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ABSTRACT: Two-dimensional heteronuclear multiple quantum coherence and quantitative 13C nuclear magnetic resonance
spectroscopy are used to identify the structural features of lignin isolated from solvent fractionation of switchgrass at several different
severities. The spectra are consistent with a progressive deconstruction of the lignin as the fractionation severity increases, with
structural units involved in cross-linking and capping of the bulk lignin polymer removed first, followed by increasing levels of acid-
catalyzed, solvolytic cleavage of the bulk lignin. The results show that solvent fractionation conditions between about 120 �C and
0.1 M H2SO4 and 160 �C and 0.025 M H2SO4 are optimal for separating biomass in the biorefinery to give process streams most
suitable for biobased fuel and chemical production.
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’ INTRODUCTION

The goal of the biorefining industry is to convert renewable
lignocellulosic feedstocks into fuels and chemicals with a level of
efficiency equal to or greater than comparable processes used for
nonrenewable raw materials.1 For chemical production in particu-
lar, the first step in this process is the fractionation of the feedstock
into its principal components—cellulose, hemicellulose, and lignin—
each of which can serve as a primary process stream within the
biorefinery.2 Understanding the structure of these individual
fractionation components is critical for developing downstream
conversion processes and tailoring synthetic methodology to the
functional group profile resulting from a given separation process.
Lignin offers a notable challenge in this regard, because its separa-
tion from a biopolymeric matrix almost invariably introduces
significant changes to its already complex native structure.3

Our laboratory is investigating switchgrass, a perennial ligno-
cellulosic feedstock under intense current study,4,5 as a source of
renewable carbon for biobased chemical and fuel production.We
have described a solvent-based (organosolv) fractionation pro-
cess that affords a clean separation of woody biomass.6,7 Re-
cently, we have demonstrated that this process can also be used
for fractionation of switchgrass into its individual components,
including a lignin stream of high purity that we believe will be
useful for chemical production (manuscript in preparation). A
number of advantages have been reported for organosolv tech-
nology in comparison to more conventional pulping processes,8

including a more efficient removal of lignin9 and improved
performance of the cellulose fraction in downstream conversion
processes.10�12 However, relatively little information is available
regarding the structure of the lignin stream obtained from
switchgrass after organosolv separation.

One- and two-dimensional (1D and 2D) nuclear magnetic
resonance (NMR) spectroscopy has become an invaluable tool

for determining the structural features of lignin. Two-dimen-
sional experiments [heteronuclear multiple quantum coherence
(HMQC), heteronuclear single quantum coherence (HSQC),
heteronuclear multiple bond correlation (HMBC), and total
correlation spectroscopy (TOCSY)] used individually or com-
bined with other 1D and 2D techniques offer significant advan-
tages because of their ability to resolve highly overlapped
resonances into a clear roadmap describing the individual sub-
structural units comprising the lignin polymer. A number of
reports describe the use of NMR for structural determination of
native lignin in grasses and nonwoody plants or herbaceous
lignin isolated after biomass pretreatment. Elegant work from
Ralph's group relies on HSQC and HMQC experiments for
determining the mechanism of lignin biosynthesis in herbaceous
feedstocks and changes in lignin structure resulting from up- or
down-regulation of key regulatory enzymes.13�15 Quantitative
1D 13C and 31P NMR has been used to probe the structure of
lignin isolated from autocatalyzed high severity ethanol treat-
ment ofMiscanthus varieties.16 HSQC has been used to probe the
structure and level of esterification of the lignin C9 unit side chain
in ball-milled native lignins from several herbaceous plants.17,18

HSQC has also been used to track the effects of lignin content on
the fermentation of sugars derived from transgenic maize
stover.19 One- and two-dimensional HSQC spectra for ball-
milled switchgrass lignin isolated before and after dilute acid
pretreatment have been reported.20,21

Because of our interest in tailoring synthetic methodology for
the structural features present in lignin and the fact that lignin can
comprise nearly 20 wt % of herbaceous crops, we have used
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HMQC to probe the structure of switchgrass lignin samples
isolated from a series of solvent fractionation runs carried out
under different conditions of temperature and catalyst concen-
tration. To our knowledge, this report is the first 2D NMR study
on switchgrass lignin derived from a solvent-based biomass
fractionation process.

’MATERIALS AND METHODS

Feedstock AnalyticalMethods. Switchgrass (Panicum virgatum)
was collected from an established stand of Alamo variety grown in East
Tennessee, air-dried, and comminuted in a 100 knife mill to give material
approximately 1�200 in length.22 Two treatments of switchgrass were
analyzed as follows: fine (∼100 in length) and coarsely ground (∼200 in
length). Analysis for extractives, sugars, and Klason lignin was performed
using NREL protocol NREL/TP-510-4268.23 Compositional analysis
for ash was performed using NREL protocol NREL/TP-510-42622.24

Sugar analysis was carried out by high-performance liquid chromatog-
raphy (HPLC) using a Biorad Aminex HPX-87P column at 85 �C with
10 μL injections. Table 1 summarizes the results of the analysis.
Solvent Fractionation. Fractionation of switchgrass was carried

out as detailed elsewhere.6,7 Briefly, approximately 270 g of switchgrass
was loaded into a perforated Teflon basket and placed in a Hastelloy
C276 flowthrough pressure reactor. The reactor was sealed and placed
under vacuum for 30 min. A single-phase mixture of methyl isobutyl
ketone (MIBK), ethanol (EtOH), and water (16/34/50 wt %) in the
presence of a sulfuric acid catalyst was pulled into the reactor under
vacuum and heated to the fractionation temperature. Additional solvent
was pumped through the system into a collection tank for 56 min at a
rate sufficient to generate approximately 3.5�4.5 L of black liquor. Upon
completion of the run, the solvent remaining in the reactor was carefully
released into the collection tank. The reactor was cooled and opened,
and the Teflon basket containing the undissolved cellulose was removed.
Samples for NMR analysis were generated at three temperatures (120,
140, and 160 �C) and H2SO4 concentrations (0.025, 0.05, and 0.1M).
Lignin Recovery. Two methods were used to isolate lignin for

NMR analysis.
Method1—Extraction. The black liquor was mixed with 25% v/v

deionized water in a separatory funnel, shaken for 1 min, and allowed to
stand for 30 min to generate an aqueous and organic phase separated by a
thin emulsion. The aqueous phase was drained and collected. The organic
phase was filtered through a bed of Celite packed in a B€uchner funnel to
remove the emulsion. The lignin was isolated from the organic fraction by
solvent removal on the rotary evaporator. The resulting lignin residue was
triturated by adding diethyl ether, decanting the ether, and then pumping
under vacuumovernight. An additional fraction of lignin could be obtained
by a second extraction of the aqueous layer with 25% v/v MIBK, followed
by solvent removal and trituration. If a second extraction was used,
separate NMR spectra were collected for each lignin fraction.
Method 2—Salting Out. The black liquor was mixed with solid NaCl

(10 g/100 mL water contained in solvent mixture) in a separatory
funnel, shaken, and allowed to stand for 30 min to generate aqueous and
organic phases. The layers were separated, and the organic layer was
washed once with ∼50% v/v water. The layers were separated, and the

organic layer was washed a second time with ∼75% v/v water. Lignin
was isolated from the organic fraction by solvent removal on the rotary
evaporator. The resulting lignin residue was triturated with diethyl ether.
After the ether was decanted, the lignin was placed under vacuum. The
trituration step was repeated as necessary to give a free-flowing brown
powder. Ethanol contained in the combined aqueous fractions was
removed on the rotary evaporator to precipitate a second lignin fraction
that was isolated by filtration through a double layer of filter paper in a
B€uchner funnel and dried under vacuum to give a free-flowing brown
powder.
NMR Spectroscopy. Gradient HMQC-NMR measurements were

carried out on a Varian 400-MR spectrometer equipped with a broad-
band probe operating at 399.78 MHz for proton and 100.54 MHz for
carbon. A 100�120 mg amount of lignin was dissolved in 750 μL of
DMSO-d6 and filtered into an NMR tube through a small piece of
Kimwipe in a Pasteur pipet. Some samples isolated by extraction showed
partial solubility, while those isolated by salting out were always fully
soluble. The HMQC experiment used 512 increments and 32 scans/
increment in the F2 direction, giving a spectrum size of 1024� 1024. A
90� pulse with a pulse delay of 1.5 s, an acquisition time of 0.13 s, and a
one bond C�H coupling constant of 147 Hz were employed. Runs were
carried out at 25 �C without spinning and typically required about 16 h.
The free induction decays (FIDs) were transformed using Mnova,
version 6.2.1, and processed using a t1 noise reduction algorithm, a
third-order Bernstein polynomial baseline fit, and Lorentz-to-Gauss
apodization using an exponential function of �0.5 Hz and a Gaussian
function of 10 Hz in the F2 direction and an exponential function of
�10.0 Hz and a Gaussian function of 90 Hz in the F1 direction. All
spectra were referenced to the residual DMSO signal at 39.5/2.5 ppm.
Quantitative 13C spectra were measured using inverse gated decoupling
and a pulse delay of 11 s. Approximately 18000 scans were taken leading
to an experiment time of about 62 h. The FIDs were transformed using
Mnova, version 6.2.1, and processed using a Whittaker baseline fit and
Lorentz-to-Gauss apodization with an exponential function of 1.5 Hz
and a Gaussian function of 1.5 Hz. All spectra were referenced to the
residual DMSO signal at 39.5 ppm.

Each NMR sample was prepared identically, but because different
fractionation conditions and isolation methodologies lead to different
structural profiles, slight differences in peak positions are observed
between samples. Table 2 shows average peak locations within two
standard deviations observed for five characteristic lignin peaks across 31
different lignin samples. To account for this variance, the peak locations
described in this paper are rounded to the nearest ppm for 13C and the
nearest 0.1 ppm for 1H.
Nomenclature. Peak designations in this paper use conventional

labeling nomenclature employed for lignin C9 units (Figure 1A). Lignin
from grasses also contains significant amounts of conjugated, R,β-
unsaturated esters (Figure 1B). However, this commonly employed
nomenclature is the reverse of the R,β-designation used for lignin C9

units (Figure 1A). To avoid confusion, the convention shown in
Figure 1A is used exclusively. Substructural units containing the features
of Figure 1B are identified as conjugated esters. Individual monolignol
units are identified as P (para-hydroxyphenyl, to include coumaric acid
units), F (ferulic acid and esters), G (guaiacyl), and S (syringyl).

Table 1. Compositional Analysis of Starting Switchgrass Feedstocks

wt %

sample moisture content extractives ash Klason lignin total sugars glucose xylose

sample 1 (fine grind) 9.2( 0.5 10.8( 0.3 3.7( 0.2 17.9( 0.3 61.2( 0.8 33.3( 1.1 22.8( 1.4

sample 2 (fine grind) 6.7( 0.1 11.8( 1.7 3.6( 0.2 17.3( 0.6 65.5( 0.3 36.7( 0.5 23.3( 0.4

sample 3 (coarse grind) 7.8( 0.1 10.9( 1.1 3.7( 0.3 17.2( 0.2 61.5( 0.4 35.3( 0.4 21.8( 0.6
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’RESULTS AND DISCUSSION

Fractionation of Switchgrass and Lignin Isolation. To
approximate operating conditions expected in a commercial
biorefinery, the switchgrass was only minimally prepared prior
to fractionation. Samples of Alamo switchgrass were air-dried and
chopped into 1�200 lengths; however, extractives were not
removed nor were plant anatomical fractions (leaves, stems,
nodes, and internodes) separated. The process used for fractio-
nation of switchgrass is detailed elsewhere6,7 and was carried out
by percolating a single phase mixture of MIBK, EtOH, and H2O
(16/34/50 wt %, respectively) through a bed of switchgrass in a
pressure reactor at temperatures of 120, 140, and 160 �C and
H2SO4 concentrations of 0.025, 0.05, and 0.1 M to afford single-
phase black liquors containing dissolved lignin, hemicellulose,
and extractives. The separations can be classified according to the
combined severity constant Ro0, which combines the effects of
time, temperature, and acid concentration into a single value.25�27

Ro0 is defined as:

Ro
0 ¼ log Ro � pH

where Ro = (t)(exp
Tr�Tb/14.75) and t = time of fractionation, Tr =

temperature of fractionation, and Tb = baseline temperature,
typically 100 �C. Table 3 summarizes the fractionation severities
used to generate the samples examined in this paper.
Upon completion of the fractionation, the phase equilibrium

of the black liquor is disrupted through the addition of 25% (v/v)
water (method 1) or solid NaCl (method 2; 10 g/100 mL water
in black liquor), and an organic fraction enriched in lignin was
obtained (see Materials and Methods). The yield of lignin from
several fractionation runs is summarized in Table 4.

The solubility of the isolated lignin in the NMR solvent
(DMSO-d6) varied primarily as a function of the isolation
methodology. Extraction, although simple, gave lignin that was
only partially soluble from runs carried out at the low (120 �C/
0.05 M) and high (160 �C/0.1 M) severity extremes. However,
samples between these extremes generally exhibited complete or
nearly complete solubility. The total wt % yield of lignin was also
lower for samples isolated using extraction, although additional
lignin could be obtained by extracting the aqueous phase from
the initial black liquor separation with a second portion of MIBK.
The yields in Table 4 reflect the total wt % of lignin isolated
including any additional extraction stages, and separate NMR
spectra were taken for each lignin fraction extracted. In contrast,
the more complex salting-out isolation afforded lignins that were
always fully soluble in DMSO-d6 regardless of the fractionation
conditions. Lignin from salting out partitioned more equally
between the aqueous and the organic phases than that isolated by
extraction, and thus, separate NMRs for the organic and aqueous
lignin samples were collected. Again, the wt % yield in Table 4
represents the combined yield of lignin from both the aqueous
and the organic fractions. The final column of Table 4 shows the
yield of lignin based on the total amount of Klason lignin
determined from compositional analysis of the starting switch-
grass feedstock.
Structural Features of Native Herbaceous Lignin. The

HMQC spectra provide insight to the lignin deconstruction
processes that take place in switchgrass as a function of different
solvent fractionation temperatures and acid concentrations. As
with most organosolv processes, our fractionation operates
under prototypical solvolysis conditions. The switchgrass is
treated with excess nucleophilic solvents (EtOH and H2O) in
the presence of an acid catalyst at elevated temperatures, with
the added MIBK serving to improve dissolution of lignin and
facilitate lignin separation upon workup. Examination of lignin
biosynthesis identifies a wide range of sites potentially subject to
acid-catalyzed, solvolytic reactions. Lignin's biosynthesis and
substructural profile has been widely reviewed,28 but in brief,
lignin is constructed from three primary monolignols: p-hydrox-
ycinnamyl alcohol, coniferyl alcohol, and sinapyl alcohol
(Figure 2). Polymerization is initiated via biochemical hydrogen
abstraction from a monolignol to generate intermediate, highly
delocalized phenoxy radicals. Lignification results from oxidative
coupling of these reactive intermediates to give a complex
array of the different substructural units comprising the bulk
lignin polymer. In herbaceous biomass, lignin also incorporates
significant amounts of p-coumaric acid 1 and ferulic acid 2
(Figure 2, inset). Both acids can act as additional monolignols
and are incorporated into the polymer during oxidative coupling,
primarily at the R-carbon of the lignin side chain.29 Furthermore,
ferulic acid undergoes oxidative oligomerization, leading to
additional substructural units found in native lignin.30 This family
of acids is often esterified to hemicellulose sugars (illustrated in
Figure 2 as oligoxylose units), and their coupling to the lignin
polymer serves to cross-link lignin with cell wall polysaccharides31

at the periphery of the bulk polymer.19 para-Coumaric acid is also
incorporated through ester linkages at the γ-position of syringyl

Table 2. Ranges of Peak Locations for Five Characteristic Signals in Switchgrass Lignin (Two Standard Deviations)

C2,6/H2,6 in p-coumarate esters syringyl C2,6/H2,6 Cβ/Hβ in β-O-4 aromatic OMe high field alkyls

129.90( 0.44/7.52 ( 0.1 103.65( 0.22/6.67 ( 0.06 83.29( 0.24/4.32( 0.04 55.39( 0.4/3.74( 0.06 13.57( 0.24/0.85( 0.04

Figure 1. (A) Labeling convention for lignin C9 units used in this paper:
P (para-hydroxyphenyl), R1, R2 = H; G (guaiacyl), R1 = H, R2 = OCH3;
S (syringyl), R1, R2 = OCH3). (B) Standard convention for R,β-
unsaturated esters.

Table 3. Severities of Fractionations Used in This Study

acid concentration (M)/pH

temperature (�C) 0.025/1.35 0.05/1.0 0.1/0.7

120 0.99 1.34 1.64

140 1.58 1.92 2.22

160 2.16 2.51 2.81
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side chains where it is implicated in polymerization of syringyl
units late in lignin formation.32 From a chemical standpoint, any
of these resulting ether and ester linkages presents a suitable
target for acid promoted solvolytic reaction.
HMQC-NMRResults andMechanistic Implications.Figure 3A

shows theHMQCspectrum for a fully soluble lignin sample obtained
from the organic fraction of a separation carried out at 140 �C/0.05
M. For analysis, the spectra are divided into four partially overlapping

regions: a carbonyl region between 200 and 175/10.0�9.0 ppm
(13C/1H), an aromatic region between 160 and 90/8.0�6.0 ppm, a
side chain region between 110 and 50/6.0�2.5 ppm, and an alkyl
region between 50 and 10/3.0�0.5 ppm. Figures 3B�D show
subspectra of Figure 3A for the aromatic, side chain, and alkyl regions.
Table 5 summarizes the observed HMQC signals and their corre-
sponding peak assignments for all spectra collected in this study,
based on correlationwithmodel compounds, peak assignments from

Table 4. Summary of Individual Switchgrass Fractionation Runs and Lignin Yields

run no. H2SO4 (M) temperature (�C) lignin yield (wt %)a separation method solubilityd yield based on lignin in feedstock (%)

1 0.05 120 5.42 1 P 31.89

2 0.05 120 2.02 1 P 11.89

3 0.1 120 14.55 2 F 85.60

4 0.1 120 16.48 2 F 96.96

5 0.025 140 11.50 1b F 67.64

6 0.05 140 4.57 1 P 26.89

7 0.05 140 6.95 1 P 40.88

8 0.05 140 NDb 2 F NDb

9 0.1 140 13.01 2 F 76.51

10 0.1 140 10.90 2 F 64.10

11 0.025 160 14.08 1c F 82.81

12 0.025 160 16.40 1c P 96.47

13 0.05 160 11.46 1c F 67.40

14 0.05 160 15.02 1c F 88.38

15 0.1 160 8.46 1c e 49.79

16 0.1 160 13.49 1c e 79.35

17 0.1 160 12.55 2 F 73.83
aTotal yield of lignin after all extractions or isolated from all fractions. b Lignin collected from amultirun campaign—yields from each individual run were
comparable to other runs isolated using method 2. cAdditional lignin was obtained in a second extraction of the aqueous phase. d P = partial, and F = full.
eThe first fraction collected was partially soluble, and the second was fully soluble.

Figure 2. Schematic representation of the lignification process and the primary structural features present in herbaceous lignin (X = xylose).
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related lignin NMR studies, available databases, or commercial
software.15,17,33�36Accordingly, not all signals listed inTable 5 appear
in Figure 3, but all spectra contributing to Table 5 are included as
Supporting Information.
Overall, the NMR analysis reveals a relatively wide range of

conditions that lead to roughly similar HMQC spectra. Across
this range, a corresponding increase in the yield of lignin and in
the number and diversity of signals for typical lignin substruc-
tures is observed by HMQC. The spectra further reveal signals
consistent with acid-catalyzed nucleophilic and solvolytic reac-
tion of the lignin with the fractionation solvent, for example,
the gradual disappearance of β-O-4 linkages at increasing
fractionation severity or the appearance of alkoxy substitution

at the R-position of the lignin C9 side chain. Figure 4 sum-
marizes the major categories of structures identified from the
HMQC measurements detailed in the following sections, an
approximate indication of conditions resulting in their initial
appearance, and the point when the structures are no longer
observed.
Carbonyl Region. Peaks corresponding to aldehyde functional

groups are irregularly observed as weak signals at 191/9.8,
beginning at 120 �C/0.1 M. This region also periodically exhibits
an unidentified peak at 178/9.6 in several samples.
Aromatic Region. At the mildest fractionation conditions

(120 �C/0.05 M), HMQC spectra suggest that the dominant pro-
cess is release of units involved in cross-linking of lignin to cell

Figure 3. Typical HMQC spectra of switchgrass lignin from solvent fractionation. A, full spectrum; B, aromatic region subspectrum; C, side chain
region subspectrum; and D, alkyl region subspectrum.
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Table 5. Correlation Chart for Signals Observed in Switchgrass Lignin from Solvent Fractionation

typical signal location (13C/1H) assignment

carbonyl region

195.81/9.94; 188.98/9.55 aldehyde C/H

177.84/9.55 unidentified

aromatic region

155.36/8.30; 155.84/8.08; 148.55/8.08 C2,6/H2,6 in P units with R-carbonyl
144.51/7.60; 144.48/7.53; 143.87/7.56 CR/HR in conjugated esters

131.17/7.66 C2,6/H2,6 in P groups with esterified 4-OH

129.05/5.30; 126.62/5.12; 98.95/6.22 unidentified

129.59/7.46 C2,6/H2,6 in P units

128.25/7.67 C2,6/H2,6 in esterified at C-4

127.77/7.21; 129.82/7.25 C2,6/H2,6 in P with R-OH or OR

124.14/7.48; 122.59/7.52 G C6/H6 with carbonyl at R-position of side chain

122.72/7.09 F C6/H6

118.18/6.73 guaiacyl C6/H6

115.02/6.94; 115.24/6.78 G C5/H5; P C3,5/H3,5

114.86/6.41; 114.64/6.31 Cβ/Hβ in ferulates

111.91/6.68 C5 in G units etherified at C-4; C2 or C6 in phenylcoumarans

110.74/7.26 C2/H2 in esterified ferulates or free ferulic acids

110.63/6.90 G C2/H2

109.49/6.61 4-O-5

107.63/4.78 alkyl glycoside anomeric peak

106.79/7.22 S C2,6/H2.6 with carbonyl at R-position of side chain

104.35/6.90 unidentified

103.37/6.65 S C2,6/H2,6

side chain region

101.88/4.99; 101.38/4.76; 98.70/4.64;

98.48/4.60; 92.18/4.88

anomeric position in furanose rings

98.84/6.25 unidentified

86.89/5.47 CR/HR in phenylcoumaran

83.34/4.31 Cβ/Hβ in β-O-4

82.16/3.77; 80.02/3.96; 77.01/3.71;

76.79/3.82; 74.75/3.85

furanose OH

79.50/4.44 lignin-carbohydrate linkages

72.35/4.73 CR/HR in β-O-4

72.83/3.34; 71.66/3.20; 69.34/3.49 pyranose OH

66.99/4.11 γ-ethers

63.81/4.19; 63.66/4.34 Cγ/Hγ with esterified γ-OH

62.53/3.38 aryl glycerol

62.31/3.87 Cγ/Hγ in phenylcoumaran

62.48/3.63; 61.86/3.39 various Cγ/Hγ in side chain

59.54/4.04 Cγ/Hγ in P units

59.76/3.61; 59.90/3.31 Cγ/Hγ in β-O-4

55.72/4.51 unidentified

55.44/3.73 methoxy

55.43/2.94; 55.3/2.83 Cβ/Hβ in β-1

52.85/3.47 Cβ/Hβ in phenylcoumaran

alkyl region

51.57/2.29; 22.05/0.81 solvent

33.27/2.17 benzylic CH2

29.68/2.04; 29.44/2.07 alkyl groups R to a carbonyl and/or solvent

28.49/1.24; 26.29/1.99; 24.10/1.48 CH signals in extractives and aliphatic lignin chains

14.90/1.07; 13.54/0.84; 10.53/0.86 high field alkyls
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wall polysaccharides. Signals for C2,6/H2,6 and C3,5/H3,5 positions
in P units appear at 130/7.5 and 115/6.8. P units appear
particularly reactive to acid-catalyzed solvolysis as these peaks are
observed, albeit weakly, even for lignin samples isolated at 120 �C/
0.025 M. The C2,6/H2,6 signal in P units is sometimes flanked by
signals at 131/7.7 and 128/7.7, consistent with C2,6/H2,6 in P
groups esterified at the 4-position. These flanking peaks diminish
in intensity as fractionation severity is increased and disappear
completely at 160 �C/0.025 M. The C3,5/H3,5 signal for P units
overlaps with the corresponding C5/H5 signal in G units, but P
units appear to dominate fractionations carried out at 120 �C/0.05
M, as the G unit C2/H2 and C6/H6 signals at 111/6.9 and 118/6.7
are weak. F units are also observed at mild conditions, with C6/H6

and C2/H2 appearing at 123/7.1 and 111/7.3, respectively. The
presence of F and P units are supported by their side chain signals
for CR/HR at 145�144/7.6�7.5 and Cβ/Hβ between 115/
6.4�6.3. Signals for P and F units are persistent and continue to
appear under all fractionation conditions.
Beginning at about 120 �C/0.1 M or 140 �C/0.025 M (approx-

imately equal severities, Table 3), more extensive lignin disas-
sembly is observed, consistent with continued cleavage of cross-
linking units and initial solvolysis of the bulk lignin polymer.
Well-established, characteristic peaks for aromatic ring C/H
positions in G and S units appear (Table 4) and persist across
subsequent runs at increasing severity. Of particular interest are
signals consistent with introduction of oxygen at the R-position
of the side chain in each of the primary monolignols. Signals

at 149/8.1, 124�123/7.5, and 107/7.27 are consistent with the
C2/H2 or C2,6/H2,6 positions of P, G, and S units, respectively,
that possess a carbonyl group at the R-position of the side chain.
These signals first appear for G units at 120 �C/0.1 M, for S units
at 140 �C/0.025M, and for P units at 140 �C/0.1 M. The relative
strength of these signals varies as a function of isolation method
at lower temperatures and acid conditions but increases with
increasing fractionation severity. Alternatively, side chain oxyge-
nation occurs through the introduction of OH or OR groups at
the R-position of the lignin side chain as indicated by signals at
130/7.3 and 128/7.2 beginning at 120 �C/0.1 M. These signals
persist throughout fractionations carried out at increasing sever-
ity. A well-resolved signal appears at 109/6.6 beginning at
120 �C/0.1 M and persists through most subsequent fractiona-
tions. The location of this signal is consistent with the C2/H2

position of 4-O-5 structures bearing a side chain oxidized at the
R-position36 but requires more extensive investigation to verify
this assignment.
R-Oxygenation results from solvolysis of substructural units

within the bulk lignin polymer and is a likely primary path for
switchgrass fractionation (Figure 5). In the presence of acid and
aqueous EtOH, R-O-4 and β-O-4 units are cleaved to give either
intermediate enol ethers (3) or quinone methide structures (5).
Hydrolysis of 3 affords aryl ketone 4. Reaction of 5with EtOH or
H2O leads to introduction of hydroxy or alkoxy groups at the R-
position of the lignin side chain. Alternatively, conjugated P or F
units (6) may undergo acid-catalyzed Michael type additions

Figure 4. Summary of structures observed in HMQC evaluation of lignin samples from switchgrass as a function of fractionation conditions.
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of solvent, also leading to hydroxylation or etherification at
theR-position.37,38 At high severity (160 �C/0.05M and higher),
signals for the C6/H6 position in G units weaken in comparison
to the C5/H5 signals, suggesting that electrophilic reactions at the
aromatic ring may be occurring. Condensation with other aro-
matic units has been suggested as a possible reaction in organo-
solv treatments of biomass carried out under conditions more
severe than those reported here.39 Alternatively, the reaction
conditions are conducive to the electrophilic introduction of an
ethyl group (from EtOH). Further work is underway to verify the
presence of such structures.
Side Chain Region. Under mild conditions (120 �C/0.05 M),

the side chain region is initially populated only by the character-
istic aromatic ring OCH3 at 55/3.8 and a few signals correspond-
ing to the side chain Cγ/Hγ structures. The Cγ/Hγ signal in P
units is observed at 59/4.0 at the mildest conditions and persists
through most subsequent separations. Markedly greater com-
plexity is observed in this region as the severity of the fractiona-
tion increases. CR/HR signals for phenylcoumaran (β-5)
structures first appear at 120 �C/0.1M and are supported by cor-
responding Cγ/Hγ and Cβ/Hβ at 62/3.9 and 53/3.5, respec-
tively. These structures are observed in fractionations carried out
up to 140 �C/0.1 M but disappear by 160 �C/0.025 M. The CR/
HR signal frequently has two components, suggesting that related
structures are present, consistent with the ability of phenylcou-
maran structures derived from F unit oligomerization to be
incorporated into lignin.30 β-O-4 structures are first observed
at 120 �C/0.1M and are identified by the Cβ/Hβ signal at 83/4.3.
Signals for β-O-4 structures in S units are at 86/4.1 are normally
weak or absent. We attribute this to high levels of acylation at the
γ-OH group of the S unit side chains, which moves the Cβ/Hβ

signal to the location observed.40 The corresponding CR/HR are
observed at 71/4.8 and 71/4.9. Cγ/Hγ signals are seen at 60/
3.6�3.3. β-O-4 structures reach a maximum in runs carried out
between 140 �C/0.05�0.1 M and then decrease. The signals are
weak or absent in runs carried out at 160 �C. Cleavage of β-O-4

bonds takes place via the mechanism shown in Figure 5, and the
gradual increase and prominence of signals corresponding to R-
oxygenation of the lignin side chain are consistent with this process.
A wide range of different signals for the Cγ/Hγ position of the

side chain are observed as a complex set of signals between 67
and 59/4.0�3.3. This observation is not surprising as each posi-
tion present in the side chain of the monolignols is subject to
solvolytic cleavage and subsequent reaction. Prototypical signals
for this position of the side chain are observed beginning at
120 �C/0.1M and are generally present thereafter. Different sub-
stitution patterns on the side chain are observed. Diffuse signals
at 64/4.2 and 64/4.3 appear frequently starting at 120 �C/0.1 M
H2SO4 and are consistent with esterified γ-OH groups on the
side chain. The formation of γ-ethers as an alternate substitu-
tion is suggested by a signal at 67/4.1, prominent in many
samples. The presence of aryl glycerols is suggested by the
signal at 63/3.4.
Several fractionations exhibit a variety of peaks that we assign

to carbohydrates based on comparison to reported 2D NMR
analysis of other lignins and predictions using commercial soft-
ware (Figure 6). Carbohydrate structures first appear at 120 �C/
0.1M, with the greatest diversity and number of signals appearing
at 140 �C/0.05 M. Subsequent runs at higher severity show a de-
clining number of peaks until they have largely disappeared at
160�/0.1 M. The large number of peaks in these regions makes
assignment to specific structural features difficult but show
increasing amounts of solvolysis and release of both pentose
and hexose structures likely involved in cross-linking of lignin to
the switchgrass cell wall.
Signals for the anomeric position of carbohydrate-containing

structures appear at 110�90/6.2�4.5 ppm. Signals observed
in the range of 84�74/4.0�3.6 ppm are primarily associated
with furanose sugars, while those between 78 and 68/3.5�
2.9 ppm are primarily associated with pyranose sugars.17,41,42

The furanose signals appear more frequently than those for the

Figure 5. Solvolytic mechanisms for introduction of oxygen into lignin side chains.
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pyranose sugars; however, this may be a function of differences in
the lignin isolation procedure.
Alkyl Region.Lignin samples isolated at low severity (120 �C/

0.05 M) exhibit a significant number of peaks in the alkyl region,
while the other spectral regions are more sparsely populated.
These peaks are maintained through all subsequent fractiona-
tions. High field peaks observed at 15�14/1.1�0.9 are consis-
tent with aliphatic methyl and methylene groups in the lignin
propyl side chain, and several spectra reveal the presence of a
series of well-resolvedmethyl groups at 21�11/0.9 ppm. Specific
signals at 19/0.9�0.8 have been assigned to ethoxy groups,
consistent with other peaks present in aromatic region resulting
from EtOH addition to benzylic position.39 Signals at 24/1.5 and
29/1.2 are associated with extractives present in the starting
feedstock and appear at most fractionation conditions. Such
peaks are expected, as the starting feedstock was not treated to
remove extractable material prior to fractionation. Peaks appear-
ing between 33 and 24/2.3�1.9 are likely CH2 groups R to
carbonyl groups, consistent withR-O-4 and β-O-4 cleavages, and
the production of Hibbert-like ketones.43 These signals appear at
higher severities and are consistent with the corresponding peaks
for R-side chain oxidation present in the aromatic region of the
spectrum.
Quantitative 13C Measurements. Quantitative 13C was used

to measure the relative population of several peak clusters in fully
soluble switchgrass lignin samples isolated by salting out. The
solvent fractionated material was then normalized to values
recently reported for ball-milled switchgrass lignin20 to determine
which structural units were affected during the fractionation
process (Table 6). The cluster at 162�140 ppm (oxygenated
aromatic carbons, CR in F and P units) was used as the baseline.
The greatest changes occur for those peak clusters most

sensitive to the solvolytic conditions of the fractionation. In

all lignin samples from the organic fraction, fractionation reduces
the relative amount of material in the 123�102.5 ppm cluster,
assigned to aromatic C�H groups and the Cβ in F and P units.
However, this relative amount changes little as the severity of the
fractionation increases. Because these structures are not likely to
undergo solvolytic reactions during the fractionation, the differ-
ences may be due to the composition of the starting switchgrass
feedstock. The ball-milled material was reported to have 22.7%
lignin, while the switchgrass in this study contained only 17%
lignin. Similarly, the relative amount of material in the 65�
58 ppm cluster, assigned to the Cγ in β-O-4 and esterified P units,
is slightly elevated but remains relatively constant at different
severities. In contrast, the relative amount of material in the 88�
77 ppm cluster, assigned to the Cβ in β-O-4 and the CR in β-5, starts
at levels comparable to ball-milled material but ultimately drops
to a much lower level at high severities, consistent with the higher
reactivity of these units under solvolysis conditions. The 77�
65 ppm cluster, assigned to CR in β-O-4 and xylan ring C�OH,
begins at a much lower relative level than in ball-milled lignin. As
our process is designed to separate the cellulose and hemicellu-
lose from the lignin, this difference probably reflects a higher
amount of carbohydrate retained in the ball-milled material.
HSQC measurements of ball-milled switchgrass lignin confirm
this significantly higher level of carbohydrate, which is also
observed even after a dilute acid treatment.21 These results
support our earlier observations that solvent treatment is significantly
more effective at removing carbohydrates from the lignin fraction.7

Additional experiments are underway to more completely integrate
these results with mechanisms of lignin deconstruction and release
from the cell wall.
Impact of Lignin IsolationMethods on Spectra.Both lignin

isolation methods used in this study generate multiple samples
for NMR analysis, but differences in the HMQC spectra for the

Figure 6. Carbohydrate signals observed in HMQC spectra at 140 �C/0.025 M H2SO4.
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two methods are generally slight, that is, a single spectrum from
extracted lignin is normally a composite of the spectra obtained
for the aqueous and organic samples obtained by salting out,
even for samples that display reduced solubility in DMSO-d6.
However, differences are observed for multiple spectra ob-
tained for a given separation method. For example, lignin
isolated at low to intermediate severity exhibits peaks for P
units at 130/7.5, periodically accompanied by peaks for ester-
ified P units at 131/7.7 and 128/7.7. These flanking peaks
appear only with the aqueous lignin for samples isolated by
salting out. Furthermore, carbohydrate-containing fragments
in samples isolated by salting out are more prominent in the
organic lignin than the aqueous, suggesting that the addition of
salt may be effective in forcing marginally soluble components
into the organic fraction. When extraction is used to isolate
lignin from high severity runs, the initially extracted material
exhibits an HMQC spectrum with relatively few features.
However, material isolated after a second extraction step
generally exhibits signals prototypical for normal lignin samples.
We currently believe that this observation suggests a greater
amount of lignin structural degradation occurs at higher severities
and that a second extraction is needed to remove fragments of
lower molecular weight from the aqueous component of the black
liquor. These differences indicate that the separation methodology
may be adapted to promote a more selective separation of the
lignin; however, these results are preliminary and still under
development.
HMQC analysis of lignin isolated from solvent fractionation

at different temperatures and acid concentrations gives insight
as to the mechanism of lignin deconstruction and the functional
group profile that may be exploited in downstream conversion
to chemicals and fuels. The spectra are consistent with a
progressive deconstruction of the lignin, in which structural
units involved in cross-linking and capping of the bulk lignin
polymer are removed first, followed by increasing levels of acid-
catalyzed, solvolytic cleavage of the bulk lignin. The results
continue to confirm that in our system, fractionation condi-
tions between about 120 �C/0.1 M and 160 �C/0.025 M offer
the best opportunity for use in the biorefinery, and the ability to
generate separate process streams most suitable for biobased
fuel and chemical production. If lower severities are employed,
poor lignin removal is observed. Operation at higher severities
gives increased lignin fragmentation but a possibly overall
poorer separation of the lignin and carbohydrate components,
as well as a severe discoloration of the isolated cellulose. Work
is continuing to develop conditions for more selective fractio-
nation and isolation of potentially valuable low molecular
weight lignin components and to quantify differences in com-
position of lignin obtained from different workup methods.
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