine motions corresponding to Q > 0.2 A~!, which
are less likely to be influenced by finite size effects.

The average atomic mean square displacement (MSD) was di-
rectly calculated from the MD simulations,

=

1
N !

L

() = ((ri(r) —ri(0)%)) 2

where (.) represents an ensemble average, r;(¢) is the position of
atom i at reference time t, and N is the number of atoms.

Principal component analysis (PCA)4443 was used to investi-
gate the collective motions of molecules by diagonalizing the co-
variance matrix,

Cov(i, j) = ((ri = (r)) - (rj = (r;})), 3

where r; and (r;) are the coordinates and the average coordinates
of atom i, to determine a set of eigenvectors and correspond-
ing eigenvalues, which together define the principal component
modes. The eigenvalue A; determines the amplitude of the i/
mode. The first eigenvectors give the direction of the major mo-
tions in the system. Here, PCA was performed with and without
eliminating relative motions between lignin molecules, using all
580 atoms of each lignin molecule, yielding 3x580=1740 com-
ponents.

Results

To determine Ty, we calculated the specific volume (inverse den-
sity) of the simulation system at each temperature. The temper-
ature dependence of the specific volume changes significantly at

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Specific volume versus temperature for 4 = 0.05 (blue solid
squares) and h = 0.25 (red solid circles) gyarer/giignin- The dashed lines
are guides to the eye.

T,, which is found to be around 400 K for the 5% hydrated sam-
ple and around 350 K and, smaller for the 25% hydrated sample
(Fig.[1). The glass transition temperature thus decreases with in-
creasing hydration. This break in the rate of change of the specific
volume with temperature is associated with a change in dynam-
ics, which we investigate below. At T < T, lignin displays only
local dynamics, whereas segmental motions are activated above
T, and the system can be rearranged to pack efficiently upon cool-
ing.

Principal Component Analysis

We performed PCA on single lignin molecules to determine the
dominant motions above and below 7,. The highest eigenvalue
PCA modes typically have a high degree of collectivity, describing
dynamics involving both inter- and intra-molecular motions, and
capture the largest fluctuations. For example, the first principal
component accounts for 58% and 35% of the total variance for
the 5% and 25% hydrated samples, respectively (Fig. S-1). At 300
K, in the first PC, for both hydration levels, atoms belonging to dif-
ferent monomers move largely independently. However, at 480 K
the fluctuations become increasingly segmental: atoms spanning
multiple monomers move together (Fig. [2). This is consistent
with correlation of monomers motions becoming stronger at 480
K (Fig. S-2). Correlations between atomic displacement vectors
indicate that the segments comprise about 3 and 5 monomers at
h = 0.05 and 0.25, respectively (Fig. S-3). Thus, at a given tem-
perature, hydration increases the size of a segment.

The total lignin dynamics includes internal intra-molecular mo-
tions and intermolecular motions in which whole molecules move
relative to each other. To evaluate how much internal motions
contribute to the different principal modes, we took the dot prod-
uct between the PCA eigenvectors calculated in two ways: using
the full trajectories of each atom (“total") and after removing the
whole-molecule translation and rotation (“internal’, see Fig. .
Strong correlation between the eigenvectors of internal and total
motions indicates that internal motions dominate. Weaker corre-
lation implies intermolecular motions have been activated. With

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 The motions of atoms in a lignin molecule for the first PC eigenvec-
tor at (left-hand-side(LHS)) 300 and (rigt-hand-side(RHS)) 480 K [(top)
0.05 and (bottom)0.25 hydrated sample]. This data includes the contribu-
tion of the internal and relative motions. Red arrows represent the largest
contribution to the first PCA mode.

increasing hydration and temperature, the correlation becomes
poorer, and thus the contribution of the inter-molecular motions
is enhanced.

h =0.05 h =0.25
10 10
(2] [%2)
s 8 s 8
E 6 g 6
[
2 2 2 2
Ll
2 4 6 8 10 2 4 6 8 10
Internal Motions Internal Motions
10 10
S 6 S 6
s s
= 4 T 4
2 2 2 2

2 4 6 8 10
Internal Motions

2 4 6 8 10
Internal Motions

Fig. 3 Correlation between internal and total motions at (top) 300 and
(bottom) 480 K for (LHS) 2 = 0.05 and (RHS) /1 = 0.25 gyater/ glignin-

B and o relaxation processes

To charecterize the length and time scale dependence of motions
in lignin, we calculated the incoherent ISF 1(Q,7) in Eq. for Q
values between 0.2 and 2 A~!. We examine here two processes
in lignin dynamics, the 8 and o relaxations4642. Two steps are
observed in I(Q,r) at temperatures below 7, (Fig. ). In the first
ps step, 1(Q,r) decays to a near plateau, this decay representing
the B relaxation and involving local, intra-molecular motions®?.
1(Q,t) decays away from the plateau in a second ns step, signaling
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Fig. 4 The intermediate scattering function 1(Q,r) versus time for 2 = 0.25 gyarer/giignin at (@) 300 and (b) 380 K. From top to bottom, Q values are 0.2,
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Fig. 6 The stretched exponential parameter, f3;, obtained from the fits
of the KWW model to 1(Q,r) for h = 0.05 (blue solid squares) and i =
0.25 (red solid circles) gyarer/giignin- At €ach temperature, Q-values are
between 0.2 and 2.0 A~! range. The lines represent the linear fit to f;.
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the o relaxation regime. The o process is the long-time relaxation
that involves collective motions of monomers, found when lignin
is liquid-like above 7. At temperatures below Tg, the B relaxation
is the dominant process (Fig. Ea).

Time range of 3 relaxation

Although the f relaxation is separated from the o (main) relax-
ation at long times, the two processes are mixed at short times at
T > T,. The time range of the 8 process can be determined by
considering that its ISF is given by®?

I(Q.1) = fP(Q) +C(Q)G(1), 4

where f7(Q) is the value of the plateau in I(Q, t) before the ¢ pro-
cess (See Fig.@, G(r) represents the temperature and time depen-
dence of I (Q, 1), and C(Q) is a Q-dependent amplitude. The main
assumption behind Eq. (@) is that the time dependence of 1(Q, 1) is
contained in G(¢) which is independent of Q. This assumption re-
flects confined motions, whose relaxation is Q-independent. The
starting times of the 8 and « relaxation processes (t3 and tq, re-

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 For (LHS) 2 =0.05 and (RHS) /1 = 0.25 gyurer/i1ignin» the incoherent intermediate scattering function 1(Q, ) for lignin at 360 and 480 K calculated
from the second half of a 150-ns MD simulation (red open circles). The black solid lines are the fits of Ixww (Q,7) to 1(Q,t) with Q-independent f;. 14
(black dashed line) represents the starting time of the o process. From top to bottom the Q values are 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8 and 2
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05 1 15 2

Fig. 8 The Debye Waller factor Ay obtained from the fits of the KWW
model to 7(Q,t) for h = 0.05 (blue solid squares) and & = 0.25 (red solid
circles) gwuter/glignin-

spectively) in the I(Q,t) were determined here as the slowest and
longest times  for which the quantity R(Q,¢) is independent of Q,
consistent with Eq. (5) (Fig.[5) :

This journal is © The Royal Society of Chemistry [year]

Q.0 - 101
0. ~1(0.1)

t' =100 and ¢”" = 20 ps are two times in 8 relaxation regime.

_ G0=C0) gy (s)

re G~ G()

R(Q,t) is independent of Q in a window in time (tﬁ <t <tgy) that
determines the B relaxation regime, in which 1(Q,1) = Ig(0,1).
Both 7o and 15 depend on hydration and temperature (Fig. . 18
varies between 1 —3 and 1 — 10 ps time ranges for 5% and 25%
hydrated samples, respectively. t, was found to decrease with
temperature and hydration. For example, ¢, is 3.8 ns at 360 K
and 0.8 ns at 480 K for the 5% hydrated sample, but 0.8 ns at
360 K and at 0.2 ns at 480 K for the 25% hydrated sample.

Relaxation Time

After determining f, for all temperatures, the Kohlrausch-
Williams-Watts (KWW) stretched exponential function®? was fit-
ted to the ISF in the o relaxation regime (¢ > 74), see Fig.|2|,

Io(Q.1) = Ixww (Q,1) = Agexp(—(t/T)P"). (6)

The KWW model includes three fitting parameters: f; is the
stretched exponential parameter (0 < f; < 1) that describes the
deviation of I(Q,t) from a single exponential function; 7 is

Journal Name, [year], [vol.], 1 |5
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the relaxation time, and Ay is the Debye-Waller factor, Ay =
exp(—Q?(r?)/6) that defines the first fast decay of 1(Q,). To de-
termine 7, in a preliminary step, 7, f; and Ay were all taken as
free parameters (see preliminary fits in Fig. S-4 in SI). The best
fit values of B; are found to be dependent on Q for both hydration
levels (Fig.[6), with the 5% hydrated sample exhibiting a stronger
temperature dependence.

In what follows, to obtain a smooth Q— and temperature-
dependence of 7 and Ay, a linear fit was applied to f; fixing it
to a constant (Q-independent) value for each temperature (solid
lines in Fig.[6). Overall, the fit of the KWW function to the o re-
laxation time region is excellent for both hydration levels (Fig. 7,
S-5 and S-6 in the S.1.). Parameters Ay and 7 are found to depend
on temperature and Q. A, decreases with increasing Q and tem-
perature (Fig. . At 480 K, both samples are above their 7, and
have similar Ay. At 360 K, the 5% hydrated sample is below its 7,
and thus has larger Ay. The behaviour of 7 is discussed below.
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Fig. 9 The relaxation time 7 in the a-process versus Q. The dashed lines
show the fit of the power law © = 9~/ for (Top) h = 0.05 and (Bottom)
h=0.25 gwarer/ 8lignin- The inset graph on RHS shows the B; parameter.

Q-dependence of the relaxation time

The relaxation times 7 obtained from the fits in Fig. [7| follow a
Q-dependent power law for all temperatures,

T~ Q—2/ B: )

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

indicative of subdiffusion (Fig. @)48‘52'56. Similar to f;, the pa-
rameter f3; depends strongly on temperature for the 5% hydrated
sample only (inset Fig. [9). At a given temperature, 7 is longer
for low hydration, indicating that the dynamics of lignin becomes
slower with decreasing hydration (Fig.[9). Thus, for 5% hydrated
sample, a longer time is required to observe the large-scale sub-
diffusion process than the 25% hydrated sample.

For both hydration levels, T obeys the power law for a limited
range : Q < Qmax- Omar decreases with increasing temperature
and hydration. For example, T obeys the power law up to 0 =2
A1 at 420 K and up to Q = 1.2 A~! at 480 K for the 5% hy-
drated sample, but diverges from the power law at Q. = 1.4
for A1 at 400 K for the 25% hydrated sample. The breakdown
of the power-law at large Q indicates that the a-relaxation is
sub-diffusive only above a minimum characteristic length scale
Rupin = 27/ Qmax- Rmin ~ 3.1 A at 420 K for the 5% hydrated sam-
ple and Ry,ip ~4.5 A at 400 K for the 25% hydrated sample. Thus,
Ryin increases with hydration.

T T T T T T
P —- Arrhenius Fit » s
1e+12F — VFT Fit o E
* Q=024" 7
o - rd
b " Q=10A" ’
E1e+09- a Q=l.2A>] T
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1e+06f
;
108%02
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, * Q=024" .
1e+09F 3
g ' :
© 10406F 3
' [
1000F 3
] , , [
0.boz 0.0025 0.003 0.0035
1T (1K)

Fig. 10 Relaxation time versus temperature. The solid lines represent
the fit of the VFT function, 7 = tyexp(A/T), to 7, and the dashed line the
fit of the Arrhenius function, T = tyexp(B/(T —Tvr)), to 7 for (Top) h = 0.05
and (Bottom) i = 0.25 gwater/glignin-

The temperature dependece of the relaxation time

The temperature dependence of the relaxation time was found
to obey two regimes (Fig.|10land S-7). At low temperatures (in
which the 8 process dominates), 7 decreases exponentially with

This journal is © The Royal Society of Chemistry [year]
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temperature, in an Arrhenius temperature dependence,

T =T19exp(A/T), (8)

where A = E /kg, E is the activation energy, kp is the Boltzmann
constant, T is the temperature, and 7y a prefactor. At high
temperatures, (in which the o process dominates), the temper-
ature dependence of the relaxation time was found to be non-
Arrhenius, described by the Vogel-Fulcher-Tamman (VFT) equa-
tion

T =t9exp(B/(T —TyF)), 9

where B is a material dependent constant and Ty is the VFT
temperature.

The Arrhenius and VFT functions were fitted to 7(7') for ten Q-
values, but only Q = 0.2, 1.0 and 2.0 A~! are shown in Fig.
(fitting parameter in Fig. S-8 and S-9). Fits for other Q values
can be found in Figs. S-7. t changes from an Arrhenius to a non-
Arrhenius temperature dependence at T ~ 410 K for the 5% hy-
drated sample and at T ~ 350 K for the 25% hydrated sample.
The transition from Arrhenius to non-Arrhenius behaviour in 7 is
associated with the glass transition. 7 is thus found to be around
420 and 350 K for 5% and 25% hydration, respectively.

This journal is © The Royal Society of Chemistry [year]

Energy Landscape

To analyze the configurational space explored by the molecules
in 75 ns of simulation, we projected all atomic displacements on
the first two PCs (Fig. [[I). The configurational space is consid-
erably more restricted at 300 K, an indication of the localization
of lignin atoms. The configurational space is roughly divided into
local energy basins, labeled with ellipses in Fig. Time series
of the minima visited are ploted in Fig. S-10. The transitions
between well-defined minima at 300 K are compatible with the
Arrhenius behaviour. At 480K, lignin molecules are not trapped
in single minima for long times due to the lower energy barri-
ers. Rather, the dynamical properties arise from the activation
of long-distance sub-diffusion well described in terms of a multi-
minima energy landscape and consistent with the non-Arrhenius
behaviour.

Mean Square Displacement

We also analysed the mean square dispacement (MSD) (Eq. )
of non-exchangeable hydrogen atoms in lignin (Fig.[I2). At times
longer than 1 ns, the MSD increases with time, corresponding to
the o-relaxation. A power law, ~ tP» was fitted to MSD data at
t > 1 ns to determine the exponent f3,,, which provides informa-
tion about the subdiffusive dynamics of lignin. f, is small for
T < T, (e.g., Bn =0.19 at 350 K for 1 =0.05 and 0.26 at 300 K for
h=0.25 gwater/8lignin)- This indeed indicates that lignin is glassy
and its dynamics is slow at 7' < T, for both hydration levels. For
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Fig. 12 Mean square displacement of non-exchangeable hydrogen
atoms in lignin versus time for (Top) h=0.05 gaser/giignin @and (Bottom)
h=0.25 gyarer/8iignin- The inset graph on the top frame shows the B, pa-
rameter obtained from the ~ A= fit to MSD data.

T > Ty, we observe that 3, increases and reaches 0.5 and 0.6 for
h=0.05 and /= 0.25 gwater/8lignin> T€SPECtively. The temperature
dependence of the f3,, was found to be different from that of f;
and fB;. B, varies more with temperature for 25% hydrated sam-
ple. This difference could arise from the contribution of atoms
other than non-exchangeable H to the 1(Q,t).

The MSD is different below and above certain temperatures,
for both hydration levels. To show this more clearly, the MSD at 5
ns is plotted versus temperature (Fig.[13). The slope of the MSD
increases sharply at 420 and 350 K for the 5% and 25% hydrated
samples, respectively. This dramatic change in the MSD corre-
sponds to the glass transition, and is consistent with the glass
transition temperature observed in Figs.|10[and For both hy-
dration level, a second tansition is observed at 460 K for 5% hy-
drated sample and at 440 K for 25% hydrated sample. This tran-
sition could be arise from a dynamical transition (like protein) o8
or the MSD could increase exponentially above 7,200,

Discussion and Conclusions

Lignin is the second most abundant source of carbon on earth and
is important in the production of biofuels and other biomaterials
such as carbon fiber and plastics. During thermal pretreatment
of plant biomass, lignin becomes softer at temperatures higher
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Fig. 13 MSD at 5 ns versus temperature for 4 = 0.05 (blue solid squares)
and 1 = 0.25 (red solid circles) gyarer/glignin- The dashed lines are guides
to the eye.

than its glass transition temperature due to activated segmental
motions. Hence, the temperature dependence of the dynamics of
lignin has industrial importance.

Using molecular dynamic simulation, we characterized the
temperature and hydration dependence of lignin dynamics. Be-
low T,, lignin exhibits mainly internal and localized motions.
Above T, segmental motions, which involve about 3-5 monomeric
units, dominate and lead to enhanced chain mobility. The seg-
mental motions are subdifusive, i.e. their long-range motion is
slower than unobstructed Fickian diffusion. We calculated three
parameters that quantify the extent of subdiffusion, the higher
these parameters are the lower the extent of subdiffusion. The
first parameter is 3, the exponent that determines the decay of
the intermediate scattering function (Eq. 6), the second f; that
determines the power-law Q-dependence of the relaxation time,
and the third is B, that determines the time-dependence of the
atomic mean square displacements. As expected (see S.I. text),
all three exponents are found to have similar values and to dis-
play similar behavior: they increase with temperature, and this
increase is more significant for high hydration.

Lignin is a complex macromolecule that does not have a reg-
ular/repeating polymeric primary structure. Additionally, lignin
molecules in plants are believed to be highly heterogeneous: hav-
ing similar average chemical compositions, but different primary
sequences®l'®2, Despite this heterogeneity, the temperature (and
wave-vector) dependence of the lignin relaxation time was found
here to follow the same broad trends as chemically simpler and
more homogeneous homopolymers: switching from Arrhenius to
non-Arrhenius when the temperature is increased above 7,. How-
ever, the underlying energy landscape of lignin is more complex
than what would be inferred by a simplistic interpretation of 7(T').
Formally, Arrhenius behavior is expected for a system that transi-
tions between energy minima separated by equal barriers. This is
clearly not the case for lignin, which displays multiple minima of
varying depth and, nonetheless, still displays an Arrhenius-type
temperature dependence.

It is found that hydration and temperature affect lignin dynam-

This journal is © The Royal Society of Chemistry [year]
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ics in similar ways. Specifically, increasing either T or h leads
to the o process starting earlier (smaller time #,) and increases
the lengthscale above which subdiffusion is observed (Q,;., de-
creases). This equivalence of hydration and temperature in en-
hancing lignin dynamics may be useful when devising strategies
to process biomass at lower temperatures and reduced costs.
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