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Gas phase monosaccharides (2-deoxyribose, ribose, arabinose, xylose, lyxose, glucose galactose, fructose,
and tagatose), generated by laser desorption of solid sample pellets, are ionized with extreme ultraviolet
photons (EUV, 46.9 nm, 26.44 eV). The resulting fragment ions are analyzed using a time of flight mass
spectrometer. All aldoses yield identical fragment ions regardless of size, and ketoses, while also gener-

ating same ions as aldoses, yields additional features. Extensive fragmentation of the monosaccharides is
the result the EUV photons ionizing various inner valence orbitals. The observed fragmentation patterns
are not dependent upon hydrogen bonding structure or OH group orientation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Functions of biological molecules depend upon their different
isomeric forms and surrounding environments: these conforma-
tional structures are primarily governed by intricate balances
among various inter- and intra-molecular interactions. Generation
of biological molecules in the gas phase provides a convenient way
for studying their individual properties, since they are free of all
complicating interactions except for the intrinsic ones that deter-
mine molecular conformational freedom. These interactions often
play significant roles in their photodissociation pathways, as was
previously observed [1-7]. Many organic and biological molecules
exposed to vacuum ultraviolet (VUV) radiation undergo isomer
dependent fragmentation: different isomers can have different
fragmentation patterns. Studies of fragmentation photochemistry
of biological molecules have thus far been mostly limited to small
bio/organic molecules [1-7], and the present work extends these
studies to another class of important building blocks of life, the
saccharides (also known as carbohydrates or sugars). In general,
there are two classes of monosaccharides, aldoses (aldehyde sac-
charides) and ketoses (ketone saccharides); monosaccharides in
each class are essentially isomers of one another with different
OH orientations (Figure 1). Different intramolecular H bonding
schemes are possible for each isomer. In a solution, a monosaccha-
ride molecule can be in three different conformations: linear,
5-membered cyclic (furanose), or 6-membered cyclic (pyranose):
the cyclic structures can adopt a chair or boat conformation. Each
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conformer can additionally be either an o or B anomer, depending
upon the orientation of the OH at C1 (for aldose) or C2 (for ketose)
anomeric centers. All these forms can coexist in a solution, but
such structural complication is greatly simplified in the gas phase,
for which the pyranose form is the dominant species, as demon-
strated [8] through a reaction study of stereo selective ions and
carbohydrate molecules. In addition, double resonance spectros-
copy of phenyl attached carbohydrates [9-14] indentified isomeric
variations arising from different intramolecular H---O—H bonding
schemes.

In the present study, we carry out photoionization mass spec-
trometry of three types of gas phase monosaccharides: 2-deoxyri-
bose (CsHq004) and aldopentoses [Cs(H»O)s, ribose, arabinose,
xylose, lyxose]; aldohexoses [Cg(H,0)s, glucose, galactose]; and
ketohexoses [Cs(H20)e, fructose, tagatose]. Single photon ioniza-
tion was achieved using 26.44 eV photons from a compact tabletop
capillary discharge extreme ultraviolet (EUV) laser [15]. In light of
the fact that fragmentation pathways of various biologically rele-
vant molecules are conformer dependent [1-7], the purpose of
the present study is to observe such behavior for the saccharides,
which are in effect conformers of one another. To the best of our
knowledge, this is the first experimental approach through which
untagged, isolated saccharide molecules with the molecular for-
mula of C,(H,0), are generated in the gas phase without the intro-
duction of a solvent. The observed saccharide fragmentation
patterns should thus be indicative of isolated, unsolvated mole-
cules in their various conformational structures. lonization pro-
cesses and fragmentation pathways are explored by comparing
the saccharide ionization behavior to that of tetrahydropyran.
Various computational approaches are employed to explore the
observed fragmentation patterns.
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Figure 1. Haworth projections of monosaccharides with the o-p-pyranose configuration. Ribose, arabinose, xylose, and lyxose are aldopentoses [Cs(H,0)s], glucose and
galactose are aldohexoses [C¢(H20)g], and fructose and tagatose are ketohexoses [Cs(H,0)s]. The numbers in red indicate anomeric centers.

2. Experimental procedures

The monosaccharides used in the present study have the D con-
figuration, and are not chemically tagged or labeled. Each saccha-
ride powder is pressed into a pellet with a rhodamine 6G (R6G)
matrix in a mixture of ~5:1 ratio (saccharide:R6G), and is softly
desorbed with a 532 nm laser as it is rotated and translated by a
motor to expose clean surface following each desorption pulse.
The R6G molecules absorb the 532 nm photon energy and transfer
heat to sample molecules during relaxation to vaporize them. We
previously showed [16] that the desorption method does not frag-
ment molecules, and fragment ions observed in the mass spectra
are products of photoionization. The vaporized sample is superson-
ically expanded using pure He gas from a pulse nozzle and is col-
limated by a skimmer prior to entering the ionization region of a
time of flight mass spectrometer. Tetrahydropyran is supersoni-
cally expanded by placing a reservoir filled with the 300 K liquid
behind the pulse nozzle. lonization energies (IE) of the monosac-
charides are not known except for 2-deoxyribose, which has an
IE of 10.51 eV [17]. This value is higher than our VUV radiation
(118.2 nm, 10.49 eV) [18], and thus an EUV radiation (46.9 nm,
26.44 eV) [15,19] is employed for ionization of the saccharides.
Tetrahydropyran has an IE of 9.46 eV [20], and thus can be ionized
by both the VUV and EUV photons. The laser energy in the ioniza-
tion region is less than ~1 pJ/pulse. Detailed descriptions for gen-
eration of VUV and EUV radiation are provided in Refs. [18,15,19],
respectively.

3. Computational methods

Geometry optimization for a 2-deoxyribose molecule is carried
out at the CAS(14,11)/6-31G level, and that for the cation is carried
out at the CAS(13,11)/6-31G level. CAS calculations are suitable for
accurate descriptions of molecular orbitals [7]. Based upon previ-
ous studies [8,21], only the chair conformation pyranose structure
is considered. The numbers of electrons and orbitals in the active
space are chosen to include all lone pair electrons on O atoms
and electrons on the endocyclic C—C and C—0 bonds. Koopmans’
theorem ionization energy calculations for outer and inner valence

orbitals of 2-deoxyribose and tetrahydropyran are carried out by
first optimizing their structures at the B3LYP/aug-cc-pVDZ level,
and then performing electron propagator theory (outer valence
Green’s function propagator theory) calculations at the EPT/aug-
cc-pVDZ level.

The calculations are carried out using the Gaussian 09 [22] pro-
gram on the TeraGrid [23] supercomputer system.

4. Results and discussion

Figure 2 shows the EUV photoionization mass spectrum of
2-deoxyribose, along with that of pure R6G to distinguish contribu-
tions from the matrix and background. Assignments of fragment
ions of 2-deoxyribose (134 amu), based upon previous studies
[16,20], are m/z=18 (H,0"), 19 (H50"), 28 (C,H4" or CO¥), 29
(CHO"), 31 (CH50"), 42 (C,H,0%), 43 (C,H30%), 55 (C3H30%), 56
(C3H40%), 57 (C3H50), 60 (CH40;), 70 (C3H,05), 73 (C3Hs03),
86 (C4Hs0;3), 116 (CsHs 03 ), and 117 (CsHo 03 ). Distribution of frag-
mentations in our mass spectra is similar to and consistent with
the previous studies [17,21,24-27] of 2-deoyxribose prepared
and ionized under different conditions. Proposed fragmentation
pathways imply highly complicated mass to charge ratio degener-
acies that can arise from fragmentations at multiple sites in the
molecule, and such extensive fragmentation indicates that chemi-
cal bonds in the 2-deoxyribose cation are prone to dissociation,
with little dependence on isomeric structural variations. Indeed,
a recent isotope substitution study [25] shows that all chemical
bonds, both endocyclic and exocyclic, in the 2-deoxyribose mole-
cule are susceptible to dissociation with slight but nonexclusive
preference for the C5—0 bond, and this suggests that each ob-
served fragment ion in the current study arises from the parent
ion fragmenting through multiple pathways.

Figure 3 presents the EUV photoionization mass spectrum of
aldopentoses, aldohexoses, and ketohexoses. All aldopentoses yield
identical fragment ions regardless of their structural differences
(different OH group orientations and H bonding schemes), and
the fragment ions are also nearly identical to those observed for
2-deoxyribose, except that loss of OH and H,O from the parent
ion is not observed for the aldopentoses. The reversed peak
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Figure 2. EUV photoionization mass spectra of (upper panel) 2-deoxyribose/R6G and (lower panel) pure R6G. R6G is the matrix for enhancing laser desorption efficiency of

the monosaccharide sample. The 2-deoxyribose parent ion is not observed.
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Figure 3. EUV photoionization mass spectra of aldopentoses, aldohexoses, and ketohexoses mixed with R6G. R6G is the matrix for enhancing laser desorption efficiency of
the monosaccharide samples. No fragment ion peaks associated with aldoses are observed in the higher mass region (m/z > 100), and the parent ion is not observed for any of

the monosaccharides.

intensities for C3Hs0" (m/z=57) and C3Hs0; (m/z=73) observed
for 2-deoxyribose and aldopentoses result from their mass differ-
ence (134 and 150 amu). 2-deoxyribose and aldopentoses share
similar extensive fragmentation pathways, and the presence of
an OH at the C2 position of aldopentoses, and any possible H bond-
ing interactions arising from its presence, does not play a notable
role in their overall photochemistry. Interestingly, aldopentoses
and aldohexoses generate the same fragment ions upon ionization,
despite the presence of additional CH,O (30 amu) at the C5 posi-
tion of the aldohexoses. The fact that fragment ions observed for
aldohexoses do not shift by m/z=30 means that dissociation of
CH,O0 from the parent ion occurs concurrently with all other frag-
mentation processes, thereby yielding the same fragment ions as
aldopentoses. This further suggests that chemical bonds at the C5

position are particularly vulnerable to dissociation. As in the case
of aldopentoses, no H bonding or OH orientation dependence is
observed.

In the case of ketohexoses, while most fragment ions in the m/
z=10-100 range are identical to those of aldoses, several distinct
features are observed. The ratio between C;H40; (m/z=60) and
C3Hs05 (m/z=73) peak intensities is about 0.66 for ketohexoses,
whereas the ratio is about one for all aldoses. This implies prefer-
ential (or suppressed) generation of the C3Hs0; (or C,H405) for
ketohexoses. Also, additional fragments C4H,0; and CsHoOZ are
observed at m/z=103 and 149, respectively. The primary struc-
tural difference (Figure 1) between an aldose and a ketose is that
OH and H are bonded to the anomeric C (C1) in an aldose, whereas
OH and CH,0H are bonded to the anomeric C (C2) in a ketose, and



164 J.-W. Shin et al./Chemical Physics Letters 506 (2011) 161-166

this leads to the additional fragmentation pathways. CsHoOZ
results from loss of CH,OH from the C2 position, but loss of CH,OH
only is not observed for aldohexoses, in which the functional group
is at the C5 position. C4H707 results from concurrent loss of C,H40>
and OH, and this reaction is also not observed for aldoses. The type
of functional groups present at the anomeric center affects mono-
saccharide fragmentation pathways, while H bonding interactions
do not play any significant role, as inferred from the fact that all the
monosaccharides within a class generate the same fragment ions
following ionization. The above described behavior of saccharide
ions can be seen in stark contrast to the behavior of amino acids
[4] and a-substituted carboxylic acids [7], which evidence frag-
mentation patterns upon VUV ionization that are exquisitely sensi-
tive to neutral ground state conformation and intramolecular H
bonding.

The reason for extensive fragmentation of monosaccharides is
that EUV photons ionize both the outermost valence orbital (high-
est occupied molecular orbital, HOMO) and inner valence orbitals
(HOMO-1, HOMO-2, etc.), each of which can lead to different disso-
ciation pathways following ionization [28-34]. Comparison of VUV
and EUV ionization mass spectra for tetrahydropyran reveals such
an effect, as presented in Figure 4. When tetrahydropyran
(CsH100), which is an analogue of the 6-membered cyclic mono-
saccharide, is ionized with VUV radiation, only the parent ion (m/
z=86) is predominantly observed with very weak fragment ion
intensities, but ionization with EUV radiation leads to extensive
fragmentation with only a small amount of the parent ion remain-
ing intact. Thus, increasing the photon energy leads to highly com-
plicated fragmentation, which leads to the generation of m/z=27
(CoH3), 28 (CoHy), 29 (CoHY), 39 (CsH3), 41 (C3HJ), 45 (CHs0Y),
55 (C3H30%), 56 (C3H40%), and 85 (CsHoO") fragment ions. Similar
behavior is observed for many bio/organic molecules [28-39] as
well as for 2-deoxyribose [21], all of which display additional frag-
ment ions as ionizing photon energies increase. Both VUV and EUV
photon energies are greater than the IE of tetrahydropyran and the
laser energy is less than ~1 pJ/pulse in the ionization region, so the
ionization is a single photon process with the excess energy re-
moved as the photoelectron kinetic energy (Exg = Epy — Egg). There-
fore, the tetrahydropyran fragment ions are generated as singly
charged incipient ions created as the vertical ion evolves from
the Franck-Condon to adiabatic geometry, and not a result of mul-
tiphoton ionization/dissociation.

This observation implies that the EUV photons employed in the
current study are ionizing inner valence orbitals of the monosac-
charides (as well as the outermost valence orbital): this supposi-
tion is supported by Koopmans' theorem computational results
from B3LYP/aug-cc-pVDZ//EPT/aug-cc-pVDZ calculations. As pre-
sented in Table 1, both the tetrahydropyran and 2-deoxyribose

parent ion

(86 amu)

T T T T 1

EUV

T T T

0 20 40 60 80 100
miz

Figure 4. (Upper panel) VUV and (lower panel) EUV photoionization mass spectra
of tetrahydropyran.

Table 1

lonization energies of chair conformers of tetrahydropyran and 2-deoxyribose
calculated at the B3LYP/aug-cc-pVDZ//EPT/aug-cc-pVDZ level of theory. Reported
values are Koopmans’ theorem results obtained from the electron propagator theory
(outer valence Green's function propagator theory) calculations. Note that this
method calculates ionization energies up to 20 eV.

Ionization energy (eV)

Orbital Tetrahydropyran 2-Deoxyribose
HOMO 10.935 11.201
HOMO-1 12.070 12.089
HOMO-2 12.401 12.739
13.037 13.036
13.465 13.670
14.561 13.855
14.659 14.168
15.492 14.985
16.533 15.304
16.963 15.557
17.212 16.485
18.262 16.689
20.859 17.377
17.527
17.860
18.645
19.708
20.249

molecules have many valence orbitals with IEs below 20 eV, all
of which can be ionized with 26.44 eV photons. Similar observa-
tions have been made by soft X-ray photoelectron spectroscopy
of a number of biomolecules [29,33,40,41]. Monosacchride cation
forms are not stable because their parent ions are not observed
regardless of valence states. Thus, EUV ionization of saccharides
occurs at least partially at the endocyclic C=C and C=0 bonds, as
ionization of a nonbonding orbital, such as those on the OH groups,
does not readily lead to dissociation [33].

Such a mechanism is further suggested by a CAS(14,11)/6-31G
calculation, which shows for 2-deoxyribose that the HOMO and in-
ner valence orbitals are mostly centered on the endocyclic C—C and
C—O0 bonds, as shown in Figure 5, from which photoelectrons are
ejected upon EUV ionization. In the case of the HOMO, the electron
density is located primarily on the C4—C5 bond. CAS(13,11)/6-31G
optimization of the adiabatic ion with one electron in the HOMO
(singly occupied molecular orbital, SOMO) shows that bond break-
ing indeed occurs at the C4—C5 bond (Figure 5 inset). While explor-
ing inner valence states in a similar manner is not feasible with our
currently available computational resources, the calculations
involving the HOMO infer that endocyclic bond dissociation also oc-
curs when inner orbitals are ionized, and that the ring opening is the
initial step toward the highly complicated fragmentation pathways.
Absence of the parent ion most likely arises from the presence of one
or more repulsive unbound potential energy surfaces, which leads to
complete electronic predissociation of the parent ion. The presence
of repulsive states that cross parent ion potential energy surfaces is
necessary considering our B3LYP/aug-cc-pVDZ calculations that the
energy difference between the Franck-Condon and adiabatic states
is only 0.48 eV (at the HOMO level). This difference is insufficient to
overcome the C—C bond strength of 3.61 eV [42] during ion relaxa-
tion to the vibrational ground state, and the most likely pathway is
through crossing of repulsive states below the dissociation limit of
the parent ion potential energy surface.

Extensive fragmentation can also result from Coulomb explo-
sion of multiply charged ions, which are generated following
Auger cascades after inner orbitals of molecules are ionized by
high energy photons in the EUV or X-ray regions. Such a scenario
is possible, however, only with photon energies greater than
40 eV [43], and requires ionization of deep inner orbitals, such
as those at core levels [44-48]. Thus, the saccharide fragment
ions observed in the current study are very unlikely the result
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Figure 5. CAS(14,11)/6-31G structures and molecular orbitals of 2-deoxyribose, and CAS (13,11)/6-31G structure and molecular orbital of 2-deoxyribose parent ion.
Structures in the inset at the bottom compare the neutral ground state and adiabatic ion state involving the HOMO. HOMO = highest occupied molecular orbital;

SOMO = singly occupied molecular orbital.

of Coulomb explosion, as supported by consideration of energy
conservation. According to our B3LYP/aug-cc-pVDZ calculations,
the energy difference between singly and doubly charged
Franck-Condon 2-deoxyribose ions is 15.36 eV. This is the mini-
mum energy required to remove an electron from a singly
charged ion. Assuming that the EUV laser ionizes an inner valance
orbital with 26.44 eV IE and that an electron from the HOMO de-
cays into the ionized orbital, an excess energy of 15.93 eV
(26.44 —10.51eV; 10.51eV is the experimentally obtained IE
[17]) is generated. This is the maximum energy that can be gen-
erated from an Auger transition. The calculations show that
although the minimum energy for the second ionization is less
than the maximum energy that can be attained from the Auger

decay (15.36 vs. 15.93 eV), the two values are very close, and
the maximum energy decreases when the decay occurs from a
HOMO-n orbital. Therefore, even if decays occur, those involving
deep inner valence orbitals cannot generate multiply charged par-
ent ions, and while those involving outer valence orbitals may
generate multiply charged ions, the contribution to the overall
fragmentation behavior of the saccharides would be insignificant.

5. Conclusions

We have successfully generated isolated, untagged monosac-
charide molecules in the gas phase without using a solvent. The
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mass spectral data and computational results show that 26.44 eV
EUV photons access several valence states of the monosaccharide
molecules, leading to generation of many fragment ions. All
aldoses (aldopentoses and aldohexoses) yield the same ions
through similar fragmentation processes, whereas aldoses and ke-
toses yield similar but slightly different mass spectra due to the
presence of different functional groups at their anomeric centers.
Differences in conformational freedom such as the H bonding
interaction and OH group orientation play little, if any, role in
fragmentation behavior following ionization, and generation of
the same fragment ions with nearly identical mass spectral inten-
sities within each type (aldose and ketose) suggests that ion frag-
mentation pathways are the same for each. Furthermore, the
similarity between the mass spectrum of 2-deoxyribose and those
of other monosaccharides indicates that bond dissociation in the
latter molecules is also not site specific, but occurs at all chemical
bonds.

Application of an EUV laser to saccharide photochemistry in the
gas phase is a promising fundamental approach for investigating
how biological molecules respond to high energy radiation. A
greater variety of biomolecules is currently being investigated
using similar approaches described in this work, and a series of
infrared (IR) experiments are being set up to find possible thresh-
old and structural fragmentation pathways.
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