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rmational preference of the
smallest saccharide (glycolaldehyde) and its
hydrated complexes with bridged hydrogen
bonding†

Pengchao Wang, Yongjun Hu,* Huaqi Zhan and Jiaxin Chen

Glycoaldehyde (GA, HOCH2CHO) is the simplest sugar unit of the carbohydrates and the only sugar to have

been detected in interstellar space to date. In the present report, the conformation of GA and its flexible

hydrated complexes have been investigated in the gas phase by using mass-selected infrared (IR)

spectroscopy based on vacuum-ultraviolet single photon ionization (118 nm). With the aid of theoretical

calculations, the neutral GA bearing a ring-type intramolecular hydrogen bonding interaction was

confirmed to be the dominant isomer in the gas phase. Moreover, the water molecules in the

monohydrated complexes preferentially broke the intramolecular hydrogen bond and bridged

the carbonyl oxygen and hydroxyl hydrogen of GA with two additional intermolecular H-bonds, revealing

the “working rules” governing preferred binding. The theoretical results confirmed that the existence

probability of the two lowest energy conformations stabilized by two intermolecular hydrogen bonds

would be larger than that of the next two isomers with one intramolecular plus one intermolecular

hydrogen bond. Structural investigation of hydrated GA conformers has revealed that the water

molecules play the role of a bridge through intermolecular H-bonds, achieving selective population of

specific GA molecular conformations. These results suggest that these hydrogen-bonded bridge

structures in the hydrated complexes may provide good models for recognition in larger systems.
1. Introduction

Hydrogen bonding is a key component of carbohydrate molec-
ular recognition and, more generally, in the maintenance
of their preferred conformational structures. Intramolecular
hydrogen bonds within the carbohydrate molecules, and
intermolecular hydrogen bonds between carbohydrates and
their neighboring molecules, such as water or noncovalently
bound biomolecules, can compete or act together in bridged
hydrogen-bonds to stabilize their conformations. This was also
similar to other biomolecules and organometallics.1–5 Previous
studies have identied that water does not simply work as
a spectator solvent but also as an active participant in carbo-
hydrate molecular recognition processes.6–12 In the past few
decades, the infrared-ultraviolet (IR-UV) hole burning double
resonance scheme spectrum of hydrated phenyl b-D-glucopyr-
anoside revealed that the water locates close to the hydrox-
ymethyl group, breaking the weakest pre-existing hydrogen
bond to the bridged hydrogen-bonded conformation, and
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changing the preferred monomeric conformation of the
hydroxymethyl group from gg to gt.13 However, it is unclear how
the inserted water alters the conformation of the substrate
and what governs the preferred binding sites in those
hydrated carbohydrate complexes that do not contain a phenyl
chromophore.

GA is the simplest sugar unit of the carbohydrates and the
only sugar to have been detected in interstellar space to
date.14–16 Water, the most ubiquitous and fundamental solvent
on earth, is a critical component in many physical and chemical
processes in chemistry, biology, and geochemistry.17,18 A
molecular-level understanding of the role of water as an active
participant in this simplest sugar molecules is, therefore, of
signicant interest. More specically, it's intriguing to under-
stand why the water opts to locate close to the hydroxyl or
carbonyl group in the GA–water complex. In this case, the
molecules form a complex while maintaining the intra-
molecular hydrogen bonds, e.g., via stacking, or the intra-
molecular bonds are broken for the sake of intermolecular
hydrogen bonding, or some intermediate form.

An alternative approach to studying the interaction of
molecules is to prepare jet-cooled neutral molecular aggregates
in the gas phase.19 These neutral molecules can be subjected to
size- and state-specic spectroscopic investigations without
This journal is © The Royal Society of Chemistry 2017
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suffering thermal effects and perturbations from their
surrounding environment.20 Resonance-enhanced multiphoton
ionization (REMPI) is a powerful technique with a wide range of
potential applications, including double resonance IR-UV.21

However, these applications require the presence of a ultraviolet
(UV) chromophore in the molecule and a sufficiently long-lived
resonant intermediate electronic state, to allow for effective
detection and monitor.22 These techniques are, therefore,
inapplicable for unperturbed detection of species without a UV
chromophore group. One way of circumventing this limitation
is to use single photon ionization in the vacuum-ultraviolet
(VUV) region, which has the advantage to detect aliphatic
molecules. The recent development of vibrational spectroscopic
techniques based on VUV photoionization and its subsequent
combination with supersonic-jet expansion techniques (typi-
cally pulsed jets) have made it possible to observe the IR spectra
of simple and fundamental molecular aggregates in their
neutral states.23,24 This effective approach can provide the
information of the geometric structures of molecules, clusters
and their intermolecular interactions.19,25–29 Furthermore, the
vibrational frequencies and intensities of IR absorption, such as
modes involving OH, NH, and CH groups, are generally very
sensitive probes of hydrogen bonding and other intra- and
inter-molecular interactions, whichmake them excellent probes
for investigation of detailed aspects of the structures of bio-
logically relevant ions, radicals, and molecules.23

The structure of GA determined by intramolecular hydrogen
bonding interaction was previously detected by conventional IR
and Raman spectroscopy in the gas phase or in matrix isola-
tion.30–32 The GA–water complex was studied by Fourier trans-
form microwave spectroscopy, where only two lowest
conformers referring to cis–cis-water-1 (CC-W-1) and cis–cis-
water-2 (CC-W-2) conformer could be found in the gas phase.33

To comprehensively consider the existence of these conformers
under isolated conditions without thermal effects and pertur-
bations from their surrounding environment, mass selected
optical spectroscopy, as a powerful method, was used herein to
investigate gas-phase GA molecules and their hydrated
complexes in a supersonic jet. It is worthy of further discussion
for the more detailed information about structures of GA
molecule compared with its hydrated complexes in the gas
phase. Herein, we present direct evidence for the dominant
conformer of neutral GA in the gas phase based on the results of
IR plus VUV (118 nm) single photon ionization spectroscopy
and density functional theory (DFT) calculations. Moreover, the
role of water in the formation of monohydrated complex GA–
water conformations in the gas phase is discussed.
2. Experimental setup and calculation
methods
2.1 Experimental setup

IR spectra of neutral GA and GA–water were recorded based on
the VUV photoionization detection. The experimental equip-
ment was set up by our group and its details have been
described elsewhere,34–38 and only a brief description is given
This journal is © The Royal Society of Chemistry 2017
here. A gaseous mixture of sample molecules and helium was
expanded supersonically into the vacuum system through
a pulsed valve (Parker General Valve series 9) with a pulse width
of ca. 150 mm duration. Passing through a skimmer, the
molecular beam interacted with pulsed IR and VUV light (ca. 10
ns) in the ionization region of the time-of-ight mass spec-
trometry (TOFMS), which is used for the detection of the
generated ions. The TOFMS has been set to maximize the
intensity of the higher masses by optimizing the time delay
between the nozzle opening and the VUV laser triggering. GA
and water were purchased from Aladdin-Reagent Company
(Shanghai, China) and used without additional purication.

The 118 nm VUV light is the ninth harmonic of the 1.064 mm
fundamental radiation of a Nd3+/YAG laser. The 355 nm radia-
tion from an Nd/YAG laser (third harmonic) is focused into
a cell containing a Xe/Ar 1 : 10 mixture at 200 Torr total pres-
sure. An MgF2 lens focuses the 118 nm light in the ionization
region of the TOFMS and disperses the remaining 355 nm light.
Tunable IR radiation output in the mid-IR range has a pulse
energy of 3–5 mJ per pulse (2650–3850 cm�1), a time duration of
ca. 10 ns, and a bandwidth of ca. 2 cm�1.

The principle of IR plus VUV non-resonant ionization has
been described previously.23 IR spectra of neutral monomer and
its hydrated complexes were observed by size-selective IR
spectroscopy with the VUV photoionization detection schemes,
which are called the Non-Resonant Ion Dip IR Spectroscopy
(NRIDip-IR). The IR pulse was introduced ca. 30 ns prior to the
VUV ionization for spectroscopy of neutrals. Note that the VUV
(non-resonant) photon energy (ca. 10.49 eV) is 0.29 eV above the
ionization energy (IE) (GA ¼ 10.20 eV) of the GA monomer.39 To
measure the IR spectrum, the mass-selected ion intensity was
monitored while the IR frequency was scanned. In the present
measurements, IR spectra of sample molecules were obtained
by monitoring their parent channels. The concentrations of
sample molecules were controlled in order to prevent the
formation of large cluster in the jet expansion.
2.2 Calculation methods

All the following theoretical calculations of the monomer and
its hydrated complexes were performed with the GAUSSIAN 03
and GAUSSIAN 09 program packages.40,41 Geometry optimiza-
tion of neutral molecules were calculated by the DFT and MP2
functional. The MP2 theoretical functional, which accounts for
the electron correlation, can obtain more reliable results for
correlation energies than the DFT method.42 Therefore, the
geometry optimization and correlation energies of GA and GA–
water were predicted by MP2/6-311++G(d,p). The uB97X-D
functional contains the empirical treatment of dispersion
interactions and gives reliable non-covalent interactions for
many systems, i.e., dimethyl ether dimer, tryptamine+–(N2)n and
their hydrated complexes with satisfactory vibrational
frequencies.43–47 Thus, the dispersion-corrected density func-
tional theory calculations were performed at the unrestricted
uB97X-D/cc-pVTZ level to obtain vibrational energy of the GA
and its hydrated complexes. The harmonic frequencies are
scaled by a factor of 0.9415.43,44 For the hydrated complexes,
RSC Adv., 2017, 7, 6242–6250 | 6243
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natural bond orbital (NBO) analysis was also employed with the
uB97X-D functional and cc-pVTZ basis set.48 All relative ener-
gies were zero-point energy (ZPE)-corrected in the Gaussian
program.40,41 The optimized structures and NBO diagrams were
visualized using the GaussView 5 program.
Fig. 1 The stable structures and calculated relative energy of the GA
and GA–water conformers at the uB97X-D/cc-pVTZ and MP2/6-
311+G(d,p) levels. The bond lengths are in picometers.

Table 1 Geometric parameters of nine stable glycolaldehyde–water com
uB97X-D/cc-pVTZ level

CC CC-W-1

7H–9O or 7H–8O/pm 209.8 184.4
8H–10O or 8O–11H/pm 193.2
8O–1C–3C–6O/deg 0.0 348.5
1C–3C–6O–7H/deg 0.0 49.7
11H–9O–8O–1C/deg 128.1

TG-W-5 TG-W-6

8H–10O/pm 195.9 194.2
8O–1C–3C–6O/deg 191.7 190.5
1C–3C–6O–7H/deg 85.9 71.2
11H–9O–8O–1C/deg 130.0 79.9

6244 | RSC Adv., 2017, 7, 6242–6250
3. Results and discussion
3.1 Theoretical calculations about geometric parameters of
glycolaldehyde and glycolaldehyde–water

Fig. 1 shows the fully optimized geometries of the fourmost stable
conformers of the GA and nine GA–water complex conformers.
Compared with MP2/6-311++G(d,p), the conformers are more
stable at uB97X-D/cc-pVTZ level. So the nal computational
results were discussed at this level. Based on ab initio results, the
simulated GA conformers include cis–cis (CC), trans–trans (TT),
trans–gauche (TG) and cis–trans (CT) forms, where CC is the most
stable conformer stabilized by an intramolecular H-bond between
the hydrogen atom (7H) of the hydroxyl group and the oxygen
atom (8O) from the carbonyl group. The TT (13.23 kJ mol�1) and
TG (14.12 kJ mol�1) conformers are almost isoenergetic with the
TT conformer being slightly lower in energy. The CT (21.22 kJ
mol�1) conformer is the highest in energy of all four GA
conformers and differs from CC by rotation of the OH (6O–7H)
group. Compared with previous calculations, i.e., CC (0.0 kJ
mol�1), TT (15.21 kJ mol�1), TG (15.43 kJ mol�1) and CT (22.19 kJ
mol�1), at MP4 (SDTQ)/cc-pVQZ level, our theoretical predicted
results are close to their results.49

In the nine GA–water complex conformers, water can serve
as a hydrogen bond donor for the hydroxyl or carbonyl oxygen
of GA, and it can also act as a hydrogen bond acceptor for the
OH group. Their main structural parameters are list in Table 1.
It should be noted that the four most stable conformers are
associated with the CC conformer of the parent molecule and
stabilized by two hydrogen bonds. However, the next ve
conformers, i.e., trans–gauche-water-5 (CC-W-5, 11.34 kJ
mol�1), trans–gauche-water-6 (CC-W-6, 12.92 kJ mol�1), trans–
trans-water-7 (CC-W-7, 14.89 kJ mol�1), trans–trans-water-8 (CC-
W-8, 18.95 kJ mol�1), and cis–trans-water-9 (CC-W-9, 24.85 kJ
mol�1), only contain one intramolecular hydrogen bond
respectively. In CC-W-1 and CC-W-2 conformers, water broke
the intramolecular hydrogen bond and bridged the carbonyl
oxygen (8O) and hydroxyl hydrogen (7H) of CC by two addi-
tional intermolecular H-bonds. It can be found that the struc-
tures of the parent molecule in CC-W-1 and CC-W-2 conformers
are changed in the 6O–7H group (dihedral angle 1C–3C–6O–7H
changing from 0.0� to 49.7� and 48.9�, respectively). However,
plex conformers compared with CC conformer are calculated at the

CC-W-2 CC-W-3 CC-W-4

183.4 209.3 210.5
194.2 194.4 195.6
348.7 0.6 0.3
48.9 359.4 359.0

265.3 116.8 185.5

TT-W-7 TT-W-8 CT-W-9

194.2 197.7 197.1
180.6 173.1 0.7
179.9 176.1 181.2
175.7 102.6 108.2

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26965f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 9
/2

3/
20

24
 9

:1
5:

09
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the difference between CC-W-1 and CC-W-2 conformers is
mainly related to the position of the free 9O–11H water group
with respect to 8O–1C (dihedral angle 11H–9O–8O–1C, equal to
128.1� and 256.3�, respectively). In addition, the free water
plays a role of donor in cis–cis-water-3 (CC-W-3) conformer and
bond to hydroxyl oxygen (6O) by intermolecular hydrogen
Fig. 2 (a) Observed ir spectra of HOCH2CHO and (b)–(e) uB97X-D/
cc-pVTZ calculated stick spectra of the most stable conformers of GA.
The sticks represent OH and CH stretches. Carbon atoms are in grey,
oxygen in red, and hydrogen in white. The calculated vibrational
spectra are scaled by 0.9415.

Table 2 The experimental value and calculated vibrational transitions (c
levela

Description

Experiment

Observed Gas p

OH stretch 3548.2 3549
as. CH2 stretch 2876.9 2881
CH2 twist and CH2 wag, ip OH bend
CH2 twist and ip OH bend, CH2 wag
The rst overtone of CH2 scissor
CH2 wag, ip OH bend and CH2 scissor
s. CH2 stretch 2845.3 2840
The rst overtone of CH2 rock and ip CH
bend
ip OH bend, CH2 wag and CH2 wag, ip
OH bend
CH stretch 2828.2 2820
The rst overtone of CH2 wag, ip OH
bend
CH2 wag, ip OH bend and ip CH bend

a Comparison with the experimental values obtained in gas phase and cal
b Taken from ref. 52. c Taken from ref. 53. d Taken from ref. 54.

This journal is © The Royal Society of Chemistry 2017
bonding while the water bind to carbonyl oxygen (8O) in cis–cis-
water-4 (CC-W-4) conformer. In contrast with the CC
conformer, the most signicant features of the four conformers
are the reorientation of the 6O–7H hydroxyl group, moving
from the plane into the direction of water to form a dihedral
angle (1C–3C–6O–7H) of about 49.7� in CC-W-1 (48.9� in CC-W-
2), with a dihedral angle (1C–3C–6O–7H) of about 359.4� in
CC-W-3 (359.0� in CC-W-4). In the next ve high energy
conformers, the water serve as a hydrogen bond donor binding
to carbonyl oxygen of parent molecule except the TG-W-6
conformer, in which the water acts as a hydrogen bond
acceptor.
3.2 Experimental results

3.2.1 IR spectra of neutral GA. The observed and calculated
IR spectra of neutral GA are shown in Fig. 2, together with the
optimized structures of the four stable conformers of neutral
GA found in this study. The IR spectrum of neutral GA was
measured under the conditions that no cluster larger than the
monomer was observed in themass spectrum. These conditions
therefore conrmed that the neutral GA monomer was the
carrier species of the spectrum. The experiment spectrum was
observed by NRIDip-IR, the principle of which was previously
employed in acetone and 2-propanol clusters.50,51 When vibra-
tional predissociation of a neutral GA monomer is induced by
vibrational excitation with the IR light, the monitored ion
intensity decreases. Therefore, by scanning the IR light wave-
length, one can observe the IR spectrum of the monomer as
a dip spectrum of the monitored monomer ion intensity. Four
peaks were observed in this spectrum, which was obtained by
monitoring the mass channel for HOCH2CHO+ (60) when the IR
laser wavelength was scanned from 2650 to 3850 cm�1. Fig. 2
shows that only the hydrogen bond OH stretching band of the
global minimum energy CC conformer is consistent with the
m�1) for the glycolaldehyde in its CC form with the uB97X-D/cc-pVTZ

Calculations

haseb Arc CC (ha/anha) CCd CCd

3542 3571.2/3538.1 3542 3570
2855 2846.9/2839.5 2876 2898

/2604.2 2649 2650
/2542.4 2503 2496
/2874.6 2798 2913
/2774.3 2882 2883

2895 2826.0/2824.3 2999
/2693.3 2794

/2623.9 2689 2681

2845 2786.1/2710.4 2822 2854
/2821.5 2831 2816

/2691.9 2775 2767

culated wavenumbers at MP2/6-311++G(d,p) and CCSD(T)/cc-pVTZ level.

RSC Adv., 2017, 7, 6242–6250 | 6245
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Fig. 3 (a) Observed ir spectra of GA–water and (b)–(j) uB97X-D/cc-
pVTZ calculated stick spectra of the most stable conformers of GA–
water. The sticks represent OH and CH stretches. Carbon atoms are in
grey, oxygen in red, and hydrogen in white. The calculated vibrational
spectra are scaled by 0.9415.
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experimental observed OH stretching band centered at 3548.2
cm�1. In addition, the calculated CH bands for the CC
conformer, attributed to the anti-symmetric CH2, symmetric
CH2 and CH stretching vibrations, are consistent with those
observed experimentally in the CH stretch region. These results,
therefore, conrm that neutral GA would dominantly exist as
the CC conformer in the gas phase with a ring-type intra-
molecular hydrogen bond interaction between its carbonyl
oxygen and the hydrogen atom of its hydroxyl group. Table 2
presents the frequencies of the experimental bands and the
vibrational transitions of the calculated CC form in accord with
experimental spectrum. Due to the symmetric CH2 and CH
stretching modes affected by strong anharmonic couplings,
several IR-active overtones and combination bands appear in
the calculated CH region. In the region above 2840 cm�1, the
experimental transition observed at 3548.2 cm�1 was assigned
to OH stretch while the experimental value at 2876.9 cm�1

corresponds probably to the rst overtone of CH2 scissor tran-
sition. And the latter assignment is obviously different from
previous reports that the rst overtone of CH2 scissor transition
have little effect on the experimental value.52 The theoretical
description reveals a more subtle interplay involving two tran-
sitions between the symmetric CH2 stretch and CH stretch,
calculated at 2693.3 and 2623.9 cm�1, respectively, which make
less inuence on the experimental transition. Note that the
experimental transition observed at 2828.2 cm�1 corresponds
probably to the rst overtone of CH2 wag, which is similar to
previous assignment.52 In addition, anharmonic computations
show a rich structure of bands between 2650 and 3000 cm�1,
and in particular between 2700 and 2850 cm�1, very loosely
reproduced at the harmonic level, due to signicant contribu-
tions from transitions to combination bands and overtones.
The harmonic computations differ less from its anharmonic
counterpart in higher energy range. For the harmonic
frequencies shown in Table 2, it appears to be in qualitative
agreement with respect to the experimental one, with mostly
a bandshi. Inclusion of anharmonicity corrects very well the
band positions and gets more close to the experiment.
Compared with the gas phase IR spectrum recorded at 300 K
and low-temperature experiments in Ar matrix obtained in
previous study,53,54 the observed frequencies in our work were
close to their results, especially in the OH region. In conclusion,
the present analysis conrms the experimental results and are
similar to previous results.53,54

3.2.2 IR spectra of neutral GA–water. Fig. 3 presents the IR
spectra of the neutral GA–water monomer observed by NRIDip-
IR with single photon so ionization at 118 nm.23 These spectra
were also obtained by monitoring the GA–water monomer
cation under the condition that no cluster larger than the GA–
water monomer was observed in the mass spectrum. Fig. 3(b–j)
shows the simulated IR spectrum for the stable structure and
water-binding sites in each conformer calculated at uB97X-D/
cc-pVTZ level. It is found that the rst conformer [Fig. 3(b)] is
the most stable isomer (CC-W-1), where the water locates
between the carbonyl (8O) and hydroxyl (7H) group to form
a cyclic H-bond. The isomers CC-W-2 [Fig. 3(c)] and CC-W-1
have similar stretching motions, including one free O–H
6246 | RSC Adv., 2017, 7, 6242–6250
stretch (9O–11H), one intermolecular H-bonded O–H stretch
(8O–10H), and one intermolecular H-bonded O–H stretch (7H–

9O). In isomer CC-W-3 [Fig. 3(d)], one OH group of water is just
H-bonded to the oxygen of the hydroxyl group, while the CC
conformer keeps the intramolecular H-bond. In isomer CC-W-4
[Fig. 3(e)], however, water is H-bonded to the carbonyl group as
an H-bond donor, while the CC conformer also keeps the
intramolecular H-bond. The next ve isomer, i.e., TG-W-5
[Fig. 3(f)], TG-W-6 [Fig. 3(g)], TT-W-7 [Fig. 3(h)], TT-W-8
[Fig. 3(i)], and CT-W-9 [Fig. 3(j)], have one intermolecular H-
bonded O–H stretch and two free O–H stretch respectively.
The observed spectrum clearly shows three intense features in
This journal is © The Royal Society of Chemistry 2017
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the OH stretch regions. One slightly sharp feature centered at
3700.5 cm�1 is assigned to the free OH stretch vibration, which
is similar to the free OH stretch of the anti and gauche
ethanol.55 The other two intense feature peaks, centered at
around 3442.1 and 3529.0 cm�1, are red shied by 258.4 and
171.5 cm�1, respectively, compared with the above free OH
stretch peak. The band shis of the OH stretching modes
indicate that OH group is strongly perturbed by the hydrogen
bonding interactions. This hydrogen bonding can also be veri-
ed from the increased intensity and line-width broadening
(although power saturation of the vibrational transitions as well
as uctuations of the IR power source, may obscure these
effects).20 However, it is unclear whether these red shied peaks
were inuenced by the intramolecular hydrogen bonding or by
the intermolecular interaction.

The calculated vibrational patterns and band positions of
the two lowest energy conformations (CC-W-1 and CC-W-2) are
both in good agreement with the experimental IR signature.
Thus, the identities and structures of the CC-W-1 and CC-W-2
conformers in the neutral GA–water complexes could be
conrmed. In the above conformers, the water molecule choo-
ses the water-binding sites to form an intermolecular H-bonded
bridge, which changes the orientation of the hydroxyl group.
This was similar to the previous report for hydrated mono-
saccharides.1 In addition, the features, which relate to weak
intermolecular and intramolecular H-bonds in the CC-W-3 and
CC-W-4 conformers, are close to the peaks centered at 3529.0
cm�1 in the observed spectrum. This may explain why the
relative intensity of the experimental characteristic peaks
centered at 3529.0 cm�1 is slightly higher than those centered at
3442.1 cm�1.56 Therefore, the CC-W-3 and CC-W-4 conformers
cannot be excluded in the neutral GA–water. The spectra of the
next ve high energy conformers aren't consistent with the
observed spectrum in the OH region obviously. Therefore, these
high energy conformers wouldn't exist in the beam of neutral
Table 3 The experimental value and calculated vibrational transitions (cm
uB97X-D/cc-pVTZ level

Description

Experiment

Observed CC-W-1 (ha/an

Free OH stretch 3700.5 3715.8/3683.6
H-b. OH stretch 3529.0 3523.9/3519.2
H-b. OH stretch 3442.1 3418.1/3416.1
as. CH2 stretch 2905.7 2884.4/2869.9
CH2 twist and CH2 wag, ip OH bend /2603.8
CH2 twist and ip OH bend, CH2 wag /2543.1
The rst overtone of CH2 scissor /2874.2
CH2 wag, ip OH bend and CH2 scissor /2780.1
s. CH2 stretch 2870.9 2784.9/2772.3
The rst overtone of CH2 rock and ip CH
bend

/2700.2

ip OH bend, CH2 wag and CH2 wag, ip
OH bend

/2623.8

CH stretch 2801.4 2759.1/2756.1
The rst overtone of CH2 wag, ip OH
bend

/2820.8

CH2 wag, ip OH bend and ip CH bend /2692.6

This journal is © The Royal Society of Chemistry 2017
GA–water, which conrms that only CC conformer exist in the
molecular beam. Table 3 reports the frequencies of the experi-
mental bands and the calculated vibrational transitions of the
four most stable conformers in accord with experimental
results. The calculated anharmonic frequencies are also richer
in the CH regions due to the presence of multiple peaks asso-
ciated with transitions to overtones and combination bands.
Except for the usual bandshi, the harmonic frequencies differ
less from its anharmonic counterpart in higher energy range.
When anharmonic corrections are included, the calculated
anharmonic frequencies get more close to the experimental
position compared with harmonic frequencies. Additionally,
Boltzmann distribution of the hydrated GA conformers based
on the relative Gibbs free energy were calculated and shown in
ESI.† From the table, it can be seen that the CC-W-1 and CC-W-2
conformers were the main dominant contributions (about
87.6%) while CC-W-3 and CC-W-4 conformers accounted for
12.3% in the gas phase. This implies that the probability of CC-
W-1 and CC-W-2 existing is higher than those of CC-W-3 and
CC-W-4. These results established that the water prefers to play
the role of a bridge through hydrogen bonding rather than
cooperativity, thus leading to a generalization of the rules for
conformational selectivity in hydrated GA.

3.3 Interaction energy obtained from natural bond orbital
(NBO) analysis

To substantiate the spectroscopy results and estimate the
interaction strength, the stabilization energy gained from the
hydrogen bond interaction was calculated at the level of uB97X-
D/cc-pVTZ for the hydrated complexes.57 Fig. 4 shows 3D overlap
diagrams for the nS / s*OH donor–acceptor interaction energy
obtained from natural bond orbital (NBO) analysis for the four
stable hydrated complexes.58 For each conformer, the more
orbital overlap the nS / s*OH donor–acceptor interaction ob-
tained, the greater the magnitude of stabilization energy. The
�1) for the four lowest-energy monohydrated GA conformers with the

Calculations

ha) CC-W-2 (ha/anha) CC-W-3 (ha/anha) CC-W-4 (ha/anha)

3720.0/3701.5 3748.6/3714.2 3723.5/3702.8
3527.6/3519.4 3560.0/3550.4 3579.1/3549.1
3420.4/3411.9 3542.2/3534.1 3569.6/3542.3
2882.7/2879.4 2895.6/2888.3 2849.5/2843.2
/2605.6 /2611.2 /2613.5
/2541.7 /2550.8 /2548.4
/2869.8 /2880.9 /2879.3
/2780.3 /2772.6 /2773.5
2767.2/2759.3 2873.1/2868.4 2837.6/2829.3
/2698.4 /2692.8 /2691.9

/2624.1 /2631.4 /2630.3

2743.8/2738.3 2822.0/2804.2 2821.2/2803.2
/2919.7 /2835.8 /2838.4

/2689.9 /2705.3 /2704.8
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Fig. 4 NBO 3D overlap diagrams for nS / s*OH donor–acceptor
interaction in calculated GA–water conformers. EDA represents the
interaction energy between the lone pair (LP) electrons/p electrons of
H-bond acceptors and the antibonding sO–H orbital (s*O–H) of H-
bond donors. Conformer interaction energies are shown in the figure.
The NBO calculation was performed at the uB97X-D/cc-pVTZ level of
theory and basis set. All energies are in kJ mol�1.
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magnitude of the stabilization energy for the 6O–7H/9O
hydrogen bond interaction is more than twice as large as for the
9O–10H/8O interaction in both CC-W-1 and CC-W-2
conformers. This result is consistent with the experimentally
observed redshis.59 However, the magnitude of the stabiliza-
tion energy of the intermolecular H-bonded interaction is found
to be close to that of the intramolecular H-bond in both CC-W-3
and CC-W-4 conformers. Moreover, this stabilization energy is
slightly lower than that of 9O–10H/8O in the CC-W-1 and CC-
W-2 conformers. Therefore, the stretch modes related to the
latter three H-bonds mentioned above would have similar
vibrational frequencies and their bands would overlap in the
observed spectra at ca. 3529.0 cm�1.
4. Conclusions

In conclusion, mass selected IR-VUV spectroscopy has been
used to directly detect the isolated and hydrated conformers of
GA. The results reveal that the CC conformer with a ring-type
structure is the dominant conformer in the gas-phase for
neutral GA. Although all four hydrated GA conformers (labeled
CC-W-1, CC-W-2, CC-W-3, and CC-W-4 in this work) could
coexist in the gas phase, water molecules preferentially insert
6248 | RSC Adv., 2017, 7, 6242–6250
into the intramolecular hydrogen bond to form a cyclic H-
bonding bridge between the carbonyl and hydroxyl groups of
the open CC conformers of GA (CC-W-1 and CC-W-2) by two
additional intermolecular H-bonds. Structural investigation of
hydrated GA conformers has revealed that water plays the role of
a bridge through intermolecular H-bonds, achieving selective
population of specic GA molecular conformations. The
conclusions drawn from the mechanisms of exible conforma-
tion can be extended to other carbohydrates and biomolecules.
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