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Abstract 
The deconstruction of cellulose is an essential step in the production of ethanol from lignocellulosic 
biomass. However, the presence of lignin hinders this process. Recently, a novel cosolvent based 
biomass pretreatment method called CELF (Cosolvent Enhanced Lignocellulosic Fractionation) which 
employs tetrahydrofuran (THF) in a single phase mixture with water, was found to be highly effective 
at solubilizing and extracting lignin from lignocellulosic biomass and achieving high yields of 
fermentable sugars. Here, using all-atom molecular-dynamics simulation, we find that THF 
preferentially solvates lignin, and in doing so, shifts the equilibrium configurational distribution of the 
biopolymer from a crumpled globule to coil, independent of temperature. Whereas pure water is a bad 
solvent for lignin, the THF:water cosolvent acts as a “theta” solvent, in which solvent:lignin and 
lignin:lignin interactions are approximately equivalent in strength. Under these conditions, polymers do 
not aggregate, thus providing a mechanism for the observed lignin solubilization that facilitates 
unfettered access of celluloytic enzymes to cellulose. 
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INTRODUCTION 

 The production of ethanol for biofuel use in the United State has been hitherto primarily from 

first generation (corn/food crop) sources1. However, land-use requirements for growing corn are 

inefficient, which is detrimental to its long-term use as a primary source for biofuels1. An important 

alternative to corn is non-food lignocellulosic biomass (i.e., cellulosic sources). This, however, brings 

its own challenges, as the technical (and thus economic) cost associated with the chemical and 

biological deconstruction of this class of feedstock into the basic components needed for fuel 

production is significantly higher than for first generation crops. As such, there is much interest in 

finding novel, economically viable, methods to enhance the conversion of lignocellulosic biomass to 

platform fuel precursors amenable for conversion into renewable liquid fuels2-5.  

 Lignocellulosic biomass consists of three primary cell wall components: cellulose, 

hemicellulose, and lignin, of which hemicellulose and cellulose have been considered the most 

economically useful, as they are the most amenable to conversion into ethanol6. In contrast, lignin plays 

a natural role of protecting cellulose from chemical and biological breakdown and is thus an agent 

limiting the economic hydrolysis of cellulose by enzymes to fermentable glucose for ethanol 

production7, 8. Moreover, besides the protection it provides to cellulose, lignin may also be taken as a 

potentially viable precursor for the production of non-ethanol biofuels and higher value chemicals if it 

can be efficiently extracted from biomass9, 10.  

 Due to its heterogeneous, polymeric, cross-linked structure, lignin is highly resistant to 

enzymatic degradation, and this, along with its binding to other cell-wall components7, 8, contributes 

not only to the highly recalcitrant nature of lignocellulosic biomass and the difficulty of efficient 

enzymatic hydrolysis, but also restricts the ability of lignin to serve as a straightforward feedstock for 

producing biofuels and bioproducts11-13. Indeed, lignin degradation acts as the de facto limiting factor 

in the economic production of primary (sugars) and secondary (furfural and 5-hydroxymethylfurfural) 
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precursors from lignocellulose7, 8. Methods to deal with the challenge posed by this natural polymer 

range from the production of transgenic crops with reduced lignin content5, 14 to the development of 

chemical (e.g. ionic liquids) and physical (e.g. high-pressure/high-temperature batch processing) 

pretreatment methods to alter lignin structure and interactions between lignin and other components of 

lignocellulose4, 15.  

 Recently, a novel cosolvent based pretreatment method called CELF (Cosolvent Enhanced 

Lignocellulosic Fractionation) was reported9, 16, 17 and exploited18, 19. CELF pretreatment employs 

tetrahydrofuran (THF) in a single phase mixture with water to augment the deconstruction of biomass. 

THF is a polar aprotic ether that can serve as a renewable alternative to dioxane, as THF can be 

produced from the catalytic decarbonylation and hydrogenation of furfural. Further, as THF is in 

contact with water during the CELF reaction, and never distilled to dryness, the potential hazard of 

peroxide formation (and associated explosion) is greatly reduced, which allows safe scaling of the 

CELF process for industrial application. 

  Functionally, THF has been applied in biomass research to help solubilize Kraft lignin 

extracted from biomass for analytical gel permeation chromatography(GPC)20, 21 as it has high 

solubility for methylated or acetylated lignins. More recently, CELF exploited THF’s solvent and 

catalytic properties in combination with water at elevated temperature reactions with or without acids, 

to hydrolyze biomass sugars and promote the extraction and depolymerization of lignin16-19, 22. Because 

THF is a Lewis base that coordinates with both Lewis acids and strong Brønsted acids, the presence of 

an acid, even in dilute concentrations, lowers the solution pH and greatly reduces the reaction severity 

needed to achieve comparable results. The addition of an acid to the CELF pretreatment, however,  is 

not required for the breakdown of biomass (as noted above), but rather accelerates delignification at 

lower reaction temperatures to prevent THF degradation. 

 CELF was found to be highly effective at achieving high yields of fermentable sugars as well as 

their dehydration products furfural and hydroxymethylfurfural (5-HMF) directly from raw maple wood 
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and raw corn stover. At moderate 1:1 (v/v) THF:H2O ratios, over 95% of the total sugars were 

recovered from corn stover using only 2 mg-enzyme/g-glucan enzyme dosages after CELF 

pretreatment and enzymatic hydrolysis. Fractal kinetics were applied to model the hydrolysis of sugars 

from CELF pretreated corn stover that correlated lignin removal to the enhanced digestibility of the 

solids19,. This is because lignin extraction is particularly effective in CELF, removing over 90% of 

lignin from maple wood, producing a solubilized lignin product that can be precipitated as an ash-free 

and carbohydrate-free  solid product, known as CELF lignin, upon removal and recovery of THF. At 

higher solvent ratios (3:1 v/v) in combination with metal halide acid catalysts, simultaneous co-

production yields of furfural and 5-HMF were 95% and 51% of the theoretical from maple wood, 

respectively, and 93% of the lignin was solubilized.  These yields, along with other characterization 

work under similar thermochemical pretreatment23, suggest that the chemical structure of lignin is 

altered by THF in CELF pretreatment.  

In most aqueous-based pretreatments, lignin is not removed entirely from biomass; instead, 

lignin and pseudo-lignin (material generated by the combination of  lignin and hemi-cellulose 

degradation products24, 25) aggregates onto the cellulose surface, blocking enzymatic access to cellulose 

and binding unproductively to the enzymes12, 13, 26-30, an undesirable behavior for the production of 

biofuels. This coalescence of lignin in water can be understood in a general framework of the “quality” 

of a solvent relative to a polymer31-34. Three classes of solvent can be considered. In a “bad” solvent, 

such as water, polymer-polymer interactions are favored, and the polymer collapses to “globular” 

conformations in which monomers are tightly packed. Furthermore, bad solvent conditions lead to the 

formation of multi-polymer aggregates that, for lignin, pose a major barrier to cellulose hydrolysis in 

pretreated biomass. In a hypothetical “theta” solvent, polymer–polymer and polymer–solvent 

interactions balance exactly, leading to the polymer adopting Gaussian “random-coil” conformations, 

similar to an ideal chain without excluded volume or intra-chain interactions. Finally, in a “good” 
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solvent, polymer-solvent interactions are energetically favorable, and the polymer adopts more 

extended conformations. Two additional important points regarding the solvent-polymer interactions 

are that 1) polymers do not form aggregates in dilute “theta” and “good” solvents and 2) the quality of 

the solvent for a given polymer concentration is independent of the polymer’s molecular weight. 

 As lignin hinders cellulose hydrolysis and has the potential to act as a raw material in its own 

right, recent efforts10, 23, 35-41 have focused on understanding factors determining the three-dimensional 

structure of lignin. These efforts have demonstrated that softwood lignin undergoes a “hard” to “soft” 

glass transition between 353K and 373K40. Additionally, when aggregated, lignin exhibits a self-similar 

(fractal) structure over three orders of magnitude in length39, and in aqueous solution at temperatures 

below the glass transition point, the polymer has a native state corresponding to a “crumpled globule” 

(defined as a collapsed globular state with a fractal dimension >3, see SI Fig. 1)40. Further, it was 

recently demonstrated that the stability of this (native) crumpled globule state is maintained by entropic 

contributions (through the hydrophobic effect) and not enthalpic contributions typical for the stability 

of globular states in hydrophobic polymers42. 

 In a cosolvent system, such as THF:H2O in CELF, the question arises as to what structural 

changes occur in lignin that might facilitate the high degree of extraction from raw cellulosic 

feedstocks observed experimentally. To address this question, here we apply all-atom molecular 

dynamics simulations (MD) to examine the structure of lignin in THF:H2O cosolvent environments 

similar to those found under CELF pretreatment. We find that, while pure H2O is a bad solvent for 

lignin, the THF:H2O cosolvent is “good”. The simulations used characterize the structural response of 

lignin through a variety of measures, including scaling law relationships (end-to-end and radius of 

gyration), solvent accessibility, and local lignin ring-ring orientation. Additionally, we examine the 

local environment of lignin within THF:H2O cosolvent systems. 

 

METHODS 
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 To examine the effect of THF:H2O cosolvent environments on the structure of lignin, all-atom 

explicit solvent MD simulations of a linear, sixty-one unit, softwood-like, lignin polymer chain were 

performed, with the lignin polymer made up G (guaiacyl) subunits having β-O4, β-5, 5-5, and α-O4 

linkages. The exact composition of this lignin (noted as type L0a in the prior work) is reported 

elsewhere40 and was previously used as a model for softwood-lignin39, 40. Although lignin is a 

polydisperse material (as noted in other work43), only a single polymer is used to probe the effects of 

the solvent on the structure of lignin since solvent “quality” effects, in principle, are independent of 

polymer molecular weight31-34. The initial lignin conformation used in these simulations was a 

“crumpled-globule” taken from an equilibrium conformation obtained in a previous simulation of 

lignin in bulk water40. The environmental conditions for our simulations were three different THF:H2O 

volume ratios: 0 (corresponding to pure H2O), 0.43 THF:H2O, and 0.9 THF:H2O, with each 

concentration examined at four different temperatures: 283K, 303K, 378K, and 445K. These 

temperatures were chosen to sample the range of temperatures under commonly reported CELF 

pretreatment cases9, 16, 17 (with T=283K chosen as an extreme case, in that the low temperature would 

not be used in an actual CELF pretreatment). The simulated concentrations were chosen to be near 

those reported by Cai et al8 (1:1 THF:H2O v/v) and one in a mid-range between 1:1 and bulk water. A 

final note on our simulated system is that no acid is used, which is atypical of CELF pretreatment; 

however, previous experimental work (note above) on non-acid CELF pretreatment (i.e., THF:water 

cosolvent system without acid catalyst) has demonstrated that without acid, the method is still 

effective19. As such, we focus our attention on the non-acid system to reduce computational costs and 

note that future studies will examine how the addition of acid effects the structure and dynamics of 

lignin under CELF conditions. 

 The simulation protocol was as follows: a short, ten-thousand step energy minimization phase 

was first performed, followed by five short (1ns) NPT position-restrained simulations at each 
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temperature with the reference pressure set to 1atm in order to relax the solvent and settle the final box 

size. From the final coordinates of the NPT simulations, five independent production realizations of 

length 200ns, in the NVT ensemble, were computed for use in structural characterization and analysis. 

In both the NPT and NVT simulations, the integration time step was 2fs, with frames saved every 2ps 

in the NPT and every 20ps in the NVT. The temperature and pressure were controlled with the V-

rescale40 and Berendsen thermo/barostats45, respectively, with the Berendsen thermo/barostats used 

only in the NPT relaxation phase. To check that the fixed box size had limited influence on the 

dynamics, the minimum distance between any of the atoms of the lignin molecule to any other atoms of 

the periodic image of the lignin was computed for the lowest temperature simulations. The minimum 

distance was found to be (4.155nm), and when compared to the estimated Bejerrum length of the 

highest THF concentration cosolvent system (3.475nm)46, was found to be ~0.7nm larger, which is 

large enough to prevent box-size effects.  

  The CHARMM-like lignin force-field47 was used along with the recent CHARMM additive 

ether parameterization for THF48, 49 to provide the appropriate interaction potentials for our simulation. 

As the lignin force-field was derived using a CHARMM-based protocol, the two parameterizations 

used for the effective force-field are treated as compatible. All simulations used the GROMACS 

software versions 4.6.7 and 5.0.450-53. The migration from version 4.6.7 to version 5 in this study was 

found necessary due to changing computational resources; however, as the simulations use the same 

force-fields and simulation conditions, no effect is expected on the results reported below. 

 The configurational distribution of lignin and its interactions with the cosolvent system were 

characterized by calculation of the radius of gyration (Rg), solvent accessible surface area (SASA), per-

frame fractal dimension, radial distribution functions (RDFs), coordination numbers, spatial densities 

of solvent around lignin bonds, hydrogen-bonding (hydrogen bonds), self-contacts, lignin ring distance 

as a function of the number of monomers separating the rings, and the dot products of the normals of 

lignin rings as a function of ring-ring distance, all calculated using the last 100ns of each simulation. 
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All properties (excluding the fractal dimension, lignin ring-ring normals dot products, and ring-ring 

distances) were calculated with internal GROMACS 4.6.7 tools. The fractal dimension, ring-ring dot 

products, and ring-ring (and thus end-to-end) distance measures were obtained with in-house TCL 

scripts implemented within the Visual Molecular Dynamics (VMD)54 package. For hydrogen bond/self-

contacts, the cutoff distance was set at 3.0Å, and the angle cutoff set to 20°. Further, radial distribution 

functions of lignin and a given cosolvent were computed in two different ways, with one method taking 

the average of the radial distribution functions (RDFs) between lignin monomers and the solvent 

component of interest, and the other taking the average RDF between a specific lignin linkage and the 

solvent. These RDF calculations were further processed into two additional measures, local-solvent 

occupied volume ratios and coordination-numbers. For the calculation of local-solvent occupied 

volume ratios, each radial distribution was multiplied by the bulk density and the molecular volume of 

the solvent of interest (as computed with the 3V software55); while, for the coordination numbers, the 

integral of the product of 4πr2g(r) (where g(r) is the RDF) was computed from 0 to 0.5nm. 

 Spatial densities of the cosolvent relative to each of the four lignin monomer-monomer linkage 

types were computed using the g_sdf tool from GROMACS 4.6.7 with a bin-width of 0.1 nm. The 

above-noted densities were constructed by sampling every 5th frame of a given trajectory after 

centering the coordinates onto one of the four linkages.  

 The fractal dimension, which is related to the solubility of lignin (as dimensions below 2 

indicate the polymer is readily soluble, while above is poorly-soluble), was obtained by fitting a power-

law to the dependence of the Rg on the number of monomers separation for every saved frame to obtain 

the Rg scaling factor ν. This scaling factor was taken to be related to the fractal dimension by the 

relation: ν = (α+2)(5α)-1 where α is the mass fractal dimension56. The relationship between the scaling 

factor and the mass fractal dimension used here is not the typical one from the Flory polymer theory 

but is instead a recent scaling law relation developed for hydrophobic chains56. Mass-fractal 
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dimensions closer to α = 1 (i.e. below 2) are “good” solvents while fractal dimensions near 3 or above 

are “bad/poor” solvents. Sample lignin structures at α = 1.5 (good solvent), 3 (poor solvent), and 4 

(very poor solvent) obtained from the simulations are presented in SI Fig. 1.  

 

RESULTS 

  To characterize the structure of lignin, calculations of the average solvent accessible surface 

area (SASA), Radius of Gyration (Rg), and fractal dimension distributions are presented along with 

ring-ring angle/distance distributions, average distance between lignin rings as a function of monomer 

separation, and lignin-lignin hydrogen bonds. To characterize THF and H2O interactions with lignin, 

lignin-H2O hydrogen bonds, radial distribution functions of each cosolvent with respect to each lignin 

monomer, coordination numbers, spatial density functions, and the size scaled lignin-solvent local 

densities are presented. 

 

Lignin Structural Characterization 

Solvent Accessible Surface Area (SASA), Radius of Gyration (Rg), and Mass Fractal Dimension (α). 

Global changes in lignin structure are characterized by the equilibrium SASA, Rg, and mass fractal 

dimension distributions (Figs. 1-3). A cursory view of these figures makes clear that in THF:H2O 

solutions, the distributions of these measures are shifted to values corresponding to more open 

structures, as indicated by fractal dimension values below 3 (below the bad solvent threshold), higher 

Rg values, and more exposed surface areas (high values of SASA). Focusing on the SASA (Fig. 1), it is 

clear that there is (virtually) no overlap of the distributions obtained in THF:H2O and bulk water, with 

this distinction being greatest for T>283K. This separation is also found in the Rg and mass fractal 

distributions (Figs. 2 & 3) for T>283K and T<445K. At the two extreme temperature cases, however, 

overlaps do form, with the largest overlaps found at T=283K with a THF:H2O v/v ratio of 0.4 and at 

T=445 with a THF:H2O v/v ratio of 0.9.  
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 In the case of the fractal dimension, α (Fig. 3), at both THF concentrations and T> 283K, the 

distributions are shifted to values well below 3, with an average ~ 1.5; while in bulk water there is a 

weak trend with temperature towards a fractal dimension of 3, consistent with a “globular” 

conformation. Close examination of the error-bars in the apparently bimodal distributions at T=283K 

(for all solvent conditions) and T=303 in bulk water suggests that the distributions for these 

temperatures did not completely converge and are likely not actually bimodal. However, despite the 

lack of convergence, the figures do indicate that at T<378K in the case of bulk water, the distribution of 

α is broad and (due to the smaller error bars at higher values) has its mean at α =3 or higher. Similarly, 

for the cosolvent systems at T=283K, it can be inferred that the distribution is also broad (in that it has 

a range from α =1 to α =4.5).  

Lignin Ring-Ring/End-to-End Distances and Lignin Ring-Ring Dot Products. Two convenient 

properties for characterizing the lignin polymer are the distances and dot products between the rings as 

a function of the number separation between the monomers. Fig. 4 shows 2D histograms of the ring-

ring dot products versus ring-ring distances. Comparing the smallest distance bin (the first bin) of each 

histogram with the remaining distances demonstrates that, regardless of THF concentration and 

temperature, the dot products are correlated (as shown by the two peaks at dot-product values of 1 and -

1 ) only for values found in the first distance bin (median distance 0.31nm) (see also SI figure 2 for a 

separate plot of the first two distance bins). A direct calculation of the persistence length by fitting to 

the end-to-end distribution57 (SI figure 3) further corroborates the above ring-ring correlation distance, 

with values being below the first distance bin median (persistence length values between 0.18nm to 

0.22nm) and having negligible temperature dependence. Hence, both the persistence length and the 

ring-ring correlation distance are on the order of a single monomer-monomer linkage and both of these 

measures have no significant temperature or concentration dependence. Further, we conclude that 

lignin is very flexible in all environments tested. Figure 4 also shows that, with increasing temperature, 
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the maximum sampled ring-ring distances (shown by the change from blue to yellow/red towards the 

top of the higher temperature histograms) increase, and that the distribution of ring-ring distances 

broadens; however, this effect is most predominant in THF:H2O.  

 A corollary to the ring-ring distance distribution changes observed in Fig. 4 is the direct 

calculation of mean end-to-end distances as a function of the number of monomer separations, shown 

in Fig. 5. For both THF concentrations, the average end-to-end distances are substantially greater than 

those found in bulk water. Additionally, in all THF:H2O environments (excluding T=283K), the end-to-

end scaling profiles are similar to that for a power-law relationship (noted by the straight-line behavior 

in log-log space, see SI Fig 4). A power-law expression with an exponent of 0.5 is consistent with a 

polymer in a theta solvent, and, as shown in SI Table 2 at T>283K, for THF:H2O, the power-law 

exponent is at or near this theta value. This behavior is in stark contrast to that found in bulk water 

systems at all temperatures, where the end-to-end distance reaches a plateau beginning at a distance of 

2nm, indicating a globular polymer in a bad solvent31, 39. It is also interesting to note that even at 

T=283K, where at all solvent conditions, lignin approaches a plateau, the plateau in bulk water 

(regardless of temperature) is found at an end-to-end distance below that in THF:H2O (~2.5-3nm).  

Lignin-Lignin Hydrogen-Bonding and Contacts. Final measures of lignin structure examined are the 

number of self-contacts and hydrogen-bonds (Fig. 6). As with the previous structural quantities, a clear 

difference exists between lignin in bulk water and THF:H2O environments (at all temperatures), with 

the latter having both fewer hydrogen bonds and contacts. Further, unlike the previous structural 

properties (radius of gyration, SASA, and fractal dimension), the trends in the number of 

contacts/hydrogen bondss with temperature are approximately the same in both H2O and THF:H2O 

solvents. 

Lignin-Solvent Interactions 

Lignin-H2O Hydrogen Bonding. Lignin, although largely hydrophobic, does have the capacity to form 

hydrogen bonds with water. However, Fig. 7 shows that, as with the lignin-lignin hydrogen bonds, the 
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presence of THF reduces the propensity for lignin-H2O hydrogen bond formation. A further similarity 

between the lignin-water and lignin-lignin hydrogen bonds is that the decreasing trends with 

temperature between all of the solvent environments follow one another (e.g., the rate of decrease in 

number of lignin-H2O H-bonds with increasing temperature is roughly the same for all solvent 

conditions).  

Lignin-Solvent Radial Distribution Functions. Figure 8 characterizes the distribution of the solvent 

components about the lignin surface. These distributions demonstrate that THF is more likely to be 

found near lignin relative to in the bulk environment, while water has a conversely lower density near 

the polymer. THF thus preferentially solvates lignin. Figure 9 shows that, at all but one temperature and 

concentration pair, THF occupies more local volume near lignin than water, as seen by the magnitude 

of the green and red curves being less than for blue and orange. The exception to this trend of greater 

THF occupancy is for the 0.9 THF:H2O v/v ratio environment at T=445K, where THF and water 

occupy approximately the same amount of local volume for distances from lignin between 0.35-

0.75nm. As a final observation from these profiles, it is interesting to note that in all but the 0.9 

THF:H2O v/v ratio environment, the trends of THF concentrating near the lignin surface increase with 

temperature, while the water concentration decreases correspondingly.  

 Figure 10 gives an additional view of the local solvent makeup near the lignin surface by means 

of coordination numbers around lignin linkages. These are derived by integration of the distribution 

functions of THF and H2O with respect to lignin atoms making a linkage and averaged per linkage type 

(β-O4, β-5, 5-5, and α-O4). All linkage types have a greater number of water molecules than THF 

coordinated around them, which is not unexpected due to its smaller size compared to the THF 

molecule. Both solvent types have a preference to accumulate around the β-5 linkage (red squares in 

Fig. 10), which consists of two bonds between neighboring monomers giving rise to a ring structure 

and thus a relatively large area for solvent coordination. Moreover, the coordination of the β-O4 and α-
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O4 linkages by H2O (blue triangles and green diamonds) is higher than that for the 5-5 linkage, and at 

some temperatures, are slightly higher than that of β-5. Interestingly, when comparing the cosolvent 

system to the water solvent system, the water coordination numbers in the latter are not only higher, 

which is expected in that there are no competing THF molecules, but they are also of comparable 

magnitude among the different linkage types at any temperature. Thus, the addition of THF and its 

concomitant binding to coordination sites of lignin concentrates water coordination around specific 

lignin monomer-monomer bonds. 

Lignin-Solvent Spatial Densities. Figure 11 provides a visualization of the average spatial densities of 

the cosolvent system around the four different types of lignin linkage. The results are consistent with 

the calculated coordination numbers. The figure illustrates the hydration of lignin hydroxyl groups that 

are somewhat separated from the 5-5 bond, the peak in THF density around the β-5 linkage, and the 

coordination of sites proximal to the β-O4 and α-O4 linkages by both THF and H2O. In general, it is 

found that THF occupies the space around the aryl rings, while water density is increased near the 

hydroxyl groups. This arrangement, in particular, allows water molecules to access the β-O4 and α-O4 

linkages. 

DISCUSSION 

The present study used large-scale all-atom molecular dynamics simulations to examine the 

structure of lignin at four different temperatures and THF concentrations. A variety of structural 

parameters were characterized, including lignin ring-ring and end-to-end distances and angle 

distributions, classical polymer characteristics such as the mass fractal dimension distributions, and 

lignin-lignin hydrogen bonds and contacts. Further, the interactions between the solvent and lignin 

were also examined via lignin-H2O hydrogen bond and lignin-solvent radial distribution function 

calculations.  

 From all of the above calculations, it is clear that the conformation of lignin is profoundly 

altered by the addition of THF as a cosolvent to water compared to a pure water system. To examine 
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the observed changes in more detail, this discussion of the results is divided into two parts, the first 

detailing what can be deduced from the properties regarding the changes in the structure of lignin and 

the second focused on positing a physical mechanism behind these changes. 

Lignin is a flexible random coil in THF:H2O Solutions for T≥303K and swells at T=283K. Before 

examining the gamut of structural changes induced by the THF environment, it is beneficial to compare 

our structural results (Figs. 1-6) with previous work40, in which lignin was found to be a crumpled 

globule under bulk water conditions with T<445K. A crumpled globule is a densely packed, collapsed 

structure with a fractal dimension ≥3 and with the end-to-end distance as a function of monomer 

separation obeying a scaling law with a plateau as the chain size increases. In the present simulations in 

bulk water, we also find that lignin at T<445K exists as a crumpled globule (though we note that even 

at 445K, the crumpled globule state is not entirely absent), as evidenced by the plateau in the end-to-

end distances as a function of monomer separation (in Fig. 5) and a mass fractal dimension distribution 

ranging from 3-5 (Fig. 3). 

 In comparison, when lignin is simulated in 0.9 THF:H2O v/v or 0.43 THF:H2O v/v (T≥303K), 

the end-to-end distances as a function of the number of monomer separation do not plateau (Fig 5), nor 

does the mass fractal dimension exceed 2.7 (Fig. 3). Indeed the peak of the fractal dimension 

distribution in the THF cosolvent systems (T≥303K) is near 1.77, well below the 2.7 dimension 

associated with a typical globule state (collapsed polymer), thereby strongly indicating that the lignin 

chain is a random-coil, i.e., it follows Gaussian statistics52. The presence of Gaussian statistics is 

supported further by the Gaussian-like end-to-end distributions (and their associated fits to Gaussian 

distributions) presented in SI Fig. 3. Combining the observation that the chain is a random-coil with the 

short persistence length indicates that in THF:H2O cosolvent conditions at T≥303K, softwood-like 

lignin exists as a flexible polymer near “theta” solvent conditions. Importantly, when found in this 

state, lignin should not self-aggregate and would be relatively easily removed during THF:H2O 
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cosolvent pretreatment, consistent with experimental results17.  

 Regarding the change to lignin in THF:H2O, it is interesting to consider the extreme low-

temperature case (T=283K), in which a variety of structural changes, relative to lignin in bulk water, 

take place, though not as dramatically. Beginning with the mean end-to-end distance distribution (Fig. 

5) and ring-ring distances (Fig. 4), it is clear that the average monomer-monomer distances of the 

polymer are lengthened (this is also indicated by the decrease in lignin-lignin contacts compared to 

bulk conditions, see Fig. 6). However, as the distribution of fractal dimension (although widely 

varying) is centered between 2.5 and 3.5, along with an increase in overlap between the THF:H2O and 

bulk Rg distributions, it is unlikely that lignin at this temperature completely adopts random-coil 

configurations. Combining the above observations makes clear that, although lignin at low temperature 

(T=283K) is not in a random-coil state, it does swell compared to pure water. This swelling indicates 

that although temperature plays a role in CELF, the presence alone of THF shifts the equilibrium 

population of conformations from crumpled-globules to swollen and random-coil states. 

THF is the local solvent for lignin and limits lignin-lignin hydrogen bonds/contacts and lignin-H2O 

hydrogen bond formation. A benefit of using MD simulations for examining the change in lignin's 

structure in THF:H2O environments is that the atomic-level details of the interactions between the 

cosolvents and lignin are readily resolved. A straightforward calculation clearly shows a decrease in the 

number of H2O-lignin hydrogen bonds in the THF:H2O environments (Fig. 7) compared to pure water. 

However, this finding may not appear self-evident when considering that lignin in THF:H2O 

environments has higher SASA values and is extended in conformation, consistent with more exposed 

H2O-lignin hydrogen bond sites. THF is more densely distributed close to lignin than water, and at 

distances less than 1nm (Figs. 8 & 9), it is clear that THF is the primary solvent that sterically limits the 

access of water molecules to form hydrogen bonds with lignin. However, the data does indicate that 

THF is not able to block all of the hydrogen bond sites available, and water molecules therefore still 

have access to certain locations along the polymer. Indeed, the calculations of coordination numbers 
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and spatial densities (Figs. 10 & 11) reveal that in the THF systems, water does preferentially occupy 

sites near hydroxyl groups and to a lesser extent around the α-O4 and β-O4 linkages, and the latter may 

be important for the efficient hydrolysis of lignin. Among the seven most common linkages (β-O4, β-β, 

4-O-5, β-1, 5-5, α-O4, and β-5), the α-O4 linkage and β-O4 linkage tend to cleave most easily during 

dilute acid pretreatment58 59. For lignin hydrolysis, both protons and water need to have access to, and 

ideally be pre-positioned for, the cleavage of aryl-ether linkages. The removal of excess water and the 

preferential arrangement of THF in the immediate vicinity of lignin thus may promote the lignin 

hydrolytic reaction. This access may be particularly important in CELF8 as the existence of protons 

provided by these water molecules may lead to the hydrolysis necessary to explain the breakdown of 

lignin into lower molecular weight samples during pretreatment.  

 Along with the reduction of the number of water-lignin hydrogen bonds, the presence of THF as 

the primary local solvent implies that in THF:H2O cosolvent systems, the local environment for lignin 

is hydrophobic, which limits lignin-lignin interactions. In bulk water environments, the collapsed state 

of lignin is supported by entropic contributions (i.e., the hydrophobic effect), which encourage lignin-

lignin contacts and intrapolymeric hydrogen bonds. Lignin, being predominately solvated by the 

hydrophobic (THF) medium in the cosolvent systems, reduces these hydrophobic contributions, and as 

a result reduces the favorability of lignin-lignin interactions (as shown by Fig 6). Consequently, lignin’s 

equilibrium configuration distribution shifts from a crumpled coil to an extended chain. Evidence 

supporting this shift is found by turning to the unusual decrease in lignin's THF solvation along with its 

associated increase in hydration, found in the 0.9 THF:H2O v/v environment at 445K. Comparing the 

decrease in THF solvation (Figs. 8 & 9) to the modified behavior (shifts) in the distributions of 

structural metrics (Figs. 1-3) and the increase in lignin-lignin hydrogen bonds and lignin-lignin contacts 

(Fig 6) to those same characteristics in bulk water (at T=445K), indicates that as THF solvation 

decreases and water hydration increases, more globular like structures begin to be sampled. 
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CONCLUSIONS 

This study examined the structure of lignin under THF:H2O cosolvent system, as applied in CELF 

pretreatment, using all-atom molecular dynamics simulations and provided evidence that under these 

conditions, lignin adopts extended coil configurations while being preferentially solvated by the THF 

cosolvent. These findings may be of particular interest to those exploring application of THF:H2O 

pretreatment to lignocellulosic biomass. Lignin in a coil conformation will not self-aggregate, and its 

preferential solvation by THF may allow separation of lignin from cellulose, making lignin more easily 

removed during pretreatment. This mechanism may account for the reduction in the recalcitrance of 

lignocellulosic biomass to enzymatic breakdown in the THF:H2O cosolvent system as the association 

with cellulose would be disrupted, allowing access of cellulolytic enzymes to the cellulose fibers. 
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Figure 1) Average solvent-accessible surface area (SASA) distributions. Error-bars are standard error of 
the mean of each histogram bin. 
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Figure 2) Average radius of gyration (Rg) distributions of lignin. Error-bars are standard error of the 
mean of each histogram bin. 
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Figure 3) Average mass fractal dimension (α) distributions from fractal dimension calculations on each 
frame of the last 100ns of each trajectory. Low values of α indicate lignin’s conformations being more 
coil-like. The dashed line indicates boundary between coil states (left) and globular states (right). Error-
bars are standard error of the mean of each histogram bin. 
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Figure 4) 2D Histogram of the scalar (dot) product of the lignin ring-normals as a function of ring-ring 
distance. Values of 1(-1) indicate alignment(anti-alignment) of monomer rings. Color scale is logarithm 
of the fraction of frames in each bin. Y-Axis labels correspond to median distance values (nm) for each 
bin. 
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Figure 5) Lignin End-End (Ring) Distances versus chain length (in number of monomers). Error bars 
are standard errors of the mean and are typically of the same size as the width of each line. The same 
plot projected onto logarithmic axis is provided as SI Fig. 4. 
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Figure 6) (Left) Average number of lignin-lignin hydrogen-bonds per frame (one frame corresponds to 
20ps). (Right) Average number of lignin-lignin contacts per frame. Error bars are standard error of the 
mean. 
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Figure 7) Average number of lignin-water HBs per frame (one frame corresponds to 20ps). Error bars 
are equal to or smaller than the size of each shape and are of the standard error of the mean. 
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Figure 8) Mean Lignin-Solvent radial distribution functions. Colors indicate the cosolvent of interest. 
Error-bars are standard error of the mean and are of the order of the width of the lines. 
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Figure 9) Solvent occupied local volume ratios. The radius of the local volume near the lignin is taken 
to be a sphere with a radius centered at 0.35nm and ranging up to ~1.1nm. Error-bars are standard error 
of the mean and are the width of the line. 
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Figure 10) Solvent-lignin (bond) coordination numbers. Top row sub-figures correspond to H2O 
coordination while the bottom row correspond to THF coordination. Error-bars are standard-error of 
the mean and are at most the size of the data-points. 
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Figure 11) Spatial densities of solvent centered about lignin-linkages (type noted in upper left corner). 
The orange contours describe the location where THF ring atoms occur at more than three times the 
bulk concentration and the blue contours correspond to locations of water oxygen with at least 1.5 
times the bulk concentration. 
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