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Rapid room temperature solubilization and depolymerization of
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The relatively poor solubility of lignin in most solvents is one

of the foremost challenges in lignin valorization to improve
biorefinery economics. This study demonstrates rapid room
temperature solubilization of polymeric lignin at high loading in
ethylene glycol, which can be directly applied for utilization of
lignin. This finding also provides mechanistic insights into H-bond
interactions in lignin dissolution.
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Rapid room temperature solubilization and
depolymerization of polymeric lignin at
high loadings+

Jian Sun,®® Tanmoy Dutta,®° Ramakrishnan Parthasarathi,>® Kwang Ho Kim,®®
Nikola Tolic,® Rosalie K. Chu,® Nancy G. Isern, John R. Cort,“? Blake A. Simmons®®
and Seema Singh*®®

The relatively poor solubility of lignin in most pretreatment solvents remains one of the biggest challenges
in lignin valorization to improve overall biorefinery economics. In this work, rapid room temperature solu-
bilization of lignin at high solid loadings (>30 wt%) can be easily achieved in a single step using ethylene
glycol (EG). The solubilized lignin can be rapidly and quantitatively recovered with the addition of ethanol.
The computational and nuclear magnetic resonance (NMR) spectroscopic studies confirm that strong
hydrogen bond interactions between EG and the free hydroxyl groups present in lignin contribute to the
lignin dissolution. In addition, hydrogen peroxide mediated depolymerization of the dissolved lignin at a
low temperature (80 °C) was tested and the effect of EG molecules on depolymerization of lignin was
also theoretically studied. The findings of this work provide mechanistic insights of hydrogen bond inter-
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Introduction

Lignin, the primary aromatic component of lignocellulosic
biomass, is an abundant renewable resource."” However, it
has been typically underused as a waste stream in most
current bio-refinery processes and burned for generation of
heat."” There has been significant work on the production of
alternative fuels," renewable chemicals,® value-added poly-
meric materials* and platform compounds® from lignin over
the past few decades, and the role of effective utilization of
lignin in improving the economics of the lignocellulosic bio-
refinery has been widely acknowledged.>®

The complex, highly cross-linked structure of lignin is a
major barrier that must be addressed in order to efficiently
and affordably valorize this biopolymer."™ Although a variety
of catalytic, thermal, and biological approaches have been
employed to break lignin down to its constituent mono-
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actions in high lignin solubilization and valorization.

mers,>”® upgrading lignin and lignin-derived intermediates

into useful chemicals or fuels, which is also known as liquefac-
tion of lignin, is still at a relatively early stage and presents sig-
nificant technical challenges.”'® From the technoeconomic
standpoint, efficient solubilization of lignin as well as simple
isolation of the solvent is highly desirable."’™* To this end,
various new solvents have been explored and ionic liquids
(ILs) are among the most effective lignin solvents known.'*
Although imidazolium, cholinium and pyrrolidinium based
ILs have demonstrated high lignin solubility, they typically
require a basic pH environment, high IL loading and high
temperature (e.g. 90-160 °C) to be effective.'*®

High boiling point solvents such as ethylene glycol (EG),
ethylene carbonate (EC) and/or poly(ethylene glycol) (PEG)
have been widely used as versatile chemicals in energy, plastic,
automobile, surfactant, and electrolyte additive pro-
duction.”®* These solvents have been shown to have potential
applications in liquefaction of chitin, cellulose and biomass
under acidic conditions,*® in which EG or EG/EC is thought
to participate in lignin removal and biomass defibrillation.>®
In these approaches, however, the solubilization of lignin was
generally conducted at high temperatures (e.g. 90-200 °C),
under acidic conditions, and with relatively high solvent/sub-
strate ratios that are typically >10: 1.>> Moreover, a fundamen-
tal understanding of the interactions between lignin and the
hydroxyl groups in these solvents is still absent and must be
established in order to generate a robust lignin solubilization
and depolymerization technology. Here we report an in-
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expensive, relatively non-toxic solvent, EG, that can quickly
solubilize a large amount of lignin at room temperature. The
solubilized lignin can be easily and quantitatively recovered by
using simple anti-solvents such as ethanol, propanol and
butanol. To explore the potential applications of this highly
concentrated lignin solution, we used a low temperature
approach to depolymerize the solubilized lignin using hydro-
gen peroxide. The mechanism of lignin solubilization and
depolymerization in EG were elucidated using combined
experimental and computational approaches.

Experimental section
Materials

Alkali lignin (typical molecular weight is 60000 Da), ethylene
glycol (anhydrous, 99.8%), glycerin (99.5%), ethylene carbonate
(98%), propylene carbonate (99%), PEG200, PEG400, ethanol
(anhydrous), 1-propanol (99.5%), 2-propanol (99.5%), 1-butanol
(99.5%) and dimethyl sulfoxide (99.8%) were purchased from
Sigma-Aldrich (St. Louis, MO) and used as received. 1-Ethyl-3-
methylimidazolium  acetate,  abbreviated  hereafter  as
[C,C{Im][OAc], was purchased from BASF (Basionics™ BC-01,
BASF, Florham Park, NJ). DMSO-ds was purchased from
Cambridge Isotope Laboratories in Andover MA. Dilignol was syn-
thesized following previously reported synthetic methodology.>”**

Solubilization, regeneration and depolymerization of lignin

Solubilization of lignin. In a typical process, 20 mL an-
hydrous ethylene glycol was placed into a 50 mL plastic tube.
Alkali lignin was added in a stepwise fashion into the tube
and simply mixed by vortexing until solubilized. Solubility of
lignin in EG was confirmed by using a VWR Vista Vision
Stereo Microscope with 20-40x magnification. The autofluores-
cence images of lignin during the solubilization and regener-
ation processes were collected with a Zeiss LSM 710 Confocal
laser scanning fluorescence microscope (10x magnification, a
538 nm in tune laser).

Regeneration of lignin. A certain amount of ethanol was
added into a 5 g alkali lignin solution and the system was
simply mixed by vortexing. The regenerated lignin stream was
separated by centrifugation (10 000 rpm, 10 min) and washed
with ethanol (5 x 10 g). Thereafter, the collected alkali lignin
was dried at 40 °C overnight under vacuum.

Depolymerization of lignin. 0.5 g alkali lignin solution
(31 wt% in EG) and 3.5 g hydrogen peroxide (30 wt% in H,0)
were placed into a 15 mL glass pressure tube. The sealed tube
was placed into an oil bath at 80 °C for 4 h. After the desired
time, the tube was taken out from the oil bath and cooled to
room temperature. Then, 5 mL ethyl acetate was added into
the system to extract the lignin fractions. The ethyl acetate
phase was analyzed by using SEC and GC-MS.

Lignin characterization

Nuclear magnetic resonance (NMR) spectroscopy. Data were
acquired on a 600 MHz Varian Direct Drive (VNMRS) spectro-
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meter using VNMR] 4.0. The spectrometer system was outfitted
with a Varian triple resonance salt-tolerant cold probe with a
cold carbon preamplifier. All spectra were recorded with a
temperature controlled at 25 °C. Samples were dissolved in
DMSO-d,.

Proton spectra were acquired as the first increment of a 2-D
NOESY spectrum using the Varian tnnoesy.c pulse sequence,
using a nonselective 90° excitation pulse, 50 ms mixing time,
acquisition time of 2 s, a recycle delay of 1 s, spectral width of
12 ppm, and 16 transients per spectrum. Carbon spectra were
acquired using s2pul.c with a nonselective 45° excitation
pulse, acquisition time of 1 s, a recycle delay of 3 s, spectral
width of 251 ppm, and 256 transients per spectrum.

To analyze the effect of EG concentration on 'H chemical
shifts of dilignol, 0.1 g (0.312 mmol) dilignol was dissolved in
600 pL of DMSO-ds at room temperature and was transferred
to a NMR tube. Thereafter "H NMR spectra were recorded and
referred to as 0:1 EG: dilignol. The samples of different incre-
mental EG : dilignol molar ratios were prepared by sequentially
adding molar equivalents of EG to the mixture.

Size exclusion chromatography (SEC). SEC was performed
on the lignin in a liquid stream to understand the changes in
lignin molecular weight distribution during the solubilization
and depolymerization processes. An Agilent 1200 series binary
LC system (G1312B) equipped with a DA (G1315D) detector
was used. Separation was achieved with a Mixed-D column
(5 mm particle size, 300 mm x 7.5 mm i.d., linear molecular
weight range of 200 to 400000 u, Polymer Laboratories,
Ambherst, MA) at 80 °C using a mobile phase of NMP at a flow
rate of 0.5 mL min~'. Absorbance of the materials eluting
from the column was detected at 300 nm (UV-A).

Gas chromatography-mass spectrometry (GC-MS).
Identification of chemical compounds in depolymerization
products was carried out using an Agilent 6890N gas chro-
matograph equipped with an Agilent 5973N mass spectro-
meter. The capillary column used was an Agilent DB-5MS
(30 m x 0.25 mm x 0.25 pm). The injection temperature was
250 °C and the oven temperature was programmed to hold at
50 °C for 1 min, ramp to 300 °C at 10 °C min~" and then hold
for additional 1 min.

Results and discussion

Lignin solubilization

Alkali lignin (Sigma-Aldrich, batch No. 1001044421) was used
as a model lignin for solubilization experiments. As reported
in Table 1, approximately 31 wt% lignin can be solubilized at
room temperature (~20-23 °C) using EG as the solvent
(Table 1, entry 1), whereas the IL [C,C,Im][OAc] did not (entry
2). On heating to 80 °C, only 18 wt% of lignin can be dissolved
in [C,C,Im][OAc] (entry 3). We also investigated lignin solubil-
ization using low molecular weight polyethylene glycol (PEG).
For PEG with molecular weights of 200 or 400 (PEG 200 and
PEG 400; entries 4 and 5) as the solvents, much lower lignin
solubilities were observed compared to those observed in EG

Green Chem., 2016, 18, 6012-6020 | 6013
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Table 1 Solubilization of alkali lignin in different solvents?

Entry Solvents Temperature (°C) Solubility” (wt%)
1 EG 20 31

2 [C2C1Im][OACc] 20 1

3 [C,C,Im][OAC] 80 18

4 PEG200 20 2

5 PEG400 20 1

6 Glycerol 20 25

7 EC 50 Insoluble
8 PC 20 Insoluble
9 Ethanol 20 Insoluble
10 1-Propanol 20 Insoluble
11 2-Propanol 20 Insoluble
12 1-Butanol 20 Insoluble
13°¢ EG 20 >35

144 EG 20 35

“Conditions: solvent 5 g, room temperature. ”Solubility was deter-
mined by using a VWR Vista Vision Stereo Microscope with 20-40x
magnification. “ Enzymatic mild acidolysis lignin EMAL (from switch-
grass). ¢ Lignin fraction generated from cholinium lysinate ([Ch][Lys])
pretreatment of switchgrass.”

indicating that there is no significant effect of the molecular
weight of PEG on the solubility of lignin. We hypothesize that
this low solubility can be attributed to the relatively high vis-
cosity of the PEGs used,* combined with the low density of
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hydroxyl groups and the weak hydrogen bond network com-
pared to EG. Using solvents with multiple hydrogen donor
sites like glycerol, approximately 25 wt% of alkali lignin solu-
bilization can be achieved at room temperature (entry 6). The
rapid and higher amount of alkali lignin dissolution in EG
might be related to its lower viscosity (0.0162 N s m™2, 25 °C)
compared to glycerol (0.95 N's m~2, 25 °C). Negligible solubi-
lity was detected in the cases of ethylene carbonate (EC), pro-
pylene carbonate (PC), ethanol, 1-propanol, 2-propanol, and
1-butanol at room temperature (entries 7-12). In addition, EG
also exhibited high solubilization of enzymatic mild acidolysis
lignin (EMAL) and the lignin fraction generated from choli-
nium lysinate ([Ch][Lys]) pretreatment of switchgrass (entries
13 and 14) at room temperature. The above results indicate
that EG is a very effective solvent for lignin at room
temperature.

Fig. 1 depicts the processes of rapid dissolution and re-
generation of lignin at room temperature. We found that 31 wt%
lignin can be completely dissolved in EG (Fig. 1A) by simple
mixing and the resulting solution is dark and highly viscous
(Fig. 1B). The dissolved lignin can be precipitated immediately
by adding ethanol (Fig. 1C) and easily recovered by centrifu-
gation. Besides ethanol, solvents such as 1-propanol, 2-propa-
nol and 1-butanol can also be used as an anti-solvent for the

100pm 100pm

Fig. 1 Rapid solubilization and regeneration of alkali lignin at room temperature: (A) EG; (B) EG/lignin and (C) EG/lignin/ethanol. Fluorescence
microscopy results (10x): (D) native alkali lignin (20x); (E) lignin/EG solution (10x) and F) regenerated lignin (10x).
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lignin-EG system. This simple isolation of dissolved lignin will
enable EG recovery and lignin purification. Confocal
microscopy (10x magnification) was used to explore the mor-
phological changes of lignin during the solubilization and
regeneration processes, and the results are shown in Fig. 1.
The fluorescence resulting from native lignin particles can be
seen and approximately spherical porous particles were
observed at 10x magnification under these conditions
(Fig. 1D). After solubilization in EG, a homogenous system
with an enhanced fluorescence intensity (Fig. 1E) and no
visible particles was observed. After the use of ethanol as the
anti-solvent, the fluorescence related to the precipitated lignin
microfibrils (>20 pm) was observed (Fig. 1F). The lignin recov-
ery was observed to be directly proportional to the weight ratio
of ethanol to EG in the system, with lignin recoveries of 3.5,
80.5 and 97.3 wt% obtained at weight ratios of 0.5, 2 and 4,
respectively (Fig. S1, ESIf). The increase in the recovery of
lignin with an increasing amount of ethanol is hypothesized
to occur due to the ethanol molecules shielding the EG mole-
cules, and thus direct interactions between lignin and EG
molecules are weakened. This process is thought to be similar
with cellulose precipitation from ionic liquid solutions by the
addition of anti-solvents.*°

Understanding the mechanism of lignin solubilisation in EG

Based on the above results, EG demonstrated extraordinary
solubility of lignin compared to the other organic solvents
tested in this work. In-depth investigation of the interactions
between EG and lignin was conducted to understand its high
solubility. Considering the complex and heterogeneous nature
of lignin, it is very difficult to conduct a mechanistic study
directly by using computational simulation. For this reason,
lignin model compounds are commonly used for mechanistic
research instead of macromolecular lignin.”?*"*> Since
dilignol, such as a -O-4 dimer (see Fig. 2G for structure), rep-
resents 50-80% inter-unit linkages depending on the origin,®
this model dimer was used to understand the relationship
between the hydrogen bond interactions and the solvation pro-
perties of EG at the molecular level.

Several different molecular conformations and geometries
are possible for the dilignol-EG interaction owing to the struc-
tural flexibility of EG and dilignol. To obtain the most stable
structures of the dilignol-EG complex, many starting complexes
were considered based on the intermolecular hydrogen bond
between the EG molecules and the hydroxyl groups of dilignol.
Fifteen initial geometries were considered in each case and opti-
mized at the M06-2X/6-31+G (d, p) level of theory. Harmonic fre-
quencies at the same level of theory were calculated to ensure
that the clusters were true minima. The most stable structures
of dilignol-EG were classified according to the interaction of EG
with (1) the a-C hydroxyl group (a-OH), (2) the y-C hydroxyl
group (y-OH) and (3) the phenolic hydroxyl group (ring-OH).
These complexes were optimized at a higher M06-2X/6-311+G
(2d, 2p) level of theory using the G09 suite of programs.*

IEs were calculated using a supermolecular approach and
corrected for basis set superposition error (BSSE) using the

This journal is © The Royal Society of Chemistry 2016
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counterpoise (CP) procedure suggested by Boys and
Bernardi,*® which is provided in the equation below:

m n
IE = — (Ecomplex - <Z ELignol + ZEEGJ)> (1)
i—1 =

where Ecomplex Tefers to the total energies of dilignol with EGs,
and Epjgno and Egg, are the total energies of the dilignol and
EG, respectively.

The geometries of the dilignol-EG complexes optimized at
the M06-2X/6-311++G (2d, 2p) level of theory are presented in
Fig. 2, along with their hydrogen bond distances. Both
hydroxyl groups of the EG molecule participate in the hydro-
gen bond interactions with dilignol hydroxyl groups. Some of
the vibrational frequencies of individual molecules undergo
substantial shifts and the changes in the frequencies provide
information about the characteristics of the interaction
between the molecules. A red shift in the hydroxyl group
stretching frequencies (von) has been used to characterize
hydrogen bond formation. Therefore, vibrational frequencies
for the isolated dilignol hydroxyl groups and their interaction
with EG have been calculated at the same level. The calculated
(scaled) frequencies of individual ring-OH and y-OH are 3710
and 3741 cm ™, respectively. However, in the dilignol-EG com-
plexes, the calculated voy stretches occur at 3483 and
3581 cm™', respectively. The red shifts of these modes from
those of isolated hydroxyl groups are 227 and 160 cm™,
respectively, indicating strong hydrogen bond formation upon
dilignol solvation by using EG. The complex with EG interact-
ing with the dilignol y-OH (Fig. 2B vs. Fig. 2A and B) is the
most stable one, with a cyclic intermolecular hydrogen bond
network involving the hydroxyl group and the ether bond
oxygen atom. There is a steady increase in the interaction
energy (IE) present in the complexes of dilignol with two and
three EG molecules (Fig. 2D and E). In order obtain a more
relevant model for experimental lignin dissolution in EG, a
complex containing ten EG molecules solvating one dilignol
molecule was investigated, in which the weight ratio of dilignol
to EG is around 34: 66 (Fig. 2F). The optimization was carried
out using B3LYP/6-31G* in Terachem and single point calcu-
lations at the M06-2X/6-311+G (2d, 2p) level of theory used to
obtain the IE of the complex. Fig. 2F shows that the ten EG
molecules completely solvated the dilignol by forming an
intermolecular hydrogen bond network. The calculated IEs
indicate cooperativity in the hydrogen bond in the solvation of
lignin by EG. Also, it is hypothesized that in these complexes,
both electrostatic and polarization interactions are the predo-
minant determinants of the structural properties of dis-
solution, and that the dynamic properties are primarily influ-
enced by the viscosity of the polar EG solvent.

It has been proposed that the interaction of IL (i.e. 1-allyl-3-
methylimidazolium chloride) with lignin is stronger than that
of lignin with lignin; thus lignin can be dissolved in ILs.** To
further verify the interactions between a non-IL solvent (i.e.
EG) and lignin, the effect of EG on the proton chemical shifts
of lignin was investigated using NMR spectroscopy. The chemi-
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Fig. 2 Optimized geometries of dilignol-EG complexes (A—F), *H NMR chemical shift assignment of dilignol in DMSO-ds (G), and the effect of EG
concentration on the *H NMR chemical shifts of ring-OH, a-OH, and y-OH of dilignol (H). Only the ring-OH and the hydroxyl protons are depicted.
Interaction energy (IE) is reported in kcal mol™. (A) Dilignol-EG; (x-OH), IE = 8.39; (B) Dilignol-EG; (y-OH), IE = 12.2; (C) Dilignol-EG; (ring-OH),
IE = 11.2; (D) Dilignol-EG,, IE = 22.9; (E) Dilignol-EGs, IE = 33.8; (F) Dilignol-EG;q (EG shown in red), IE = 133.4.

cal shift assignments of the dilignol (Fig. 2G) were made using tion. The effect of EG concentration on the shielding or
2-D 'H-'H COSY, 'H-">C HSQC and HMBC experiments. deshielding of hydroxyl and phenolic protons in dilignol is
Putative sites on the dilignol molecule that participate in the shown in Fig. 2H. The proton of the ring-OH, which is the
interaction with EG were identified from the chemical shift most acidic proton in dilignol, demonstrates the greatest
perturbations during the titration of EG into the dilignol solu- upfield shift with the increasing EG concentration compared
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Dilignol-EG, 1.40
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Fig. 3 Superimposed structures of the bare dilignol (blue) and isolated
dilignol-EG; (green), dilignol-EGz (brown), and dilignol-EGyo (red)
complexes and the overall influence of the geometrical variations (root
mean square deviations, RMSD).

to the other dilignol protons. This is contrary to the expected
downfield shift due to the formation of a hydrogen bond.
However, in the absence of EG the dilignol molecules are inter-
molecularly hydrogen bonded. In the presence of EG, the
strong intermolecular hydrogen bonds between the dilignol
molecules are replaced by the relatively weak hydrogen bonds
between the H-atom of ring-OH and the O-atom of an EG
molecule, which could result in the observed strong upfield
shift of the ring-OH proton. A downfield shift was observed for
the y-OH proton, suggesting a relatively strong hydrogen bond
between the y-OH proton and EG.

To compare the influence of the EG interactions with
dilignol, the bare dilignol and the dilignol from the complexes
were superimposed (Fig. 3) to gain insights into the overall
influence of the geometrical variations (root mean square devi-
ations, RMSD). We carried out calculations on a water mole-
cule interacting with dilignol (Fig. S2, ESIt) and the structural
change was analyzed. The dilignol structure is not much influ-
enced by water (0.3A) interactions, but the dilignol-EG, (molar
ratio of dilignol to EG is 1: 1) complex induced noticeable vari-
ation in dilignol conformations. Likewise, dilignol from the
dilignol-EG; complex also underwent more conformational
changes from the bare dilignol than the dilignol in water. The
superimposed model of the dilignol-EG,, also indicates that
there is significant variation in the conformation from the
bare dilignol to this complex. This observation suggests that
the dilignol conformation is affected by the hydrogen bond
interactions of EG molecules, and that overall EG solvation
changes the viscoelastic properties of lignin at room tempera-
ture, which could be the possible reason for the prominent
solubility.

Depolymerization of solubilized lignin

After exploring the possible lignin dissolution mechanism in
EG, we further attempted to test the mild oxidative depolymeri-
zation of this highly concentrated lignin solution at 80 °C.
H,0, (30 wt% in H,0) was used as the oxidant for the depoly-
merization of lignin under mild reaction conditions. Fig. 4A
depicts the elugram of the SEC profiles of alkali lignin and its
depolymerization reaction mixture. In this work, we are using

This journal is © The Royal Society of Chemistry 2016
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the established methods to measure the lignin molecular
weight to compare the relative changes in the molecular
weight of lignin during the depolymerization process.>*” As
shown in the figure the main lignin backbone peak slightly
shifted toward the low molecular weight region. In addition,
two new peaks centered at around 18.5 to 20.5 min appeared
in the elugram of the depolymerization reaction mixture,
which have comparable retention times with dilignol and
monolignol (vanillyl alcohol), respectively. This indicated that
the depolymerization of lignin
temperatures.

The oxidative action of the H,0, derived radicals is thought
to contribute to lignin depolymerization by fragmenting the
lignin macrostructure into a number of low molecular weight
compounds.®® However, this corresponding process is too
complex to be understood without considerable effort. Thus,
dilignol was used to compare the depolymerization products
from lignin. In our EG/H,0, system, it was also hypothesized
that lignin depolymerization follows a peroxidative cleavage
mechanism, which is similar to the previous studies on the
degradation of lignin in the presence of H,0,.*>*® The depoly-
merization products were identified by GC-MS (Fig. 4B). The
vanillic acid and guaiacol are the primary products identified
by GC-MS from the oxidative reactions of dilignol and alkali
lignin. A relatively high amount of vanillic acid was found in
the presence of EG.

could occur at low

Mechanistic understanding of H,0, enabled depolymerization
of lignin solubilized in EG

The observation of vanillic acid and guaiacol among the reac-
tion products prompted us to probe the molecular level details
of the depolymerization reactions of EG-solvated lignin in the
presence of H,0,. The reactions and products are akin to
lignin degradation by fungal and bacterial systems.*'** In
fungal ligninases (peroxidative cleavage), a single electron
transfer (SET) charge transport process is involved in the pro-
duction of cation radicals that induce degradation by cleaving
lignin linkages.*” Another study shows that bacterial strains
convert coniferyl alcohol to the intermediates coniferylalde-
hyde, ferulic acid, vanillic acid and finally to protocatechuic
acid."® Multi-step lignin degradation pathways have been
demonstrated in biotic environments and these require mul-
tiple enzymes with a variety of cofactors.”” To determine the
factors involved in the bio-mimicking reactions in an abiotic
system, the charge transfer analyses and bond dissociation
energy profiles involved in the initiation of the dilignol-EG;-
H,0, complexes were studied in detail. The natural bond
orbital (NBO) approach is a convenient means to understand
the donor-acceptor interaction and to decompose the various
important interactions present in the hydrogen bond com-
plexes, including the charge transfer (CT) component which is
associated with partial electron transfer.*®*° The NBO second-
order interaction energies are calculated and listed in Table 2
for dilignol (y-OH)-EG; and dilignol (y-OH)-EG;-H,0,. Atom
numbering of these complexes and fragments used for NBO
analysis are shown in Fig. S3, ESL.f It can be seen that every
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Fig. 4 Analysis of depolymerization of dissolved lignin (A, SEC, and B, GC-MS).

single hydrogen bond has a second-order interaction energy
contributing to the stability of the complexes.

The interaction, n(O) — ¢*(O-H), describes the partial CT
or donor-acceptor interaction between the non-bonding
orbital (lone pair) of the O atom and the anti-bonding orbital
of the O-H. As expected, for each interaction, there is a con-
siderable amount of partial electron transfer from n(O) to o*
(O-H). For the dilignol-EG;, the sum of partial CT interaction
is 17.9 kecal mol™". The respective CT interaction for dilignol
(y-OH)-EG;-H,0, is 44.23 kcal mol™". It is interesting to note
that CT interaction energy of dilignol (fragment 1) to EG (frag-
ment 2) is higher for dilignol (y-OH)-EG;-H,O, than for
dilignol-EG;. The CT interaction energy in dilignol (y-OH)-

6018 | Green Chem., 2016, 18, 6012-6020

EG,;-H,0, from EG (fragment 2) to H,O, is 19.18 kcal mol™*
and in the H,0, (fragment 3) to dilignol (fragment 1) is
8.33 kecal mol™". These variations clearly indicate that each CT
interaction is different and that CT interactions in dilignol-
EG; contribute to the stability of the solvated complexes. On
the other hand, it is evident from the significant CT inter-
actions in dilignol (y-OH)-EG;-H,0, complexes that the pres-
ence of H,0, increases the CT from dilignol to EG to H,0, to
dilignol and that this could be one of the main factors contri-
buting to lignin dissociation in the presence of H,0,. The
weakening of lignin linkages upon H,0, interactions destabi-
lizes the C-C and C-O bonds, initiating the bond cleavage
reaction from ether linkages to form guaiacol and vanillic acid

This journal is © The Royal Society of Chemistry 2016
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Table 2 Donor orbitals (¢;), acceptor orbitals (¢;), and the corresponding second-order interaction energies of dilignol-EG; (y-OH) and dilignol-

EG; (y-OH)-H,0, complexes

System Fragment i = b AEij(Z) keal mol ™"
Dilignol-EG; (y-OH) Fragment 1 to 2 n(0)15 — ¢*(010-H52) 3.47
n(0)26 — 6*(051-H53) 4.56
Fragment 2 to 1 n(0)50 — 6*(026-H27) 9.87
Dilignol-EG; (y-OH)-H,0, Fragment 1 to 2 n(0)26 — ¢*(051-H53) 7.74
n(0)38 — 6*(050-H52) 7.52
Fragment 2 to 3 n(0)50 — ¢*(054-H57) 19.2
Fragment 3 to 1 n(0)55 — 6*(026-H27) 8.33

by further oxidative cleavage at the a-C position. These bio-
mimicking chemical catalytic routes are powerful compared to
biotic systems studied to date and hydroxylation, decarboxyla-
tion or demethylation reactions of various sites could serve to
generate new chemical routes for future market demands.

Conclusions

Rapid room temperature solubilization of lignin at >30 wt%
solid loading was achieved within 10 min using ethylene glycol
(EG). The results indicated that both hydroxyl groups of the EG
molecule participate in hydrogen bond interactions with
lignin. "H NMR spectra demonstrated that the proton of the
phenolic-hydroxyl group, which is the most acidic proton in
dilignol, experiences the greatest interactions with the EG
molecule compared to the other dilignol protons. The compu-
tational studies revealed possible hydrogen bond interacting
complexes between EG and dilignol and ensured the presence
of cyclic intermolecular hydrogen bond network involving the
hydroxyl group and the ether bond oxygen atom. The addition
of anti-solvents such as ethanol, promotes a fast and high
recovery (~97 wt%) of dissolved lignin allowing easy solvent
recycling. Monomeric lignins such as vanillic acid and guaia-
col were produced from the depolymerization of solubilized
lignin in the presence of H,0O, under mild conditions. The
present work provides an effective way to generate highly con-
centrated lignin solution, which can be further utilized for
chemical conversion and different materials applications.
More efforts are still warranted to improve the solubility of the
initial lignin in real lignocellulosic biomass using EG based
technology and explore new applications of the lignin-EG
system in biological and material fields.
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