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The solvation of protonated methanol by carbon dioxide has been studied via a cluster model.
Quantum chemical calculations of the HY (CH3OH)(COs),, (n=1—7) clusters indicate that
the first solvation shell of the OH groups is completed at n=3 or 4. Besides hydrogen-
bond interaction, the Cco,---Oco, intermolecular interaction is also responsible for the
stabilization of the larger clusters. The transfer of the proton from methanol onto CO5 with
the formation of the OCOH™ moiety might be unfavorable in the early stage of solvation
process. Simulated IR spectra reveal that vibrational frequencies of free O—H stretching,
hydrogen-bonded O—H stretching, and O—C—O stretching of CO5 unit afford the sensitive
probe for exploring the solvation of protonated methanol by carbon dioxide. IR spectra
for the Ht(CH30H)(COs),, (n=1-7) clusters could be readily measured by the infrared
photodissociation technique and thus provide useful information for the understanding of
solvation processes.
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l. INTRODUCTION

The study on the hydrogen-bonded (H-bonded) clus-
ters is of fundamental importance in many physical,
chemical, atmospheric, and biological sciences in that
the nature of these intermolecular interactions and
cooperativity effects in larger assemblies govern the
aerosol formation and atmospheric nucleation, the hy-
dration of solutes in aqueous solution, and the three-
dimensional structures of proteins and nucleic bases [1].
Microhydration studies provide detailed energetic and
structural information that is difficult to extract from
measurement of bulk solutions. Considerable interest
has been focused on water cluster due to the vital role it
plays in many biological and physicochemical processes
[2]. Since carbon dioxide is one of the major green-
house gases and plays a significant role in global warm-
ing, both theoretical and experimental investigations on
COq, clusters have received substantial attention during
the last two decades [3—8].

Many efforts have been made to address the structure

fDedicated to Professor Qing-shi Zhu on the occasion of his 70th
birthday.

fThese authors contributed equally to this work.

*Author to whom correspondence should be addressed. E-mail:
ljiang@dicp.ac.cn

DOI:10.1063/1674-0068/28 /cjcp1507146

and the energetics of mixed HyO-COg clusters [3, 4, 7,
9—12]. For instance, infrared photodissociation (IRPD)
spectroscopy of the anionic [(H20),,(COz2),]~ (m=1, 2;
n=1—4) clusters indicates that the formation of target
clusters possibly involves the (H20),,(CO2),+e~ colli-
sions followed by electron capture, ion-core formation,
solvent migration, and evaporative cooling [10]. For
the cationic clusters, time of flight mass spectroscopy
of mixed HoO-COs clusters with single photon ion-
ization at 26.5 eV has demonstrated that the forma-
tion of the protonated H*(H20),,(CO2) clusters is fa-
vored at low COs concentration (i.e., 5% COg partial
pressures), whereas the formation of the unprotonated
[(H20)1,2(CO2),] " clusters is favored at high CO; con-
centration (i.e., 20% COs partial pressures) [3]. IRPD
spectra of the unprotonated [(H20)(COs),]t clusters
show that the first two CO5 molecules bind to the OH
groups of the HoO" ion core and the third and the
fourth CO5 molecules are solvated to the oxygen atom
of the H,OT ion core from out of the plane of H,OT,
completing the first solvation shell at n=4 [12]. Re-
cent high-level quantum chemical calculations of neu-
tral [(H20),,(CO2),] (m=1-3; n=1-12) clusters re-
veal that seven CO5 molecules form the first solvent
shell of a single HoO with four CO5 molecules interact-
ing with the HoO via Lewis acid-base interactions, two
COs, interacting with the HoO by hydrogen bonds, and
the seventh COg completing the shell [7].
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Methanol is the simplest but important one used as
clean liquid fuels and ideal solvents in industry, which
has received increasing attention because of the pres-
ence of both polar and nonpolar moiety. Recently, tun-
able synchrotron vacuum ultraviolet (VUV) radiation
has been used to study small methanol clusters, indi-
cating that the protonated methanol dimer and trimer
(H"(CH30H)y3) are the most abundant ion at the
different ionization region [13]. It has been inferred
that beyond six methanol molecules, the clusters are
found to behave similarly to liquid methanol [14, 15].
IRPD spectra of the unprotonated [(CH3OH)(CO2),]*
(n=1-7) clusters show that the first COy molecule is
bonded to the OH group of the CH3OH™ ion core
and the second and third COs molecules are bonded
to the oxygen atom of the CH3OH™ ion core [12].
No structural information was reported for the larger
[(CH30H)(CO2),]T (n>3) clusters. So far, much less
work has been carried out for the interaction of proto-
nated methanol (HT (CH3OH)) with a number of COs,.
The issue how the excess proton affects solvation mo-
tif of HT(CH30H) as compared to CH3OH™ remains
open.

Herein, we present a study on the solvation of
H*(CH30H) by COy via a cluster model. Quan-
tum chemical calculations of the HT(CH3OH)(COz),
(n=1-7) clusters indicate that the first solvation shell
of the OH groups is completed at n=3 or 4. Simu-
lated IR spectra reveal that vibrational frequencies of
free O—H stretching, H-bonded O—H stretching, and
O—C—-0 stretching of COs unit afford the sensitive
probe for exploring early stage solvation of protonated
methanol by carbon dioxide.

Il. THEORETICAL METHODS

Quantum chemical calculations are performed using
Gaussian 09 program suite [16]. Initial configurations
are built on the basis of the relevant structures re-
ported in the literature. Considering that the inter-
action of methanol with carbon dioxide could be prop-
erly predicted by the M06-2X hybrid functional [1, 8],
which is employed for the present calculations. The
aug-cc-pVDZ basis set is used for C, H, and O atoms.
Tight convergence of the optimization and the self-
consistent field procedures is imposed, and an ultrafine
grid is used. Relative and dissociation energies include
zero-point vibrational energies. Harmonic vibrational
frequencies are calculated at the same level. All re-
ported structures are true minima without imaginary
vibrational frequencies. Simulated IR spectra are de-
rived from M06-2X/aug-cc-pVDZ harmonic vibrational
frequencies and intensities. Harmonic vibrational fre-
quencies are scaled by a factor of 0.948, which is de-
termined by the comparison of simulated vibrational
frequencies of O—C—O stretching for CO2 unit in the
[CH30H(CO2)]* cluster with experimental value [12].
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IR stick spectra are convoluted by a Gaussian line shape
function with a width of 10 cm™!' (FWHM).

I1l. RESULTS AND DISCUSSION
A. Solvation motifs and IR spectra

Several representative low-lying structures of the
H*(CH30H)(COs),, (n=1-T7) clusters are presented in
Fig.1. The structures are labeled according to the num-
ber of CO2 molecules and relative energies. For each
cluster up to n=7, simulated IR spectra of the rep-
resentative low-lying isomers are shown in Figs.2—8.
Harmonic vibrational frequencies and intensities of
free O—H stretching, H-bonded O—H stretching, and
0O—C—-O0 stretching of CO5 unit for the lowest-lying
isomers of HT(CH30H)(COs),, (n=1-7) are listed in
Table L.

1. n=1

As illustrated in Fig.1, CO5 in the lowest energy
isomer (labeled 1A) forms one H-bond with one OH
group, leaving another OH group free. The optimiza-
tion of the initial structure with oxygen atom (Oco,)
of CO4 coordinated to the two hydroxy hydrogen atoms
(Hhydroxy) of methanol converges to isomer 1A. The
1B isomer lies 30.51 kJ/mol higher in energy, in which
three H-bonds in-between and three methyl hydrogen
atoms (Hmetny1) of CH3OH are formed. In the third
isomer, 1C, the proton is transferred from methanol
onto CO,, forming the OCOH™ moiety. This iso-
mer lies 127.60 kJ/mol above 1A. Isomer 1C consists
of two H-bonds of Oco," - Hhydroxy and oxygen atom
(Omethanol) of methanol with hydrogen atom (Hocop+)
of the OCOH™ moiety, and one intermolecular interac-
tion between carbon atom (Cco,) of CO2 and Omethanol
atom.

Three main absorption peaks are observed in 1A
(Fig.2). The frequency at 3554 cm™! is attributed
to the free O—H stretching vibration of methanol (la-
beled free vop) (Table I). The frequencies at 3075 and
3068 cm ™! correspond to the H-bonded O—H stretch-
ing vibrations (labeled H-bonded vop ), which converge
to one peak in the convoluted spectrum. The peak at
2343 cm~! belongs to the O—C—O stretching vibra-
tion for CO4 unit (labeled voco (CO2)). Since two OH
groups in 1B are free, two peaks at 3570 and 3486 cm ™!
are observed for free vog mode. The voco mode in 1B
shows red-shift of 20 cm ™' relative to that in 1A. In
the proton transferred structure of 1C, three modes of
free von, O—C—O0 stretching for OCOH™ unit (labeled
voco(OCOH™)), and COH bending for OCOH™ unit
(labeled dcom) present around 3574, 3475, 2008, and
1202 em ™!, respectively. The structure 1C lies too high
in energy and should not be readily observed in the ex-
periment. Remarkable discrepancy in the simulated IR
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FIG. 1 Optimized structures of the HT (CH;OH)(CO2),, (n=1—

in parentheses.

spectra of 1A and 1B suggests that these two isomers
could be distinguished in the experiment.

2. n=2

The lowest energy isomer (labeled 2A) is a Cg

structure, in which the COg molecules form two H-
bonds with the OH groups of the HT (CH30H) cation
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7) clusters. Relative energies are given with unit of kJ/mol

(Fig.1). 1In the next energetically low-lying isomer
2B (420 kJ/mol), the second CO5 adds to the clus-
ter such that the Oco,- - - Huydroxy and Oco, - - - Hmethy1
H-bonds and Cco,---Oco, intermolecular interaction
are formed and one free OH is reserved. The struc-
ture of 2C contains the second CO5 bonded to the
Himetnyr atoms, which lies 25.74 kJ/mol above 2A. In
the isomer 2D, the second CO, forms two H-bonds
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FIG. 2 Simulated IR spectra of the three optimized isomers
of H*(CH3OH)(CO2). Assignments of free O—H stretch-
ing, H-bonded O—H stretching, O—C—O stretching for CO4
unit, O—C—O stretching for OCOH™ unit, and COH bend-
ing for OCOH™ unit are indicated in green, red, blue, ma-
genta, and dark, respectively.
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FIG. 3 Simulated IR spectra of the four optimized isomers
of HT (CH30H)(COs)2. Assignments of free O—H stretch-
ing, H-bonded O—H stretching, O—C—O stretching for CO4
unit, O—C—0O stretching for OCOH™ unit, and COH bend-
ing for OCOH™ unit are indicated in green, red, blue, ma-
genta, and dark, respectively.

of OCOQ' c HOCOH* and OCOQ. < Hmethyl; which lies
127.70 kJ/mol above 2A.

In the simulated IR spectrum of 2A (Fig.3), two sharp
peaks centered around 3235 and 2340 cm ™! are respon-
sible for H-bonded von and voco (COz) modes (Ta-
ble T), respectively. Both OH groups are solvated by
two COaq, resulting in the absence of free voy mode.
The structure of 2B releases one OH group free, and
then free vog mode recovers around 3555 cm™!. The
peak of H-bonded vop mode in 2B is red-shifted by
280 cm ™! with respect to 2A. The voco mode in 2B
appears around 2320 cm™!. The isomer 2C gives three
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FIG. 4 Simulated IR spectra of the five optimized isomers
of H+(CH30H)(CO*2)3; Assignments of free O—H stretch-
ing, H-bonded O—H stretching, O—C—O stretching for CO»
unit, O—C—0O stretching for OCOH™ unit, and COH bend-
ing for OCOH™ unit are indicated in green, red, blue, ma-
genta, and dark, respectively.
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FIG. 5 Simulated IR spectra of the seven optimized iso-
mers of HY(CH30H)(CO2)s. Assignments of H-bonded
O—H stretching, O—C—O0 stretching for CO2 unit, O—C—-0O
stretching for OCOH™ unit, and COH bending for OCOH™*
unit are indicated in green, red, blue, magenta, and dark,
respectively.

main modes analogous to 2B, in which H-bonded vog
mode in 2C is red-shifted by about 110 cm™! with re-
spect to 2A. Besides these three fundamental modes
observed in 2A—2C, the peaks of voco(OCOH™) and
dcon modes present in 2D because of the involvement
of the OCOH™ moiety.
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FIG. 6 Simulated IR spectra of the seven optimized iso-
mers of HT(CH30H)(CO2)s. Assignments of H-bonded
O—H stretching, O—C—O0 stretching for CO2 unit, O—C—-0O
stretching for OCOH™ unit, and COH bending for OCOH™"
unit are indicated in red, blue, magenta, and dark, respec-
tively.

6G vaco (CO,)
fs(.".fril 1-'....;t{}ltl't!||_|l. ]'[‘hL"“IUId"‘I' .
6F l
_ | 6E
" l
= L a L L " A
£
< | 6D
= R Y
é 6C
: l
L L L " . oA A
6B h
i i i ; i N i
6A d
I I I BT | GEETE S li !

1200 1600 2000 2400 2800

T
Wavenumber / cm

3200 3600

FIG. 7 Simulated IR spectra of the seven optimized iso-
mers of HT(CH30H)(CO2)s. Assignments of H-bonded
O—H stretching, O—C—O stretching for CO2 unit, O—C—-0O
stretching for OCOH™ unit, and COH bending for OCOH™
unit are indicated in red, blue, magenta, and dark, respec-
tively.

3. n=3

The lowest energy isomer (3A) could be viewed as
the derivative of 2A, in which the third CO attaches
to two Hhuydroxy atoms (Fig.1). When the third CO,
is lifted up to form the Oco,- - - Hmethy1 bond, result-
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FIG. 8 Simulated IR spectra of the seven optimized iso-
mers of HT(CH3;OH)(CO2)7. Assignments of H-bonded
O—H stretching, O—C—O stretching for CO2 unit, O—C—-0O
stretching for OCOH™ unit, and COH bending for OCOH™
unit are indicated in red, blue, magenta, and dark, respec-
tively.

ing in the structure of 3B, whose energy is elevated by
1.95 kJ/mol. 3C is evolved from 2B, in which the third
CO; forms one Oco,- - - Huydroxy H-bond. The isomer
3D (4+8.71 kJ/mol) consists of two Oco, - - - Hhydroxy H-
bonds and three Oco,: - - Himethy1 bonds. As compared
to the structure of 2D, the third CO; in 3E binds to
the OH group and forms one Oco, - - - Huydroxy H-bond,
which lies 106.74 kJ/mol above 3A.

Obvious peaks in the IR spectra of 3A, 3B, and
3D with Cg symmetry are due to H-bonded voy and
voco (CO2) modes (Fig.4), in which peak positions
are similar to each other except the slight difference
in the calculated intensities. Remarkable splitting for
the H-bonded rog mode in 3C is observed at 3274 and
3138 cm~!, which is due to the broken symmetry. Two
additional peaks of voco(OCOHT) and dcon modes
also appear in the proton transferred structure of 3E.
Free vog mode is absent in all the isomers of the n=3
cluster.

4. n=4-7

For the n=4 cluster, the structures of 4A—4C hold
the similar feature involved with the COs mainly
bonded to the sides of the OH groups (Fig.1), which are
almost energetically identical. The COy molecules in
the isomers 4D—4F solvate both OH groups and methyl.
The highest-lying isomer (4G, +111.86 kJ/mol) con-
tains the OCOH™T moiety, which could be viewed as
the derivative of 3E. In the low-energy structures for
the n=5—7 clusters, the CO5 molecules prefer to sol-
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TABLE I Simulated vibrational frequencies (f) and intensities (I) of free O—H stretching, H-bonded O—H stretching,
and O—C—O stretching of COz unit for the lowest-lying isomers of HT (CH30H)(COz2),, (n=1-7) together with the lowest
dissociation energies for the loss of one CO2 molecule (Eqiss), CO2-sovlated O—H bond lengths (Ro—u) and Wiberg bond

order of the OH moiety (Po—n).

Species Free von H-bonded vou voco (CO2) Egiss /(kJ /mol) RO_H/A Po_n
f/em™'  I/(km/mol) f/em™' I/(km/mol) f/em™' I/(km/mol)
1A 3554 290 3075 155 2343 1151 49.57 0.998 0.56
3068 1614
2A 3240 2275 2347 514 42.19 0.989 0.58
3231 771 2336 1726
3A 3330 1685 2347 780 23.42 0.989 0.58
3313 493 2331 1876
2318 347
4A 3360 840 2340 1609 20.70 0.984 0.59
3127 1331 2318 1092 0.56
2313 459
2310 365
5A 3257 1020 2337 1537 22.15 0.988 0.58
3211 1209 2321 992
2317 710
2313 930
2305 70
6A 3332 868 2345 1954 19.02 0.986 0.58
3195 1243 2322 446
2320 1145
2312 549
2308 448
2305 442
TA 3337 836 2343 2364 22.37 0.985 0.57
3176 1300 2319 411
2319 899
2313 376
2310 991
2307 247
2300 117

vate the OH groups. The structures with higher sym-
metry (i.e., 4D, 5C, 6D, and 7F) are predicted to lie
about 5—15 kJ/mol above nA. The structures with the
OCOH™ moiety (i.e., 5G, 6G, and 7G) still lie too high
in energy among each cluster series, implying that the
proton transfer might be unfavorable in the early stage
of solvation process.

In the simulated IR spectra of 4A—4F (Fig.5), H-
bonded von and voco (CO2) modes are remarkably ob-
served. Additional peaks of voco(OCOHT) and dcon
modes present in 4G. Free vog mode is absent in all
the isomers of n=4. In 4A, the peaks for H-bonded voy
mode appear at 3360 and 3127 cm™!, which could be
resolved in the experiment. The peaks for voco mode
in 4A—4G are centered around 2320 cm~!. As depicted
in Figs.6—8, simulated IR spectra for n=5—7 exhibit
the similar fundamental modes for n=4, indicating the
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gradually converged solvation of protonated methanol
by COg (vide infra).

B. General trend

IR spectra of the lowest-lying isomers for the
H*(CH30H)(COs),, (n=1-T7) clusters are compared in
Fig.9. The lowest dissociation energies for the loss of
one COy molecule, COs-sovlated O—H bond lengths
and Wiberg bond order of the OH moiety are summa-
rized in Table L.

It can be seen from the aforementioned solvation mo-
tifs that the COy molecules in the HT (CH30H)(CO2),,
clusters up to n=7 prefer to bind to the OH groups
of methanol rather than methyl side, even though the
first solvation shell of the OH groups is completed

(©2015 Chinese Physical Society
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at n=3 or 4. Together with H-bond interaction, the
Cco, - Oco, intermolecular interaction joins in the
stabilization of the larger clusters. The transfer of
the proton from methanol onto CO5 with the forma-
tion of the OCOH™ moiety might be unfavorable in
the early stage of solvation process. Previous stud-
ies on the [(CH30H)(CO2),]t (n=1-3) clusters reveal
that the first CO2 molecule is bonded to the OH group
of the unprotonated CH3OH™ ion core and the sec-
ond and third COs molecules are bonded to the oxy-
gen atom of the CH3OH™ ion core [12]. Then, solva-
tion pattern of the unprotonated [(CH3OH)(COz2),]*
(n=1-3) clusters is different from that of the proto-
nated HT(CH30H)(COy),, clusters.

As depicted in Fig.9, the n=1 cluster exhibits three
groups of intense absorptions for free voy, H-bonded
vou, and voco, while the n=2—7 clusters feature two
modes of H-bonded rvoy and roco. In the n=1-3
clusters, H-bonded roy mode appears as a single
peak, whose vibrational frequency is blue-shifted from
3070 cm™! to 3320 cm™! with the increase of cluster
size, indicating the O—H bond strength of methanol re-
covers gradually as the number of the COy molecule
increases. For n=4-7 clusters, H-bonded voy mode
presents as doublet peaks with the center around
3200 cm~!. Especially, simulated IR spectra of n=6
and 7 are almost the same. These findings suggest that
the solvation of the OH groups of prontonated methanol
approaches to be converged around n=3 or 4. The low-
est dissociation energy for the loss of one CO5 molecule
for 1A—TA is predicted to be 49.57, 42.19, 23.42, 20.70,
22.15, 19.02, and 22.37 kJ/mol, respectively (Table I),
supporting the above-mentioned trend of the solvation.
Similar evidence could be obtained from COs-sovlated
O—H bond lengths and Wiberg bond order (Table I).

IRPD spectroscopy of mass-selected complexes has
emerged as a powerful tool for the structural charac-
terization of the gas-phase species [2, 17—22]. Under
readily achievable experimental conditions, absorption
of single IR photon or multiple IR photons by a clus-
ter can induce a measurable increase in the sequence,
resulting in IRPD spectra that closely resemble linear
absorption spectra. Compared with the conventional
vibrational spectroscopy, IRPD has advantages of high
selectivity, high sensitivity and being a background-free
consequence technique.

Considering that free O—H stretching, H-bonded
O—H stretching, and O—C—O stretching of CO9 unit
have been successfully resolved in the IRPD spectra
of a series of mass-selected clusters radiated by opti-
cal parametric oscillator/optical parametric amplifier
(OPO/OPA) table-top laser system or infrared free elec-
tron laser (IR-FEL) source [2, 10, 12, 22—25], the pre-
dicted IR spectra for the Ht (CH3OH)(COs),, (n=1-7)
clusters could be readily measured by the IRPD tech-
nique and thus afford useful information for the under-
standing of early stage solvation of protonated methanol
by carbon dioxide.
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FIG. 9 Simulated IR spectra of the lowest-lying isomers
of HT(CH30H)(COz),, (n=1-7). Assignments of free O-H
stretching, H-bonded O-H stretching, and O-C-O stretching
for CO2 unit are indicated in green, red, and blue, respec-
tively.

IV. CONCLUSION

The effect of solvation on the conformation of pro-
tonated methanol, HT (CH3OH), has been studied by
adding one COs molecule at a time. Quantum chemi-
cal calculations of the [H (CH3OH)(CO3),]" (n=1-7)
clusters indicate that the first solvation shell of the OH
groups is completed at n=3 or 4. Besides H-bond inter-
action, the Cco,- - - Oco, intermolecular interaction is
also responsible for the stabilization of the larger clus-
ters. The transfer of the proton from methanol onto
CO, with the formation of the OCOH™T moiety might
be unfavorable in the early stage of solvation process.
Simulated IR spectra reveal that vibrational frequen-
cies of free O—H stretching, H-bonded O—H stretch-
ing, and O—C—O0O stretching of COs unit afford the
sensitive probe for exploring the solvation of proto-
nated methanol by carbon dioxide. The combination
of IRPD technique and theoretical modeling thus pro-
vides a vivid physical picture about how carbon dioxide
solvates the protonated methanol.
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