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NMR analysis of plant cell walls
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A bi-solvent system consisting of perdeuterated pyridinium
molten salt and DMSO-d6 (dimethyl sulfoxide-d6) has
been developed for direct dissolution and nuclear magnetic
resonance (NMR) analysis of plant cell walls, which will
shed a new light on efficient detailed structure of the plant
cell walls and benefit lignin engineering for biofuel and
biomaterial research.

Increasing societal demand for sustainable development has led
to considerable efforts in the search for renewable energy and
materials, especially as concerns related to energy security and
climate change continue to grow.1 Substantial efforts are being
made to establish processes that transform differing sources of
biomass into liquid fuels and chemicals as viable alternatives to
nonrenewable petroleum resources.2 To address this challenge,
research attention has been directed towards a better under-
standing of plant cell wall structures and their constituents which
are composite materials consisting of cellulose, hemicelluloses
and lignin.3 Extensive research has been focused on lignin2,4

due to its being a major obstacle in chemical pulping, forage
digestibility, and processing of plant biomass to biofuels. Recent
developments in the genetic engineering of lignin’s biosynthetic
pathway5 provide new avenues to rationally designing bio-energy
crops with improved processing properties by either reducing
the amounts of lignin present or providing a lignin that is easier
to degrade. As new plants with differing variations in lignin
structure are developed, the need for rapid, high-resolution
analysis of lignin becomes a pressing research issue.

Recently, Ralph and co-workers6 have reported a 2D NMR
analysis of non-derivatized ball-milled plant cell walls solubi-
lized in a 4 : 1 mixture of DMSO-d6 and 1-methylimidazole-d6.
This methodology provides a direct and accurate approach for
the characterization of lignin and hemicellulose in plant biomass
and was applied to samples of loblolly pine, quaking aspen
and kenaf. This approach is notable since it precludes the need
for lengthy, low-yielding lignin extraction protocols. The key
to liquid NMR analysis of plant cell material is the efficient
dissolution of ball-milled plant cell walls in a perdeuterated
NMR solvent system.

Ionic liquids composed entirely of ions with low melting
points have emerged as promising and versatile solvents for
various research and industrial applications.7 Since Rogers

School of Chemistry and Biochemistry, BioEnergy Science Centre,
Institute of Paper Science and Technology, Georgia Institute of
Technology, Atlanta, Georgia, 30332, USA.
E-mail: Arthur.ragauskas@chemistry.gatech.edu; Fax: (+1)
404-894-4778; Tel: (+1) 404-894-9701

and co-workers’ initial reports that ionic liquids can dissolve
biomass, such as cellulose and wood sawdust,8 the application of
these solvents to various biomass research efforts has grown sub-
stantially. In particular, imidazolium chloride ionic liquids, such
as [bmim]Cl and [Amim]Cl, and imidazolium phosphonate have
been successfully used as green solvents for functionalization
or pretreatment of biomass.9,10 Our group has recently demon-
strated that imidazolium type ionic liquids [mmim][OSO3Me],
[bmim][OSO3Me], and [hmim]OTf are especially well suited to
dissolve lignin for NMR analysis.11

Despite wide applications of imidazolium ionic liquids (see
Fig. 1) as the solvents for biomass dissolution and function-
alization, the tedious multi-step synthesis of perdeuterated
imidazolium ionic liquids12 has limited their application in
biomass NMR characterization. To the best of our knowledge,
the use of pyridinium molten salts for dissolving the biomass
has not been reported. These ionic liquids are particularly
interesting as unique NMR solvents due to the easy accessibility
of perdeuterated pyridinium salts via commercially available
pyridine-d5. With the aim to develop a fast and accurate NMR
characterization of plant cell walls via a perdeuterated ionic
liquid solvent system, herein we report the first perdeuterated
pyridinium ionic liquid/DMSO-d6 bi-solvent system for direct
dissolution and NMR analysis of the Wiley milled and ball-
milled plant cell walls. This research will also shed a new light
on the detailed structure of the plant cell walls.

Fig. 1 Structures of imidazolium and pyridinium salts.

To facilitate the search of a suitable perdeuterated pyridinium
salt for direct biomass dissolution and NMR analysis, four
pyridinium ionic liquids (2a–2d, see Fig. 1) were investigated
for biomass dissolution with DMSO-d6 as co-solvent and ball-
milled poplar as the model sample. Due to the pyridinium salt’s
high melting point, the co-solvent DMSO-d6 was used to render
the sample able to be dissolved at a lower temperature and
facilitate NMR analysis by reducing viscosity of the resulting
mixtures. A mixture of 1 : 2 [Apyr]Cl (1-allylpyridinium chloride,
2a) and DMSO-d6 (1.00 g) was found to dissolve 35 mg
ball-milled poplar at 60 ◦C in 1 h as the suspended poplar
particles disappeared and a homogeneous solution resulted, with
increased viscosity and coloration of the solution. Furthermore,
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Table 1 Solubility of biomass in ionic liquid/DMSO-d6 bi-solvent
systema

Ionic Liquid (IL) IL : DMSO-d6 Biomass Time/h
Solubility/
mg g-1

[Apyr]Cl 2a 1 : 2 Poplarb 1 35
[Apyr]Br 2b 1 : 2 Poplarb 6 <5
[Cmpyr]Cl 2c 1 : 2 Poplarb 1 70
[Hpyr]Cl 2d 1 : 2 Poplarc 1 80
None — Poplarb ,c 6 —
[Cmpyr]Cl 2c 1 : 2 Poplard 6 70
[Hpyr]Cl 2d 1 : 2 Poplard 6 80
[Cmpyr]Cl-d7 2c¢ 1 : 2 Poplarb 1 70
[Hpyr]Cl-d6 2d¢ 1 : 2 Poplarb 1 80
[Hpyr]Cl-d6 2d¢ 1 : 2 Poplard 6 80
[Hpyr]Cl-d6 2d¢ 1 : 2 Switchgrassd 6 100

a In all experiments dry biomass dispersed in 1.0 g bi-solvent system
consisting of pyridinium salt and DMSO-d6 was stirred at 60 ◦C under
nitrogen for specific time except where indicated. b Sample was the ball-
milled biomass. c The mixture was heated at 80 ◦C. d Sample was non-
ball-milled biomass (20 mesh).

direct 1H and 13C NMR analysis of the dissolved poplar solution
supported this claim, as the spectral data contained signals
readily attributed to lignin and polysaccharides. In contrast,
the use of [Apyr]Br (1-allylpyridinium bromide, 2b) to replace
[Apyr]Cl led to significantly reduced solubility of poplar under
identical conditions (<5 mg g-1).

It is therefore clear that chloride as the ionic liquid anion
is crucial for our present system, which agrees with Rogers’
speculation that chloride is highly effective in interrupting
the extensive hydrogen-bonding cellulose network presented
in plant cell walls. In view of these promising results, we
investigated additional pyridinium ionic liquids [Cmpyr]Cl
(cyanomethylpyridinium chloride, 2c) and [Hpyr]Cl (pyridinium
chloride, 2d) for the bi-solvent system. Compared with [Apyr]Cl
as the ionic liquid, both [Cmpyr]Cl and [Hpyr]Cl were found to
significantly increase poplar’s solubility, as shown in Table 1.
Further control experiments showed that in the absence of
pyridinium chloride [Cmpyr]Cl or [Hpyr]Cl, no dissolution of
poplar can be detected by direct NMR analysis even under
elevated temperature and prolonged heating. Thus, the presence
of the pyridinium chloride salt is crucial for the dissolution of
the ball-milled sample.13

Subsequent studies demonstrated that the non-ball-milled
poplar sample (an average particle size of 20 mesh by Wiley
mill) exhibited paralleled solubility in 1 : 2 [Cmpyr]Cl/
DMSO-d6 or [Hpyr]Cl/DMSO-d6 system, though a prolonged
time of 6 h is needed to dissolve the sample. It is noteworthy
to stress that the dissolution of Wiley milled biomass is of
exceptional interest, since ball-milling has been reported to
induce some chemical changes in the structure of lignin.14,15

At this stage, perdeuterated [Hpyr]Cl-d6 2d¢ was prepared from
pyridine-d5 (see Fig. 2), and the perdeuterated bi-solvent system
consisting of 1 : 2 [Hpyr]Cl-d6/DMSO-d6 was tested for direct
dissolution and NMR analysis of plant cell walls.16

The 1H NMR spectra of both ball-milled and Wiley milled
poplar samples dissolved in the [Hpyr]Cl-d6/DMSO-d6 system,
as shown in Fig. 3a and 3b, serve to illustrate signals from both
lignin and polysaccharides.17 Furthermore, both ball-milled and
Wiley milled poplar samples showed parallel 13C spectra, as

Fig. 2 Preparation and 1H NMR spectra of [Hpyr]Cl-d6 (in DMSO-d6

with 99.9 atom% D).

Fig. 3 1H NMR spectra of biomass solution after dissolving poplar in
1 : 2 pyridinium molten salt/DMSO-d6 (1.0 g) at 60 ◦C. (a) Ball-milled
poplar (80 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6; (b) Wiley milled poplar
(80 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6; (c) Wiley milled switchgrass
sample (100 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6.

presented in Fig. 4a and 4b.18 The signals at d 61.5, 74.1, 75.8,
76.9, 80.1, and 103.0 ppm were in part attributed to cellulose.
Whereas, the lignin methoxyl group corresponded to the signal
at d 57 ppm and d 58–88 ppm can be attributed, in part,
to Cb in b-O-4, Cg/Ca in b-O-4, b-5, and b-b. The signal at
d 106 ppm was attributed to C2/6 resonance of syringyl-like
lignin structures, and between 110 and 120 ppm to C2, C5 and
C6 resonance of guaiacyl-like lignin structures (see Fig. 5 for
structure of cellulose, b-O-4, b-b, syringyl and guaiacyl-like
lignin structures). In addition, 1H and 13C NMR analysis of
Wiley milled switchgrass revealed similar spectral data, as shown
in Fig. 3c and Fig. 4c.

Fig. 4 13C NMR spectra of sample solution after dissolving biomass
sample in 1 : 2 pyridinium molten salt/DMSO-d6 (1.0 g) at 60 ◦C.
(a) Ball-milled poplar (80 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6; (b) Wiley
milled poplar (80 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6; (c) Wiley milled
switchgrass (100 mg) in 1 : 2 [Hpyr]Cl-d6/DMSO-d6.

Switchgrass lignin contains a typical HGS lignin that can be
readily analyzed by HSQC NMR. The HSQC spectra of the
plant cell wall are summarized in Fig. 6 to illustrate the aliphatic
side chain and the aromatic ring13C-1H correlations of the lignin
component, by comparing with the literature data.19 The main
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Fig. 5 Structures of cellulose and sub-lignin units.

Fig. 6 2D HSQC spectra of switchgrass solution after dissolving
100 mg Wiley milled sample in 1 : 2 [Hpyr]Cl-d6/DMSO-d6 (1.0 g) at
60 ◦C.

cross signals in the aromatic region correspond to syringyl-
like (S) and guaiacyl-like (G) units which appeared separately.
The S unit cross peaks for the C2,6/H2,6 (S2/6) correlation
appear at dC/dH 104.7/6.8 ppm. The G units showed different
correlations at dC/dH 112.1/6.9, 115.8/6.7, 119.4/6.9 ppm for
C2/H2 (G2), C5/H5 (G5) and C6/H6 (G6), respectively, as
shown in Fig. 6. Strong correlation signals at dC/dH 130.5/7.4
and 128.9/7.1 ppm were observed to reveal the presence of
p-hydroxyphenyl (H in Fig. 5) unit. In addition, the HSQC spec-
tra clearly revealed correlation signals at dC/dH 114.0/6.4 ppm
(Db) and 145.9/7.4 ppm (Da) from p-coumarate and ferulate
(Fig. 5), which agree with the report that the grass lignin
contains p-coumarate and ferulate units.20 In the aliphatic (side
chain) region of lignin, the cross signal for methoxyl group was
the most prominent at dC/dH 57.3/3.7 ppm with a significant
amount of b-O-4 substructures (A in Fig. 5) as observed for
a-, b- and g-C positions at dC/dH 74.5/4.5, 84.8/3.8, and
60.0/3.6 ppm, respectively. The presence of phenyl coumaran
substructures (B in Fig. 5) was confirmed by C–H correlations
for dC/dH 63.8/3.9 ppm. Similarly, the Wiley milled poplar
sample also affords satisfactory HSQC spectra, as shown in
Fig. 7.

Fig. 7 2D HSQC spectra of poplar solution after dissolving 80 mg
Wiley milled sample in 1 : 2 [Hpyr]Cl-d6/DMSO-d6 (1.0 g) at 60 ◦C.

The unique properties and easy preparation of perdeuterated
pyridium molten salt [Hpyr]Cl-d6 offer significant benefits over
imidazolium molten salts for NMR analysis of plant cell walls.
Most importantly, the use of non-ball-milled samples in our
present method can provide a more efficient and accurate
characterization of lignin in the plant cell walls. Future appli-
cations of this novel ionic liquid based solvent system include
the determination of lignin content and HSG ratio of lignin
via direct dissolution and NMR analysis of the plant cell
walls.

Experimental

Materials

Poplar and switchgrass were procured from the National Re-
newable Energy Laboratory (NREL), which were Wiley milled
to pass a 20-mesh screen. The samples were air dried overnight
and then Soxhlet extracted with a benzene–ethanol (2 : 1, v/v)
mixture for 24 h followed by an additional 24 h ethanol
extraction. The extracted residue was air-dried overnight and
then dried to constant weight under vacuum before use. Ball
milled samples are prepared by rotary ball-milling in a porcelain
jar with ceramic balls for 7 days. DMSO-d6 (99.9 atom% D),
pyridine-d5 (99.5 atom% D), methanol-d4 (99 atom% D) and all
other solvents and reagents were obtained from Sigma–Aldrich.

Plant cell walls dissolution

Dry cell wall sample (ball-milled or Wiley milled), 1.00 g mixture
of 1 : 2 IL/DMSO-d6 (DMSO-d6, 99.9 atom% D) and spin bar
(10 mm ¥ 3 mm) were added to 10 mL vial, and the mixture was
flushed with nitrogen and then capped. After being vigorously
stirred in a 60 ◦C (or 80 ◦C) oil bath for the specific time, the
solution was transferred to a 5 mm NMR tube, flushed with
nitrogen, and then capped before NMR analysis.

NMR characterization

All one-dimensional qualitative 1H and 13C NMR spectra were
acquired using a Bruker Avance/DMX 400 MHz spectrometer.
1H (400 MHz, 256 scans) and 13C NMR (100.59 MHz, 12288
scans) was operated at 323 K for each sample. Two-dimensional
HSQC NMR correlation spectra were recorded in a Bruker

1764 | Green Chem., 2009, 11, 1762–1766 This journal is © The Royal Society of Chemistry 2009
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DRX 500 spectrometer. The HSQC analysis was performed
using a standard Bruker pulse sequence with a 90◦ pulse, 0.11 s
acquisition time, a 1.5 s pulse delay, a 1JC-H of 145 Hz and
acquisition of 256 data points.

Synthesis and characterization of ionic liquids

The general preparation procedure of pyridinium salts 2a–c,
and [Cmpyr]Cl-d7 2c-d7 is as follows: to a dry toluene (10 mL)
solution of chloroacetonitrile-d2 (1.5 g, 20 mmol), pyridine-
d5 (1.68 g, 20 mmol) was added dropwise under nitrogen
atmosphere at room temperature. The reaction mixture was
stirred with reflux at 110 ◦C for 12 h. After removal of
toluene under reduced pressure, the resulting solid was washed
with an excess amount of anhydrous diethyl ether repeatedly.
The residual solid was dissolved in dichloromethane, and the
resulting solution was passed through a column filled with
neutral activated alumina. After removal of dichloromethane,
residual solid was dried in vacuo at 60 ◦C for 24 h to give 2.70 g
[Cmpyr]Cl-d7 2c¢ as a grey solid in 85% yield.

The preparation precedure of 2d¢ [Hpyr]Cl-d6 is described
as follows: a mixture of methanol-d4 (1.44 g, 40 mmol) and
pyridine-d5 (3.36 g, 40 mmol) in 20 mL anhydrous diethyl ether
was added into 50 mL round bottom flask and stirred in ice water
for 2 min. Then, a solution of acetyl chloride (3.14 g, 40 mmol)
in 5 mL anhydrous diethyl ether was added into the reaction
mixture in 5 min. The reaction mixture was stirred for 30 min
and filtered to get the white solid, which was further purified
in vacuo to remove the trace amount of diethyl ether to afford
4.37 g pyridinium chloride-d6 in 90% yield.
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