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ABSTRACT: Free-electron lasers that oscillate in the infrared (IR)
range of 1000 (10 μm) to 4000 cm−1 (2.5 μm) were applied to
irradiate solid-phase polysaccharides and aromatic biomacromole-
cules. Synchrotron radiation IR microscopy (SR-IRM) and
electrospray ionization mass spectroscopy (ESI-MS) analyses
showed that N-acetyl glucosamine was isolated from the powdered
exoskeleton of crayfish by irradiation at 1020 cm−1 (9.8 μm),
resonating with the C−O stretching mode (νC−O). Irradiation at
3448 cm−1 (2.9 μm), which is resonant with the O−H stretching
vibration (νO−H) of sulfonated lignin, dissociates the aggregate
state and releases coniferyl aldehyde substituted with sulfinate, as
shown by scanning electron microscopy, terahertz-coherent edge
radiation spectroscopy, SR-IRM, and ESI-MS. These vibrational
excitation reactions proceed at room temperature in the absence of solvent. Current and previous studies have demonstrated that
intense IR lasers can be used as versatile tools for unveiling the internal structures of persistent biomacromolecules.

1. INTRODUCTION
Many types of biological and organic molecules give rise to
mid- and near-infrared (IR) absorption bands from 1000 to
4000 cm−1 (= 2.5 to 10 μm), representing various stretching
and bending vibrational modes (Figure 1). For example, C=O

stretching, N−H bending, H−C−O bending, and O−H
stretching vibrational modes appear at 1600−1800 cm−1

(5.5−6.0 μm), 1400−1600 cm−1 (6.0−7.0 μm), 1200−1300
cm−1 (≈7.5 μm), and 2500−3000 cm−1 (3.0−4.0 μm),
respectively.1−3

When vibrational excitation (VE) energy is applied to a
molecule with a corresponding resonant wavelength, the

chemical bond can be cleaved if the VE energy exceeds the
bond energy. This phenomenon is known as IR multiphoton
dissociation (IRMPD)4−6 and can be caused by IR free-
electron lasers (IR-FELs).7−9 IR-FELs are accelerator-based
picosecond-pulse lasers that can be oscillated by a strong
interaction between a high-speed electron beam and
synchrotron radiation generated in a periodic magnetic field
(Figure 2).10,11

A remarkable feature of IR-FELs is their ability to excite
vibrational modes with high photon density, which allows us to
alter the chemical structure of various molecules in gas-phase
chemicals, biological matter, and organic materials. In recent
years, several experimental and theoretical studies using IR-
FELs have been performed, including the ablation of biological
tissues,12,13 structural dynamics of biomolecules,14−16 chemical
reactions in the gas phase,17 and spectroscopic imaging
analyses.18,19

We tested the IR-FELs on several biomacromolecules,
including peptide fibrils,20 melanin pigments,21 cellulose
fibers,22 and alkaline lignin.23 These biopolymers were all
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Figure 1. Various vibrational modes in the near- and mid-IR region
from 1000 to 4000 cm−1 (below) and 2.5 to 10 μm (upper).
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degraded by mode-selective irradiations of the IR-FELs tuned
to the specific wavelength of each compound under
atmospheric conditions. The β-sheet stacking conformation
of peptide fibril dissociates by the irradiation at amide I (6.1−
6.2 μm),20 melanin decomposes to release the pyrrole ring by
irradiation at 5.8 μm (νC = O),21 cellulose fragments to
produce low-molecular-weight oligosaccharides via two-step
irradiations at 9.1 μm (νC−O) after 7.2 μm (δH−C−O) or
3.5 μm (νC−H),22 and alkaline lignin is degraded by
irradiation at 2.9 μm (νO−H) and 7.1 μm (νC = C, νC−C).23

Here, we expanded the applicability of IR-FELs to other
biomacromolecules to demonstrate the versatility of intense IR
lasers in decomposing persistent biomacromolecules. Chitin is
the main component of the outer shell of crustaceans, and its
tough polymeric structure is composed of N-acetylglucosamine
residues.24,25 Sulfonated lignin (SL) is a waste material
produced before alkaline treatment during industrial pulp
preparation.26,27 For chitin degradation, enzyme-mediated
hydrolysis of glycoside bonds and various bacteria are known
to degrade the carbohydrate structure.28−30 To decompose
lignin, metabolic enzymes in microorganisms and chemical
degradation using organic peroxides and ionic liquids have
recently been developed.31−34 In this study, we demonstrate a
unique approach using a linear accelerator distinct from
biological systems or chemical catalysis.

2. MATERIALS AND METHODS
2.1. Materials. Shrimp shell chitin was purchased from

Sigma-Aldrich (St. Louis, MO, USA). N-Acetyl-D(+)-glucos-
amine was purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). Crayfish exoskeletons were
prepared as follows: Adult crayfish (Procambarus clarkii)
were collected from local ponds and maintained in separate
plastic containers under a dark/light cycle of 12 h/12 h, and
fresh water was changed during feeding. Five molting shells
were collected and stored at − 25 °C in a refrigerator until use.
SL was obtained from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). It is primarily produced from wood via
sodium sulfite treatment.
2.2. IR-FEL Irradiation Systems. We used the KU-FEL at

Kyoto University for mid-IR FEL (MIR-FEL) at 7.1 and 9.8
μm,35,36 and the FEL oscillation system at Nihon University
(LEBRA-FEL) was employed for near-infrared FEL (NIR-
FEL) at 2.9 and 5.0 μm.37,38 The oscillation system and
irradiation setup are described in detail in the Supporting
Information (Figures S1 and S2). The laser power ranged from
5 to 25 mJ, and the beam diameter was set to approximately
200−400 μm above the sample surface by using a parabolic

mirror for MIR-FEL and a focusing lens made of CaF2 (f = 100
mm) for NIR-FEL. To irradiate the outer shell of the crayfish,
one solid arm was mashed in a mortar, and the resulting
powder (ca. 50 mg) was placed in a 5 mL triangular flask
(Figure 3A). For SL, the sample powder (5−10 mg) was added

to a glass column (2 cm in diameter and 5 cm in length)
(Figure 3B). In both cases, the IR-FEL was irradiated vertically
for 10 min at room temperature. The sample bottle was shaken
horizontally several times to allow the radiative energy to
penetrate the powder.
2.3. Synchrotron Radiation-Infrared Microscopy (SR-

IRM). BL6B synchrotron radiation-based IR microscopy was
used at the UVSOR.39 The instrument was composed of an
IRT-7000 IR microscope combined with an FT/IR-6100 series
spectrometer (Jasco Co.), which covers the wavenumber range
of 350−15,000 cm−1 (45 meV−1.8 eV). The mid-IR spectra
were measured using a Michelson-type interferometer in
reflection mode and scanning 128 times. The sample powder
(≈10 mg) was suspended in water (1 mL), and the mixture
(20 μL) was placed on a metal coating plate. After drying, the
plates were placed on a horizontally mutable stage.
Observations were made using a 16 × Cassegrain lens with
an aperture of 50 μm × 50 μm. The IR spectra were recorded
from 700 to 4000 cm−1.
2.4. Liquid Chromatography Electrospray Ionization

Mass Spectroscopy (ESI-MS). A Prominence LXQ instru-
ment (Shimadzu Thermo Fisher Scientific, Kyoto, Japan) was
used. The mass chromatography condition was as follows: For
chromatography, a sugar-D column (Nacalai Tesque, Kyoto,
Japan) with dimensions of 4.6 × 150 mm and particle size of
5.0 μm was used. The elution was performed using 20% water

Figure 2. IR-FEL oscillation system. The system consists of three
major parts: a linear accelerator, periodic magnetic field, and optical
cavity. The IR-FEL beamline was transported through a reflective
mirror to the laboratory in the experimental room.

Figure 3. Experimental scheme from sample preparation to structural
analysis. (A) Crayfish arms. (B) SL.
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and 80% acetonitrile. The flow rate was 1.0 mL/min, the
column temperature was 30 °C, and the sample size was 10 μL.
The MS spectrum was acquired with the following parameters:
electrospray voltage, 6.0 kV; temperature of ion transfer tube,
320 °C; and mass range of 100−2000 m/z. Sample powders
were suspended in a 20% water and 80% acetonitrile solution
and filtered using DISMIC-13HP (0.45 μm pore size,
ADVANTEC, Co.) before injection into the column device.
2.5. Scanning Electron Microscopy (SEM) Observa-

tion. A Miniscope TM3000 (Hitachi High-Tech Co., Tokyo,
Japan) was used in this study. The SL powder was placed on
carbon tape and injected into a vacuum chamber. The
acceleration voltage was set at 5.0 kV.
2.6. Terahertz Coherent Edge Radiation (THz-CER)

Spectroscopy. We developed various coherent radiation
sources at the LEBRA at Nihon University.40−42 In this light
source, the electron bunch length can be shortened to several
tens μm, and powerful optical pulses can be obtained in the
sub-THz-to-THz frequency region. CER is generated from a
downstream bending magnet in the straight section of a
parametric X-ray to an experimental room, and the CER beam
can be used for various applied experiments in the THz region.
The details are described in the Supporting Information
(Figures S3 and S4). Samples were prepared by cutting a hole
(1 cm in diameter) on a thick paper (ca. 0.2−0.3 mm in
thickness) and placing SL powder (ca. 20 mg) on a horizontal
plate in the hole. The paper was pressed from above using a
pelleting machine, and the resulting minidisk was fixed to a
sample holder that was set vertically against the THz beam.

3. RESULTS
3.1. Degradation of Chitin and Outer Shells of

Crayfish. First, the chitin was irradiated. In Figure 4A, the
C−O stretching mode (νC−O) in the glycoside bonds appears
at 1005 cm−1 before irradiation (bottom) and 5.0 μm (2000
cm−1) after irradiation, which is a low-absorption wavelength
(middle). By contrast, the peak intensity diminished after
irradiation at 9.8 μm (1020 cm−1), which resonates with the
C−O stretching mode, indicating that the number of glycoside
bonds decreased after irradiation (upper). In Figure 4B, amide
carbonyl stretching bands (νC = O) corresponding to the
amide bond of N-acetyl glucosamine are located at 1617 and
1651 cm−1, where the intensity of the latter peak increased
slightly after 9.8 μm irradiation (upper) compared with that
before irradiation (bottom) and after 5.0 μm irradiation
(middle). These spectral changes indicate that the main chain
of chitin was deformed by glycoside bond-targeting irradiation.
Next, the natural powder extracted from the outer shell of

the crayfish was tested (Figure 5A−C).
The broad band from 1000 to 1200 cm−1 implies IR

absorption of glycoside bonds (νC−O), and the intensity
substantially decreased after irradiation at 9.8 μm (Figure 5A,
red dotted square). This indicates that the C−O bonds in the
natural components of crayfish were degraded by irradiation.
In addition, the peaks at 1550 and 1650 cm−1 were clearly
diminished after irradiation (red dotted lines). This region
contains the N−H bending mode (δN−H) and C = O
stretching mode (νC = O) of the N-acetylglucosamine
residues. Therefore, it can be implied that part of the poly
carbohydrate chain was cleaved, releasing the N-acetylglucos-
amine residues and decreasing the absorption intensities of the
N-acetyl groups in the IR region.

These decompositions were further analyzed using ESI-MS
(Figures 5B and 5C). We compared the chromatographic
profiles after irradiation at 9.8 μm (blue) and 5.0 μm (red)
(Figure 5B, left panel). The elution peak at 4.6 min increased
more in the former case than the latter (dotted arrows at both
ends), and the other peaks hardly changed. The elution time
matches that of N-acetylglucosamine alone (right panel). In
addition, mass chromatograms during the elution (15 min in
total) showed that the mass peaks corresponding to 243 Da
were more intense at 9.8 μm (blue) than at 5.0 μm (red)
(Figure 5C and Supporting Information for the original data,
Figures S5 and S6). The measurement was performed in
negative ion mode, so the mass value reflected a sodium ion
adduct (+23) of the N-acetylglucosamine residue (221 Da).
The production yield of monomeric sugars was estimated to be
several percent of the total eluates based on the peak intensity
on the chromatogram.

Figure 4. Irradiation effect of IR-FEL on chitin. (A) SR-IRM spectra
of chitin before (bottom) and after irradiations at 9.8 μm (top) and
5.0 μm (middle) from 800 to 1200 cm−1. The photographs on the
right show microscopic images of the measurement area on the
sample surface. Black bar: 1 mm. (B) SR-IRM spectra of chitin before
(bottom) and after irradiations at 9.8 (upper) and 5.0 μm (middle)
from 1400 to 2000 cm−1. Photographs on the right are the same as
those in (A).
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Taken together, these results suggest that IR-FEL irradiation
at 9.8 μm can degrade the chitin chains in the outer shell of
crayfish, resulting in the release of the N-acetylglucosamine
moiety.
3.2. Fragmentation of SL. The irradiation effect of the

IR-FEL on the SL is also shown. We tested two wavelengths
(Figure 6A): 2.9 μm (3448 cm−1), resonant with the O−H
stretching mode (νO−H); and 7.1 μm (1408 cm−1), covering

broad absorption bands including C−C stretching (νC−C)
and H−C−O bending (δH−C−O) modes. The absorption
intensities at both wavelengths were similar.
In the SEM and optical microscopy images (Figure 6B), the

powder was light brown, and many tiny branches were
assembled on the surface of the SL before irradiation (upper
left). On the other hand, after irradiation at 2.9 μm (below),
the powder transformed into a black and glutinous material,
and the branch-like surface changed into small particles;
irradiation at 7.1 μm destroyed only several parts, and the color
change was unremarkable (upper right).
The structural change of SL induced by the O−H targeting

irradiation at 2.9 μm was analyzed using THz-CER spectros-
copy at 0.3−1.2 THz (Figure 7). The overall transmission in
the sample irradiated at 7.1 μm (blue) and that before
irradiation (black) are comparatively high. However, the
transmittances at 0.33, 0.43, and 0.54 THz significantly
decreased under 2.9 μm irradiation (red), while the overall
spectral shape resembled that of the other samples. This

Figure 5. Irradiation effect of IR-FEL on outer shells of crayfish. (A)
SR-IRM spectra of outer shell of crayfish before (bottom) and after
irradiation at 9.8 μm (upper) from 800 to 2000 cm−1. The
photographs on the right show microscopic images of the measure-
ment area on the sample surface. Black bar: 1 mm. (B) Liquid
chromatography (LC) profiles of the outer shells of crayfish after IR-
FEL irradiation (left panel) and N-acetyl glucosamine treatment alone
(right panel). (C) ESI-MS chromatograms of 243 Da after irradiations
at 9.8 μm (blue) and 5.0 μm (red).

Figure 6. Effect of IR-FEL irradiation on SL. (A) SR-IRM spectra
before irradiation at 900−1900 (bottom) and 2400−3800 cm−1

(upper). The gray arrows indicate the irradiation wavelengths. (B)
SEM images before (upper left) and after irradiations at 7.1 (upper
right) and 2.9 μm (below). The small photograph on the right edge of
each image shows the optical microscopy image of the lignin sample.
White bar: 30 μm; black bar: 1 cm.
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indicates that the SL sample absorbed more THz waves after
2.9 μm irradiation than before irradiation.
In our previous study on the THz spectral measurement of a

protein aggregate, we observed that the absorption intensity at
≈1.0 THz in the nonaggregate (native) protein was higher
than that in the fibrous aggregate.43 Therefore, the increase in
the absorption of the THz wave indicates that the polymeric
state of SL is dissociated by 2.9 μm irradiation, similar to the
case of the disaggregation of protein fibrils. In the case of 7.1
μm irradiation, the reducing angle from 0.7 to 1.2 THz is
slightly larger than that before irradiation (dotted square). This
may be associated with a change in the refractive index of the
lignin sample, as indicated by the morphological changes
(Figure 6B).
The SR-IRM analysis results after irradiation are shown in

Figure 8. In the mid-IR region (right panel), the shoulder peak

at 1700 cm−1 increased after irradiation at 2.9 μm (red)
compared with that after 7.1 μm irradiation (blue) and no
irradiation (black). This region contains the C = O stretching
vibrational modes of the aldehyde and carboxyl groups. In the
near-IR region (left panel), the absorption intensities from
2650 cm−1 to 3150 cm−1 significantly decreased, and the peak
at 2950 cm−1 disappeared after irradiation at 2.9 μm (red) but

remained in the spectra after 7.1 μm irradiation (blue) and no
irradiation (black). This region contains O−H and C−H
stretching modes in the main-chain backbone of lignin. In
addition, the OH group in sulfonic acid was also observed.
These spectral changes indicate a drastic deformation of the
SL, accompanied by the release of compounds containing
carbonyl and sulfonyl groups, which can be caused by
irradiation at 2.9 μm.
In the ESI-MS spectrum range of 380 to 896 m/z (Figure 9A

and Supporting Information for the original data, Figures S7−

S9), multivalent ions are remarkably detected from 500 to 800
Da after irradiation at 2.9 μm (upper) but are not detected in
the spectra of the nonirradiated sample (black) and the sample
irradiated at 7.1 μm (blue). The interval of the multivalent ions
was 58 Da, which was consistent with the (C2O2H2)+,
(C3OH6)+ or (C4H10)+ fragments. The lignin backbone is
generally composed of hydroxyphenyl propane chains; there-
fore, the (C3OH6)+ fragment is more likely to have the
corresponding structure. This implies that the polymeric
structure of SL was dissociated by irradiation at 2.9 μm,

Figure 7. THz-CER spectra of SL from 0.3 to 1.2 THz before (black)
and after irradiations at 7.1 (blue) and 2.9 μm (red).

Figure 8. SR-IRM spectra of SL from 900 to 3300 cm−1 before
(black) and after irradiations at 7.1 (blue) and 2.9 μm (red).
Microscopy images of the measurement area of the sample surface are
shown along the bottom. Black bar: 1 mm.

Figure 9. (A) ESI-MS profiles of SL in the high-molecular-weight
range of 380−896 m/z before (black) and after irradiations at 7.1 μm
(blue) and 2.9 μm (red). (B) ESI-MS profiles in the low-molecular-
weight range of 223−314 m/z before (black) and after irradiations at
7.1 (blue) and 2.9 μm (red).
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producing many more fragment ions than the nonirradiated
and 7.1 μm irradiated samples.
Below 300 Da (Figure 9B), a new peak at 269 Da (green

arrow) appears after irradiation at 2.9 μm (top). This peak was
detected neither after irradiation at 7.1 μm (middle) nor
before irradiation (below). Detection was performed in the
positive ion mode. As a possible candidate, this peak can be
assigned to the sodium ion adduct (+23) of coniferyl aldehyde
(178 Da) substituted with a sulfinate (SO2H) group (65 Da)
and two hydrogen atoms (+2). In the FT-IR spectra (Figure
8), the absorption intensities of the OH and CH groups
decreased, and a new peak emerged at ≈1700 cm−1,
corresponding to the C = O stretching mode. The mass and
IR data indicate that low-molecular-weight aromatic com-
pounds containing aldehyde and sulfinate groups were released
from the intact SL by VE of the O−H stretching mode.

4. DISCUSSION
Currently, the research and development of efficient strategies
to recycle renewable resources into industrially useful materials
are geared toward the realization of a sustainable society. In
this study, we propose a physicochemical approach using an
intense IR laser as a “molecular cutter” to decompose solid-
state biomacromolecules using chitin and lignin as model
samples. In the former case, the glycoside bonds were cleaved
by laser irradiation targeting the C−O stretching vibrational
mode (9.8 μm), and a functional sugar was obtained from the
outer shells of crayfish. Considering the effect of irradiation on
cellulose,22 it can be ascertained that the VE of covalent bonds
in the sugar−sugar linkage is effective in degrading
polysaccharides into their monomeric sugars. A percentage of
the N-acetyl glucosamine residue was released from the intact
outer shell powder based on the peak intensity in the mass
chromatogram. As the yield is not necessarily high under the
current irradiation conditions at the laboratory level, the
irradiation parameters (e.g., irradiation time and pulse energy)
must be optimized to improve the degradation efficacy as a
next step.
In the case of lignin degradation, we have previously shown

that alkaline lignin prepared after the neutralization of
sulfonated lignin can be degraded by IR-FEL.23 In this case,
vanillic acid was separated by irradiation at 7.1 μm. By
contrast, the irradiation effect on sulfonated lignin at the same
wavelength appeared to be slightly weaker than that at 2.9 μm.
It can be considered that sulfonated lignin absorbs less VE
energy (7.1 μm) than alkaline lignin. Rather, the effect of 2.9
μm irradiation on fragmentation was remarkable, and
irradiation released the coniferyl aldehyde derivative. For
alkaline lignin, coniferyl alcohol was obtained after irradiation
at 2.9 μm in a similar manner.23 Therefore, it seems likely that
the VE of the stretching mode of the hydroxy group can be
effective in decomposing the polymeric structure of lignin to
produce low-molecular-weight coniferyl compounds.
In our IR-FEL application study, various biomacromolecules

were degraded by mode-selective VE reactions. In general,
natural biomacromolecules form molecular clusters con-
structed by noncovalent bonds, such as hydrogen bonds and
covalent linkages of C−O and C−C bonds (Figure 10). These
biomolecular clusters can be dissociated and fragmented into
their monomeric conformations by inducing VEs at each
specific IR absorption band. These VE reactions are unique in
their use of a high-energy accelerator; traditional methods
employ microbiome and enzyme catalysis to degrade

biomolecules and organic macromolecules.44−46 However,
many organic molecules possess IR absorption bands (Figure
1), and the IR-FEL irradiation technique can be adopted to
irradiate many types of organic materials by tuning their
wavelengths to their specific vibrational modes.
To develop IR-FEL as a versatile analytical tool, it is

important to investigate the effect of irradiation on real
materials containing multiple components. Previously, we used
IR-FEL to irradiate fossilized inks from cephalopods, which are
composed of melanin, hydroxyapatite, calcium carbonate, and
proteins.47 As shown in that study, the structure of the sample
is expected to change significantly if the irradiation wavelength
resonates with the main functional group. If the structural
damage is minor, it can be assumed that the number of
chemical bonds corresponding to the irradiation wavelength
can be reduced. Because irradiation wavelengths can be tuned
by changing the gap length of the undulator (periodic
magnetic field in the linear accelerator), an IR-FEL irradiation
system was used to screen the wavelengths that resonated with
the functional group within the target sample.
Given the versatility of IR radiation, future studies should

examine the targeting of environmentally persistent and toxic
organic chemicals. Nonetheless, it is necessary to develop
compact and tabletop IR laser instruments equipped with both
high photon density and wavelength tunability for the practical
implementation of molecular VE reactions in the future. The
IR-FEL system is currently installed at a synchrotron radiation
facility, but it is too large for use by chemical recycling
companies.

5. CONCLUSIONS
IR-FEL is an accelerator-based IR laser featuring wavelength
tunability and high photon density. Isolated chitin, crayfish
exoskeleton, and SL were irradiated by IR-FEL, and their
structural changes were analyzed using SR-IRM, ESI-MS, SEM,
and THz-CER. SR-IRM analyses showed that the glycoside
bond in chitin was cleaved by irradiation at 9.8 μm, which
resonates with the C−O stretching vibration (νC−O), and N-
acetyl glucosamine was produced from the exoskeleton of
crayfish by C−O-targeting irradiation, as shown in the ESI-MS
spectra. Nonspecific irradiation at 5.0 μm (low absorption
wavelength) had little effect on either the IR or mass spectra.
The SEM images and THz-CER spectra showed that the
aggregated state of SL dissociated into a nonaggregated state
by irradiation at 2.9 μm, which is resonant with the O−H
stretching vibrational mode; VE at 7.1 μm did not have the
same effect. In addition, the main chain of lignin was
fragmented, and the coniferyl aldehyde derivative was released
by O−H-targeting irradiation, as evidenced by the SR-IRM
and ESI-MS spectra. The decomposition reaction proceeded at

Figure 10. IR-FEL mediates the decomposition of biomolecular
clusters into their monomeric forms. Biomolecular clusters were
formed by covalent and noncovalent bonds (blue dotted lines). The
aggregate structure can be dissociated into a nonaggregate state, and
the covalent bonds can be cleaved to produce fragmented monomers
by IR-FEL irradiation at specific absorption wavelengths.
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room temperature in the absence of solvent. The IR-FEL
system is a promising tool for analyzing a variety of solid-state
biomacromolecules.
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