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Conformations of low-molecular weight lignin polymers in water  
Loukas Petridis,*[a] and Jeremy C. Smith [a,b] 
Abstract: Low-molecular weight lignin binds to the cellulose during 
thermochemical pretreatment of biomass for biofuel production, 
preventing the efficient hydrolysis of the cellulose to sugars. The 
binding properties of lignin are strongly influenced by the 
conformations it adopts. Here, using molecular dynamics simulations 
in aqueous solution we investigate the dependence on chain length 
and temperature of the shape of lignin polymers. Lignin is found to 
adopt collapsed conformations in water at temperatures of 300 K 
and 500 K. However, at 300 K, a discontinuous transition is found in 
the shape of the polymer as a function of chain length. Below a 
critical degree of polymerization, Nc = 15, the polymer adopts less 
spherical conformations than above Nc. The transition disappears at 
high temperatures (500 K) at which only spherical shapes are 
adopted. An implication relevant to cellulosic biofuel production is 
that lignin will self-aggregate even at high pretreatment temperatures. 

Introduction 

Lignin, an abundant polymer of aromatic units, is important not 
only biologically but also because it contributes significantly to 
the recalcitrance of plant biomass to industrial deconstruction to 
energy and materials.[1] Lignin usually undergoes a reduction in 
its degree of polymerization during dilute acid pretreatment of 
biomass for biofuel production.[2] The low-molecular weight lignin 
then self-aggregates and binds to the cellulose,[3] preventing the 
efficient enzymatic hydrolysis of the cellulose to sugars.[4]  
 
Lignin in untreated biomass is found in a hydrophilic 
environment, as part of a hydrated disordered matrix of 
covalently linked and entangled hemicellulose and lignin 
polymers that surrounds the cellulose fibers. When the biomass 
is heated during pretreatment the lignin-hemicellulose bonds are 
broken and lignin polymers become individually solvated before 
aggregating to insoluble particles. However, the conformational 
properties of lignin polymers found in a hydrophilic environment 
before they aggregate is not well understood. Although surface 
area is only an approximate estimator of binding propensity, one 
would expect higher surface-area lignin to have a higher 
tendency to aggregate. Hence, understanding the shape and 
conformations of low molecular weight lignin at pretreatment 
temperatures is important as it may influences the undesirable 
binding of lignin to itself, cellulose and enzymes. Hence, 
understanding the shape and conformations of low molecular 
weight lignin at pretreatment temperatures is important as it may 
influences the undesirable binding of lignin to itself, cellulose 

and enzymes.  
 
Lignin depolymerization/fractionation is also important when 
isolating/extracting lignin from plants as a raw material for 
commodity polymers, such as thermoplastics, fillers for polymers 
or a precursor for carbon fibers.[5] There is growing evidence, 
from small-angle neutron scattering[5a] and nuclear magnetic 
resonance[1e] experiments, that extracted lignin is oligomeric, 
with degree of polymerization between 5-12 monomers.  
 

The conformational properties of polymers, such as shape 
and size, arise primarily from a balance of interactions between 
monomers and with the solvent. Flexible homopolymers undergo 
a significant reduction in size, the so-called “coil-to-globule" 
transition, as the quality of the solvent changes from “good", 
favoring monomer-solvent interactions, to “poor", favoring 
monomer-monomer interactions.[6] This balance of interactions 
also determines the morphology of chemically more diverse 
heteropolymers. For example, amphiphilic copolymers self-
organize in various shapes (e.g. micelles, bilayers, vehicles) in 
order to minimize interfaces between hydrophilic and 
hydrophobic blocks.[7] In a further example, the conformations of 
intrinsically disordered proteins, which are composed of residues 
of variable hydrophobicity, depend on the distribution of their 
charged residues.[8]  

In all the above cases the distinction between a 
hydrophobic or hydrophilic constituent may be made on a 
monomer basis. However, in lignin, as well as in many other 
important polymers – e.g. proteins, polysaccharides, polyethers, 
polyacetals, polyamides – that adopt collapsed states in water, 
the monomers themselves contain both hydrophilic and 
hydrophobic moieties.[9] Although lignin phenylpropanoid 
monomers are overall hydrophobic due to their dominant 
aromatic rings, they also contain polar hydroxyl groups that 
interact favorably with water (Figure 1).[1a, 10] 

 
Previous quantum chemical computational studies have 

examined lignin monomer association and dissociation, relevant 
to lignin biosynthesis and deconstruction.[11] Molecular dynamics 
(MD) simulations of wild- type lignin have probed high molecular 
weight lignin (d.p.=60) shape and dynamics[12] as well as its 
interaction with cellulose[13] and hemicellulose.[1b, 14] Finally, 
mutating lignin in silico yielded macromolecular properties that 
are consistent with the phenotype of transgenic plants.[15] 

 
Here, we report molecular dynamics (MD) simulations of 

models of pretreated lignin in aqueous solution, investigating the 
dependence of its shape on chain length (degree of 
polymerization) and temperature. Lignin is found to adopt 
collapsed conformations at both 300 K and 500 K, the latter 
being the highest temperature typically employed in biomass 
pretreatments.[2a] The collapsed polymer undergoes a 
morphological transition with increased chain length at 300 K, 
involving a discontinuous jump to a more spherical shape. This 
transition is not observed at higher temperatures.  
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Figure 1. Chemical structure of the guaiacyl lignin monomer (left) and the 
initial 3D structure, prior to simulation, of the lignin hexamer (right), one of the 
seven lengths of lignin polymer simulated. Carbon atoms are shown in cyan 
and oxygen in red.  

Results and Discussion 

Lignin Conformations 
We first conducted simulations of natural lignin polymers, the 
monomers of which are amphiphilic in character, possessing 
hydrophobic rings and hydrophilic hydroxyl groups on the 
flexible three-carbon chains (Figure 1). Representative 
snapshots of the lignin polymers are shown in Figure 2. The 
dependences on the degree of polymerization N, of the radius of 
gyration, Rg of the seven lignin polymers simulated at 300 K and 
500 K are shown in Figure 3a. 
 

 

Figure 2. Representative structures of the seven lignin polymers of degree of 
polymerization N at two temperatures. To help visualize asphericity, the first 
and second principal axes of the molecules lie in the plane of the paper. 
Structures were selected to have Rg and asphericity consistent with Figures 
3(a) and 4(a).   

It may arise that Rg exhibits a power-law dependence on 
the degree of polymerization, N: 
 

𝑅𝑅𝑔𝑔 = 𝑏𝑏𝑁𝑁𝜈𝜈   (1) 
 
Here, the exponent, ν is a measure of the compactness of a 
polymer: ν = 1/3 for collapsed globules in poor solvents, ν = 1/2 
for Gaussian chains in ideal solvents, for which the excess 

chemical potential of mixing between polymer and solvent is 
zero, and ν = 0.588 for coils in good solvents.[16] The prefactor, b 
is a measure of the statistical segment length. For Gaussian 
chains, the conformational properties of which can be described 
by a three-dimensional random walk, b is called the Kuhn length. 
The stiffness of the polymer chain can be assessed by the 
parameter 
 

𝑝𝑝 = 𝑏𝑏/𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚    (2) 
 
where Rmon = 3.2 ± 0.1 Å is the radius of gyration of a lignin G 
monomer. The larger the value of p, the stiffer the polymer. For 
reference, a Gaussian freely-jointed chain has p = 1.  
 

Figure 3. Radius of gyration, Rg, as a function of degree of polymerization, N, 
at temperatures of 300 K and 500 K for the (a) wild-type; and (b) non-polar 
models. Each data point is the ensemble average of the last 100 ns of three 
independent trajectories. The dashed lines are power-law fits to the data. 

In the present case, at 500 K, a power-law dependence on 
N is indeed found, with b = 4.8 ± 0.1 Å and ν = 0.33 ± 0.01 
(Figure 3a). The value of the exponent indicates a collapsed 
polymer in a poor solvent. The stiffness parameter p ∼ 1.5 is 
indicative of a chain that is very flexible, and is close to being 
freely-joined, the average statistical segment length of which 
spans p ∼ 1.5 G monomers. 

 
In contrast to the behavior at 500K, at 300 K, Rg(N) for the 

lignin is not a continuous, monotonic function of N (Figure 3a).  
Instead, it can be fitted by two successive power-law functions, 
one for N<Nc and the other for N>Nc, where Nc =15 is a critical 
chain length at which a discontinuity in Rg(N) is observed. A 
consequence of this discontinuity is that short chains (N ≤ Nc) 
have almost the same Rg at 300 K and 500 K, but long chains (N 
> Nc) have smaller Rg values at 300K. Importantly, although the 
two power laws have different prefactors b in Eq. 1, they have 
similar exponents ν ≃ 1/3: for N < Nc ν = 0.32±0.01 and for N > 
Nc ν = 0.30±0.01. Therefore lignin adopts collapsed 
conformations in water for all temperatures and chain lengths 
examined here. Furthermore, at 300 K, b decreases from b = 
4.7±0.1 Å for N < Nc to b = 4.5±0.1 Å for N > Nc, the physical 
significance of which is that at 300 K the longer chains become 
slightly more flexible.  
 
Lignin Shape 
To probe the origin of the 300 K transition at Nc, the polymer 
asphericity, Δ, which quantifies deviations from a spherical 
shape (taking values between 0 for a sphere and 1 for an infinite 
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rod, see Eq. 5 in Methods) was calculated (Figure 4a). At 500 K, 
Δ∼0.25, and does not show a strong dependence on N. At 300 K, 
however, a dependence of Δ on N is seen, with less spherical 
conformations adopted for N<Nc (Δ∼0.25) than for N>Nc (Δ∼0.15). 
Given that a sphere has a smaller Rg than a rod of the same 
mass, the discontinuity in Rg(N) at 300 K arises from a change in 
the shape of the collapsed polymer, which becomes more 
spherical when N > Nc. The above picture is consistent with 
SANS expeiments showing the building blocks of extracted 
lignin being oligomeric, with N~5-12 and adopting aspherical, 
rod-like conformations.[5a] 

Figure 4. Asphericity, Δ, defined in Eq. 5, as a function of degree of 
polymerization, N, at temperatures of 300 K and 500 K for the (a) wild-type; 
and (b) non-polar models. Each data point is the ensemble average of the last 
100 ns of three independent trajectories. 

Transition Thermodynamics 
We now investigate the thermodynamics of the transition to a 
more spherical shape for N > Nc at 300 K. There are two 
thermodynamic factors found here to favor the assumption of a 
spherical shape. The first is a more favorable lignin:lignin 
interaction, quantified here by calculating the lignin:lignin 
interaction energy per monomer, El:l, and this is found to display 
a similar dependence on N as the asphericity, i.e. El:l is smaller 
(more favorable) for N > Nc (Figure 5a). Radial distribution 
functions for two lignin polymers with N = 16 and 21, i.e. just 
below and above Nc, show that, with increasing N, the first two 
peaks of the distribution increase in height (Figure 5b). Thus, the 
more favorable El:l for N > Nc corresponds to the lignin atoms 
being in closer spatial proximity. The corresponding enthalpic 
contribution to the free energy of the polymer, Hi scales with the 
number of monomers, i.e. Hi ∼ NEl:l(N).  
 

The second thermodynamic factor favoring a spherical 
shape is a reduction in the number of water molecules 
constrained on the lignin surface, the constrained molecules 
having lower entropies than when in the bulk.[12b] The dominant 
unfavorable entropic contribution of water confinement arises 
from suppression of the normalized density fluctuations in the 
lignin hydration water, σw:  

 
𝜎𝜎𝑤𝑤 = (〈𝑊𝑊2〉 − 〈𝑊𝑊〉2) 𝑊𝑊⁄    (3) 

 
where W was calculated as the number of water molecules in 
the lignin hydration shell averaged over 125 MD trajectory 
segments (each 2.5 ns long) for each chain length. The higher 
the σw, the smaller the entropic penalty, which is proportional to 

W.[12b] Assuming constant hydration water density W ∼ A, where 
A is the polymer surface area, the entropic penalty is given by 
ΔS ∼ σ−1W ∼ σ−1A. Figure 5 shows that σw is independent of N.  

 
 

Figure 5. Average thermodynamic properties of wild type lignin as function of 
degree of polymerization, N at 300K. (a) Lignin:lignin interaction energy 
divided by N. (b) Radial distribution functions between the lignin monomers at 
300 K for two polymers with N=16 and N=21. (c) Lignin:water interaction 
energy density per unit area. (d) Normalized lignin hydration water density 
fluctuations. 

In contrast, a less spherical shape, with higher surface 
area, is favored by stronger interactions of lignin with water. 
Although lignin is hydrophobic overall, hydroxyl groups on its 
surface interact favorably with water molecules by forming 
hydrogen bonds.[12b] The lignin:water interaction energy density, 
el:w, shows a weak dependence on N, see Figure 5. The 
corresponding contribution to the free energy of the polymer 
scales with the surface area, i.e. Hw ∼ el:wA.  

 
At any given temperature, a transition of lignin to a less 

spherical change is accompanied by a increase in its surface 
area (ΔA) and an unfavorable increase in the lignin self-
interaction energy per monomer (ΔEl:l). The free energy of the 
transition to a less spherical shape can be approximated as:  

Δ𝐹𝐹~Δ𝐸𝐸𝑙𝑙:𝑙𝑙𝑁𝑁 − 𝜎𝜎−1Δ𝐴𝐴 + 𝑒𝑒𝑙𝑙:𝑤𝑤Δ𝐴𝐴 
 

Δ𝐹𝐹~Δ𝐸𝐸𝑙𝑙:𝑙𝑙𝑁𝑁 − (𝜎𝜎−1 − 𝑒𝑒𝑙𝑙:𝑤𝑤)𝑁𝑁2
3�    (4) 

The last line in Eq. 5 arises from scaling arguments, as the area 
of a compact object scales as ~Rg2 and the Rg of lignin was 
found to scale as ∼ N1/3. Therefore the A and ΔA ∼ N2/3. 
 

The above analysis suggests that chain-length dependent 
thermodynamic competition determines the shape of the lignin 
polymers. For small N, the favorable lignin:water interaction 
energy Hw, that scales with N2/3, apparently dominates, leading 
to an elongated ellipsoidal shape. However at larger N, the lignin 
self-interaction Hi, which has a stronger dependence on N, 
becomes more significant. As a result, at large N lignin self-
interaction and hydration water entropy, both of which favor 



FULL PAPER    

 
 
 
 
 

surface area minimization, dominate, leading to more spherical 
shapes. At high temperatures the entropic term ΔSw, favoring 
spherical shapes, becomes considerably weaker because the 
density fluctuations σw of the lignin hydration water become 
similar to the bulk.[12b] Therefore at 500 K lignin adopts less 
spherical shapes. 

 
Purely Hydrophobic “Lignin" 
To examine how the above behavior is related to the amphiphilic 
character of the lignin monomers, we conducted a control set of 
simulations in which the partial atomic charges of the hydroxyl 
groups were reduced in order to make them non-polar, thus 
rendering the monomer purely hydrophobic. For any given N, 
the Rg of this artificial non-polar lignin is smaller than the polar, 
wild- type (Figure 3b). Fitting Eq. 1 to the data for N ≥ 11 yields ν 
= 0.34±0.01 and b = 3.4±0.1 Å for T=300 K. The reduction in b 
compared to the wild type indicates that the hypothetical non-
polar lignin would be more locally flexile. 
 

For non-polar lignin the discontinuity of Rg(N) at 300K 
occurs at Nc ∼ 5, i.e. at a shorter chain length than for polar lignin. 
Similarly to the polar case, the discontinuity in Rg(N) is 
accompanied by a discontinuity in Δ, see Figure 4b. Therefore, 
making lignin non-polar, which reduces its favorable electrostatic 
interactions with water, stabilizes spherical conformations at 
smaller chain lengths than the more polar wild-type lignin. The 
“non-polar" lignin model is more flexible, with a smaller b, and 
more spherical than the less polar wild-type. This is consistent 
with previous simulations that find semi-flexible collapsed chains 
to adopt less spherical morphologies than flexible collapsed 
chains.[17] 

 
Implications for Biomass and its Pretreatment for Biofuels 
Lignin is a major hydrophobic polymeric component of plant 
biomass. However, the present work suggests that the 
conformational properties of lignin are not solely determined by 
its hydrophobic aromatic rings, but are also noticeably 
influenced by the favorable interactions of water with the 
hydroxyl groups on its surface. 
 

Lignin poses a significant barrier to biofuel production via 
hydrolysis of pretreated plant biomass cellulose, because it 
aggregates and binds to cellulose.[1c, 2-3] In the present 
simulations lignin is found to be insoluble, adopting collapsed 
conformations in which Rg ∼ N1/3, at both room (300 K) and 
pretreatment (500 K) temperatures. This suggests that 
undesirable lignin aggregation can occur even at pretreatment 
temperatures, consistent with previous computational 
predictions[12b] and experimental studies.[18] 

 
Lignin can be made less polar by genetic modifications of 

plants that lead to incorporation of less polar aldehyde groups 
instead of hydroxyl groups.[19] Pretreated transgenic biomass 
with this less polar lignin produces higher yields of ethanol than 
the wild-type.[20] Previous simulations have explained this finding 
via a more loose lignin-hemicellulose association.[15] However, 
the present results suggest an additional explanation; that the 

genetically modified, less polar lignin should have a more 
spherical shape and smaller surface area than more polar wild 
type lignin of the same molecular weight. One might expect 
smaller surface-area transgenic lignin to have a lower tendency 
to aggregate, thus possibly decreasing the amount of 
undesirable lignin binding to cellulose that hinders cellulose 
hydrolysis. However, studying binding of lignin fragments with 
polysaccharide oligomers or polysaccharide crystallite surfaces 
will better establish the significance of this effect. 

 
Implications for the Shape of Poly-amphiphiles 
The conformational properties of polymers in dilute solution are 
influenced by the chemical character of their constituent 
monomers. Block copolymers composed of both hydrophilic and 
hydrophobic monomers self-assemble in a manner that 
minimizes unfavorable interfacial areas (hydrophilic- 
hydrophobic and water-hydrophobic) while maximizing favorable 
interfaces (hydrophilic-hydrophilic, hydrophobic-hydrophobic and 
water-hydrophilic), subject to chain connectivity constraints.[7a, 7b]  
These polymers are able to do so because their domains consist 
of multiple monomers that are large enough in number that they 
can phase separate.[7a] However, this phase separation is not 
possible for “poly-amphiphiles", complex polymers that contain 
both polar and non-polar groups in their monomers, such as 
lignin.[9a] The present simulations show that the balance of 
interactions between lignin and water leads to a chain-length 
dependent shape of the collapsed polymer in water instead of 
the microphase separation found in block copolymers. 
Furthermore, the simulation results presented here are 
consistent with SANS studies that find oligomeric lignin 
extracted from plants to adopt non-spherical shapes[5a] as well 
as the general behavior of poly-amphiphilites in water.[21].  

Conclusions 

The present atomistic MD simulations of lignin in aqueous 
solution at degrees of polymerization between 6 and 41 suggest 
that lignin adopts collapsed conformations at temperatures of 
both 300 K and 500 K. The shape of lignin is aspherical for small 
chain lengths at room temperature. This is due to favorable 
interactions of polar surface hydroxyl groups with water, which 
decrease the surface tension. At larger chain lengths, however, 
monomer:monomer interactions and entropic confinement of 
surface water that favor spherical conformations dominate, thus 
leading to an abrupt change of polymer shape above a critical 
chain length, Nc.  

Computational Methods 

Experimental Structural models were constructed of seven linear 
softwood lignin polymers of degree of polymerization (d.p.) N = 6, 11, 16, 
21, 26, 31 and 41. Softwood lignins are composed mainly of Guaiacyl (G) 
units[22] and therefore only G units were used here. The G units were 
connected via a repeating motif of linkages, so that the primary sequence 
of the seven lignin molecules is: [G-(55)-G-(β-5)-G-(β-O-4)-G-(55)-G-(β-
O-4)-]n-G, where n takes values between 1 and 8. The linkage 
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composition was obtained by adapting that of untreated softwood lignin 
(β -O-4 50%, 5-5 30%, α-O-4 10% and β-5’ 10%)[22b] to reduce the 
percentages of the β-O-4 and α-O-4 ether linkages, which have the 
lowest dissociation enthalpies and are therefore expected to be most 
easily cleaved during pretreatment.[11a] 31 A repeating linkage motif was 
employed so that differences in the lignin properties can be attributed to 
their d.p. rather than variations in the linkage sequence.  

The initial polymer configurations were constructed in a similar 
manner to that described in previous studies of untreated softwood lignin. 
Briefly, a step-wise approach was used in which each new G monomer is 
added to the existing structure using DFT optimized geometries for the 
monomer and linkages. After the addition of a new monomer, the 
resulting molecule is subjected to 100 molecular mechanics minimization 
steps in vacuum. As an example, the initial structure of the hexamer is 
shown in Figure 1.  

Two types of molecular dynamics (MD) simulation were performed. 
In the “wild-type" simulations, the G monomers maintain the amphiphilic 
character of wild-type lignin by having chemically realistic charges on 
their hydroxyl group atoms: oxygen -0.66e and hydrogen +0.43e. “Non-
polar" simulations were also performed, in which the charges of the 
hydroxyl atoms were artificially modified to effectively render the G 
monomers non-polar: the charge of the hydroxyl oxygen was -0.27e, 
equal to that of a non-polar methyl carbon in the CHARMM force field; 
the charge of the hydroxyl hydrogen was reduced to +0.09e, equal to the 
charge of a non-polar hydrogen in the CHARMM force field.  

The lignin polymers were subsequently individually hydrated with 
TIP3P[23] water molecules and MD simulations were performed in 
aqueous solution employing the CHARMM force field for lignin[24] (with 
modified charges in the case of “non-polar" simulations) and using the 
NAMD MD software.[25] Periodic boundary conditions were employed. 
The Particle Mesh Ewald method[26] with a grid spacing of 1.1 Å was 
employed for the treatment of Coulomb interactions beyond 11 Å and a 
force switching function smoothly transitioned the Lennard-Jones forces 
to zero over the range of 10-11 Å. Multiple timestep integration was used, 
with timesteps of 2 fs for bonded and short-range nonbonded forces, and 
4 fs for the long-range electrostatic forces. The neighbor list was updated 
every 10 steps with a pair-list distance of 12.5 Å. The SHAKE 
algorithm[27] 52 was used to constrain all covalent bonds involving 
hydrogen atoms to their equilibrium values. The simulations were 
performed in the NPT ensemble, and the temperature was kept constant 
using the Langevin dynamics algorithm implemented in X-PLOR with a 
damping coefficient of 5 ps−1. The pressure was held constant at 1 atm 
using the Nose-Hoover Langevin piston algorithm[28] employing a piston 
oscillation period of 50 fs and a piston damping decay time of 100 fs. 
Coordinates were saved every 1 ps.  

Simulations were performed at two temperatures: 300 K to model 
the conditions before and after pretreatment and 500 K, the maximum 
temperature employed in hot water pretreatments that typically employ 
temperatures between 460 K and 500 K.[2a, 29] We note that at 
temperatures above the ones studied here the pyrolytic cleavage of beta-
O-4 bonds is initialed  (~520 K)[30] and liquefaction of biomass to produce 
bio-oil is initiated at 523K and significant at 600-650K[31]. Each lignin 
molecule was subjected to the following simulation protocol. First, 10000 
energy minimization steps were performed. To improve statistics, three 
independent MD simulations were then performed at 500 K, each 150 ns 
long, starting from the same initial structure, but with different initial 
velocity distributions. The temperature of each simulation was then 
gradually lowered to 300 K at a rate of 1 K ps−1. The temperature was 
subsequently held constant at 300 K for an additional 150 ns. Analysis 

for each molecule involved an ensemble average over the last 100 ns of 
each of the three trajectories performed at each temperature.  

The anisotropy of polymer configurations was quantified by the 
asphericity, 0 < Δ < 1  

Δ = 1− 〈(𝐿𝐿12𝐿𝐿22 + 𝐿𝐿22𝐿𝐿32 + 𝐿𝐿32𝐿𝐿12) (𝐿𝐿12+𝐿𝐿22 + 𝐿𝐿32)2⁄ 〉   (5) 

where L12 < L22 < L32 are the eigenvalues of the gyration tensor.[32] The 
number of hydration water molecules, W was determined by counting the 
number of water oxygen atoms within a distance of 4.9Å of any lignin 
non-hydrogen atom.[12b] 
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