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and Lin Du*

Acting as hydrogen bond acceptors, heterocyclic compounds could interact with a hydrogen bond donor,
where either the heteroatom or the w system is the bonding site. The hydrogen bonded complexes of
heterocyclic compounds with methanol (MeOH) were studied using matrix isolation FTIR spectroscopy
and theoretical calculations based on density functional theory. Four heterocyclic compounds, furan
(Fu), 2,5-dihydrofuran (DHF), pyrrole (Py) and thiophene (Th) were selected as representative examples
for acceptors. For each of the MeOH-Fu, MeOH-DHF and MeOH-Th complexes, the O—-H---t and
O-H--Y (Y=0, S) hydrogen bonded structures were obtained, while an N-H---O instead of O-H---N
hydrogen bonded conformer was found in the MeOH-Py complex. The measured OH-stretching
transitions of the complexes in the IR spectra were assigned to the O-H---O bonded MeOH-Fu (b) and
MeOH-DHF (b) conformers and the N-H---O bonded Py—-MeOH (b) conformer, respectively. However,
it was hard to assign the spectra to the exact MeOH-Th conformer, because all the hydrogen bond
characteristic features obtained for different MeOH-Th conformers are too close. DHF forms a stronger
O-H---O hydrogen bond than furan, and the O-H---O hydrogen bonded MeOH-Fu complex is more
stable than the O—H---S bonded MeOH-Th complex. Atoms in molecules analysis was also performed to
understand the nature of interaction in the MeOH complexes. This analysis allowed us to characterize
the new bond critical point generated in the complexes. The present results help to evaluate the
atmospheric behavior of some heterocyclic compounds, and indicate their importance in the pre-
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1. Introduction

The hydrogen bond plays an important role in atmospheric
chemistry, especially in the field of aerosol formation and
growth."™ Many experimental and theoretical investigations
have been performed to understand intermolecular hydrogen
bonds, with a focus on structural, spectroscopic and energetic
issues.”® Hydrogen bonded complexes usually have small
equilibrium constants, which make them difficult to study
under atmospheric conditions. Therefore, these complexes are
often studied experimentally under some form of cooling to
favor complex formation.’™**

Owing to the low temperature, matrix isolation infrared
spectroscopy study is considered as a useful analysis technique
for observing and characterizing hydrogen bonded interactions
in complexes. Matrix isolation Fourier transform infrared
spectroscopy (FTIR) coupled with ab initio calculations has been
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nucleation mechanism at the molecular level.

employed for the isolation and characterization of a wide range
of molecular complexes and reactive Criegee intermediates. The
study of intermolecular interactions between sulfuric acid and
several molecules of atmospheric interest have been carried out
using matrix isolation spectroscopic methods.'*'*** For
instance, the interactions in the H,SO,/CH;OH/H,O system
have been studied by matrix isolation FTIR spectroscopy in
conjunction with density functional theory calculations. Several
new bands observed from the FTIR spectra indicate the exis-
tence of the 1:1:1 H,S0,/CH;0H/H,0 cycle complex.*® The
effect of hydrogen bond on the anharmonicity and intensity of
OH oscillators in MeOH trapped in neon matrix has been
investigated using near-infrared (NIR) and middle infrared
(MIR) spectroscopy. The anharmonicity parameters were
determined from the positions and intensities of the dimer
bands of MeOH." For the purpose of discriminating between
O-H---N and O-H---O=C complexes, a deep research of matrix
isolation FTIR spectra and the hydrogen bonded complexes
with MeOH in argon has been taken.” It was concluded that
hydrogen bonds between weak acids such as MeOH tends to be
formed at the carbonyl group. Gas phase reaction of phos-
phorus trichloride (PCl;) and MeOH was carried out at different
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ratios of PCl;/MeOH and the products were identified using
matrix isolation infrared spectroscopy.” Infrared vibrational
spectra of matrix isolated PCl;, MeOH and their complexes were
analyzed and assigned by comparing the observed and calcu-
lated frequencies and intensities. The experimental evidence for
the noncovalent P---O interaction in PCl;-MeOH adducts was
provided.

MeOH is one of the most abundant group of oxygenated
volatile organic compounds,”* and is one of the simplest
stable organic compounds capable of forming intermolecular
hydrogen bonded complexes. A number of studies have been
carried out to investigate the red shifts of OH-stretching vibra-
tional frequency in MeOH clusters since they provide sensitive
probes for the hydrogen bond interaction.””**” The OH-
stretching transition for the interaction between two constit-
uent MeOH molecules has a 111 cm ™" red shift in the jet-cooled
gas phase, which has been augmented with information on its
diagonal anharmonicity.”” The study of hydrogen bonded
MeOH complexes has been performed by vapor phase infrared
spectroscopy. In order to obtain experimental evidence for NIR
transitions in complexes, the spectroscopic studies of hydrogen
bond in the vapor phase involving MeOH and trimethylamine
(TMA) have been performed. Upon complexation to TMA, the
OH-stretching frequency of MeOH was red shifted by 186 cm ™"
relative to the MeOH monomer. The first OH-stretching over-
tone transition of the complex is tentatively assigned at 6450
cm '.?* Gas phase vibrational spectra of the bimolecular
complex formed between MeOH and dimethylamine (DMA)/
TMA have also been measured to determine the enthalpy of
complexation for the MeOH-DMA and MeOH-TMA complexes
in the temperature range 298-358 K. The spectroscopic infrared
results show the enthalpy of formation to be —35.8 £+ 3.9 and
—38.2 £+ 3.3 k] mol™' for MeOH-DMA and MeOH-TMA,
respectively.” Furthermore, the detection of the O-H:--w
interactions between MeOH and alkenes has also caused much
attention in recent years. An FTIR spectroscopic study of small
isolated clusters of MeOH and ethene has been performed with
experimental red shifts of 45 cm™" from the MeOH monomer
fundamental position at 3686 cm !, which confirms the
formation of weak intermolecular hydrogen bond to a 7 cloud.”
A systematic study of the methylation of anisole to change the 7
cloud attractivity relative to the oxygen side for the docking of
MeOH has been undertaken by supersonic jet-FTIR. The spec-
troscopic method of determining the docking preference of
MeOH to anisole is found to reveal that the subtle balance
between these two structures can be varied by one order of
magnitude through single to triple methylation of the aromatic
ring and introduction of a single tert-butyl substituent.?

Heterocyclic organic compounds containing oxygen,
nitrogen, or sulfur, are an important group of atmospheric
pollutants and they are the basic units of brown carbon, which
is well known to be an important component in the atmosphere
where it affects climate forcing and carbon cycling.**?*® Four
heterocyclic compounds were selected as the representative
examples for acceptors in this study: furan (Fu), 2,5-dihy-
drofuran (DHF), pyrrole (Py) and thiophene (Th). Among them,
furan and its derivatives, such as, 2,5-dihydrofuran, are both
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primary and secondary pollutants in the atmosphere, and their
emission contributes to the formation of ultrafine particles and
ground-level ozone.*** Besides, furans can react with the
atmospheric radicals and affect the oxidative budget of the
lower troposphere.®* The atmospheric source of furan includes
emissions from agricultural processes, atmospheric oxidation
reactions of 1,3-butadiene and 1,3-pentadiene, tropical forest
burning, food processing and direct emissions from plant
material.*®***%* Pyrrole was detected in biomass and biofuel
burning, and it was identified as a potential light-absorption
brown carbon. Atmospheric thiophene mainly comes from
fossil fuel combustion.®® In order to evaluate the atmospheric
behavior of these heterocyclic compounds, it is important to
study their interaction with other atmospheric molecules, such
as MeOH.

The formation of new particles in the ambient atmosphere is
a complex phenomenum, but the detailed molecular level
processes and the exact participating molecules still remain
largely unknown. MeOH is believed to be a common hydrogen
bond donor to drive gas to particle conversion,*”** and hetero-
cyclic organic compounds are quite possible to be candidate
species to stabilize MeOH clusters via hydrogen bond. In this
work, the hydrogen bond between MeOH and four heterocyclic
compounds including furan, DHF, pyrrole and thiophene were
investigated using matrix isolation FTIR spectroscopy.
Quantum chemical calculations of the MeOH-Fu, MeOH-DHF,
MeOH-Th, and MeOH-Py complexes were performed to help
determine the most stable conformers and then interpret the
spectra.

2. Experimental and computational
methods
2.1 Experimental details

All the experiments were performed with a closed-cycle helium
compressor cooled cryostat (PT-SHI-4-5, Janis Research
Company, USA) to achieve low temperature. The cryostat was
housed in a vacuum chamber. A pressure gauge (WRG-NW25,
Edward, UK) was used to monitor the pressure inside the
cryostat chamber. The base pressure of 10> mbar was generally
recorded at the beginning of an experiment. The gas phase
mixtures were co-deposited onto a diamond substrate at 14 K.
Temperatures at the cold surface were measured with a silicon
diode sensor (DT-670, Lakeshore, USA), and the temperature
was regulated by a temperature controller (model 22C, Cryocon,
USA). The substrate was put in the sample beam of a FTIR
spectrometer to allow spectral measurement. Argon (99.999%,
Deyang special gas company) was used as the matrix gas. MeOH
(99.9%, Aladdin), furan (99%, Aladdin), DHF (97%, Aladdin),
pyrrole (99.7%, Aladdin), and thiophene (99%, Aladdin) were
used without further purification. The argon/sample ratios
ranged from 1/700 to 5/700.

The infrared spectra of the deposited samples were recorded
at 0.5 cm ™' resolution with a Vertex 80v FTIR spectrometer
(Bruker) fitted with a KBr beam splitter and liquid nitrogen
cooled MCT (Mercury-Cadmium-Telluride) detector. The
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precursors were then separately deposited onto the diamond
substrate at 14 K. The deposition was annealed to 25 K, 30 K, 35
K and maintained at each temperature for 30 min, and then re-
cooled to 14 K. Spectra were recorded after each warming cycle
to monitor any changes caused by these processes.

2.2 Computational details

Geometries optimizations and vibrational frequency calcula-
tions on the monomers (MeOH, DHF, furan, pyrrole and thio-
phene) and the complexes (MeOH-Fu, MeOH-DHF, MeOH-Py,
and MeOH-Th) were performed with Gaussian 09 computa-
tional program package using the “opt = very tight,” and “int =
ultrafine” options.*® Density functional theory (DFT) methods
provide an adequate compromise between the desired chemical
accuracy and the computational cost. The DFT-based func-
tionals, such as the Becke-3 Lee-Yang-Parr (B3LYP), have been
shown to provide reliable trends of bonding energies even
though the small energy differences can be overshadowed by
the DFT quadrature errors.* Furthermore, DFT methods based
on the B3LYP functional have also been indicated to produce
quite accurate results for heterocyclic compounds.** Besides the
geometries optimizations, the harmonic vibrational frequency
calculations were also performed with DFT methods with the
absence of imaginary frequencies for all the structures of the
relevant monomer and complexes, which ensured that the
optimized structures were minima on the potential energy
surface. The quantum chemical calculations enabled us to
characterize the nature of the stationary points and also to
assign the observed wavenumbers in our matrix isolation
experiments."” For comparison, M06-2X, wB97X-D, and B3LYP-
D3 functionals were also used, and the data calculated with
these functionals are shown in ESI.T We used the aug-cc-pVTZ
basis set for compounds containing the H and O atoms, and
the aug-cc-pV(T+d)Z basis sets for compounds containing the S
atom. The extra tight d functions in the aug-cc-pV(T+d)Z basis
set has previously been shown to improve results for the third
period atoms such as S.*>** Thermal contributions to the ener-
gies were calculated under the harmonic oscillator-rigid rotor
approximation.* Corrected by the zero point vibrational energy
(ZPVE) corrections, the energies changes were obtained through
subtracting the energies of the two isolated reactants from the
energy of the formed complexes:

AE = Ecomplcx - ZErcactants (1)

The theory of atoms in molecules (AIM) is a topological
method based on the electron density, p(r), and is applied to
investigate interactions between the two monomers forming the
hydrogen bonded complexes. The AIM analysis was performed
using the wave functions computed at the B3LYP/aug-cc-pVTZ
level of theory. The positive sign of the Laplacian charge
density at BCP V?p(BCP) corresponds to closed shell interac-
tions that are responsible for bonding, where electronic charge
is concentrated around each nucleus. The bond critical points
(BCPs) were evaluated from the B3LYP/aug-cc-pVTZ level using
AIM 2000 program package (version 2).** Generally, weak van
der Waals type interactions are characterized by small values of
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the electron density and the Laplacian charge density.*® In
hydrogen bonded complexes, the electron density and the
Laplacian charge density are in the range of 0.002-0.034 and
0.016-0.130 a.u.*” The charge transfer of the complexes were
calculated by integrating the electron density of the MeOH
within the complex.

3. Results and discussion
3.1 Optimized geometries

Optimized structures of the two most stable MeOH complex
conformers (a, and b) with the B3LYP functional are shown in
Fig. 1. MeOH forms hydrogen bonds with heterocyclic organic
compounds in two ways, O-H--- and O-H--'Y (Y=0, S). In the
O-H:---1t bonded structures, MeOH docks onto one side instead
of the center of the heterocyclic organic compound ring.
Previous studies have shown that a competition between
O-H:--O and O-H---7 binding sites exists when MeOH docks
onto 2,3-benzofuran.*® Similarly, the heterocyclic organic
compounds investigated in this study can offer two hydrogen
bond acceptor sites to an incoming hydrogen bond donor: its
heteroatom and its delocalized 7t electron system. This bonding
pattern has been found for the MeOH-benzene and water—
benzene complexes.?” The docking motifs of MeOH and anisole
have been studied by applying a cold supersonic jet expansion
of the two monomers in helium.* The results of this study
showed that MeOH prefers the oxygen of anisole over the
system. The MeOH forms a hydrogen bond with the oxygen of
anisole, whereas docking onto the 7t system is at least 1 kJ mol
less attractive and therefore hardly observable in the jet spectra.
A competition of the O-H:--O versus O-H---m hydrogen bonds in
2,3-benzofuran clusters with water and MeOH molecules
suggests that these two comparable conformers are almost
equally stable.* Two isomers having different types of hydrogen
bonds are distinguished by applying fluorescence-detected
infrared spectroscopy and dispersed fluorescence spectroscopy.

The geometric parameters including the OH bond lengths
and the changes upon complexation, the intermolecular
hydrogen bond distance and the hydrogen bond angle calcu-
lated using the B3LYP functional are provided in Table 1. The
O-H---O hydrogen bond lengths lie between 1.8877 and 2.0749
A with bond angle varying from 167.1° to 173.4°. The intermo-
lecular hydrogen bond distance in MeOH-Fu (b) complex is
about 0.2 A longer than that in the MeOH-DHF (b) complex,
which indicates that MeOH-DHF (b) complex forms a stronger
O-H:--O hydrogen bond. The intermolecular hydrogen bond
distance of the O-H---S bonded MeOH-Th (b) complex (2.7166
A) is 0.6 A longer than that of the MeOH-Fu (b) complex. The
hydrogen bond distance in the MeOH-dimethyl ether (DME)
and MeOH-dimethyl sulfide (DMS) complexes were reported to
be 1.9085 A and 2.4207 A respectively,” at the B3LYP/aug-cc-
pVTZ level. Both are smaller than the O-H:--O bonded
MeOH-Fu (b) and O-H:--S bonded MeOH-Th (b) complex. This
suggests that linear compounds, like DME and DMS, can form
stronger hydrogen bond than the aromatic heterocyclic
compounds, such as furan and thiophene.

RSC Adv., 2017, 7, 2503-2512 | 2505
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Fig. 1 Structures of the MeOH complexes optimized at the B3LYP/aug-cc-pVTZ and B3LYP/aug-cc-pV(T+d)Z levels of theory for complexes

containing O and N atoms and those containing S atom, respectively.

In the O-H---7 bonded conformers, the OH bond length
ranges from 0.9634 A to 0.9752 A. The change of OH bond
lengths is more important in the O-H---O bonded conformers.
The OH bond is lengthened by 0.0029 A in the MeOH-DHF (a),
and 0.0095 A in the MeOH-DHF (b) conformers, respectively. In
the MeOH-Th complexes, the changes of the OH bond length in
the O-H---S and O-H:- - bonded conformers are very similar.
The OH bond lengths and the changes in the OH bond length
upon complexation are very similar for the O-H---O/S bonded
MeOH-Fu (b) and MeOH-Th (b) conformers, which suggests
that the ability of furan to weaken the OH bond via hydrogen
bond is equivalent to that of thiophene. This result is consistent
with comparison between the MeOH-DME and MeOH-DMS
complexes.”® Moreover, for O-H---O hydrogen bonded
complexes, the OH bond length elongation upon complexation
of MeOH-DME (0.0086 A) is more important than that of
MeOH-Fu (b) (0.0030 A). A similar trend is also found in the
O-H:--S bonded MeOH-DMS (0.0091 A) and MeOH-Th (b)

Table 1 Selected optimized geometric parameters in the MeOH-Fu,
MeOH-DHF, MeOH-Py and MeOH-Th complexes, calculated with
the B3LYP functional (angles in degrees and bond lengths in A)

Conformer” Bond type R(OH)? Ar(OH)F R(HB)? 6(HB)
MeOH-Fu (a) O-H--'7 0.9636 0.0028

MeOH-Fu (b) O-H---O 0.9638 0.0030 2.0749 167.1
MeOH-DHF (a) O-H--® 0.9636 0.0029

MeOH-DHF (b) O-H---O 0.9702 0.0095 1.8877 173.4
MeOH-Py (a) O-H-m 09652  0.0045

Py-MeOH (b))  N-H---O  1.0109  0.0077  1.9844  178.7
MeOH-Th (a)  O-H--m  0.9634  0.0026

MeOH-Th (b) O-H:--S 0.9633 0.0025 2.7166 168.2

“The MeOH-Th complexes are calculated with the aug-cc-pV(T+d)Z
basis set, and all other complexes with the aug-cc-pVTZ basis set,
respectively. © OH bond length in the complex. © Change in the OH/
NH bond length upon complexation. ¢ The intermolecular hydrogen
bond distance. ¢ The intermolecular hydrogen bond angle./ In the Py-
MeOH (b) complex, MeOH acts as hydrogen bond acceptor. R(NH) for
pyrrole. R(NHy---O) and 6(NHj---O) for the Py-MeOH complexes.

2506 | RSC Adv., 2017, 7, 2503-2512

(0.0025 A) complexes. Among all the O-H---Y bonded MeOH
complexes, MeOH-DHF (b) shows the most important bond
length change Aroy) and the smallest hydrogen bond length
rus)- DHF forms the strongest hydrogen bond in the heterocy-
clic organic compounds. Generally, the hydrogen bond angles
are expected to be close to 180° in an ideal hydrogen bonded
complex.”***> As seen in Table 1, the O-H---O/S hydrogen bond
angles in MeOH-Fu and MeOH-Th deviate by 12° from the ideal
linear orientation. For the O-H---O hydrogen bonded MeOH-
DHF complexes, the angles only deviate by 6°. Generally, in
similar hydrogen bonded MeOH complexes, smaller deviation
of hydrogen bond angle represents more stable structure. As
a result, MeOH-DHF (b) is the most stable complex of all the
O-H:-'Y (Y=0, S) bonded complexes.

3.2 Topological analysis

AIM analysis was applied to describe the bonding in the MeOH
complexes based on the topology of the electron density.* Fig. 2
shows the AIM plots for the MeOH complexes with bond critical
points (BCPs) and ring critical points (RCPs). The topological
parameters, including electron density, Laplacian charge
density, and change in atomic charge at the H atom Ag(H) are
listed in Table 4. Two quantitative criteria have been suggested
to characterize the strength of a hydrogen bond. The electron
density is in the range of 0.002-0.0340 a.u. and the Laplacian
charge density is in range of 0.016-0.130 a.u.”” The AIM analysis
of these complexes shows only one BCP between the MeOH and
each of the heterocyclic compounds. It is worth mentioning
that, as shown in Table 2, the values of the electron density
(0.0093-0.0295 a.u.) and the Laplacian charge density (0.0251-
0.0865 a.u.) of the MeOH complexes were well within the range
specified for the existence of the hydrogen bond. The positive
and small values of the Laplacian charge density of the BCP's
indicate the closed shell nature of the interactions similar to
those found in hydrogen bonds and ionic interactions.

The charge density p(BCP) at the BCP for the O-H--'7
interaction is about half of that for the O-H---O interaction. The

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 AIM plots of the MeOH complexes with bond critical points (BCPs), ring critical points (RCPs) and electron density paths.

Laplacian charge density at BCP is also smaller for the O-H:--7
interaction than for the O-H---O interaction. In addition, the
loss of electronic charge on the hydrogen atom for O-H:--O
hydrogen bond is more important than in the O-H--'w
hydrogen bond, confirming that the O-H---O hydrogen bonded
complex is more stable than the O-H---w bonded one. The
charge density and Laplacian charge density of the O-H:--7
bonded MeOH-Th (a) is almost similar to the O-H---S bonded
MeOH-Th (b), indicating that these two MeOH-Th isomers are
almost equally stable.

3.3 Interaction energies

The calculated binding energy (BE), enthalpy of formation (AH’)
and Gibbs free energy of formation (AG) of the MeOH
complexes are summarized in Table 3. As seen from Table 3, the
ZPVE can be as large as 5.1 k] mol™'. The BEs of O-H:T
hydrogen bonded complexes range between —3.7 and —8.1 k]
mol~'. Compared to the O-H:--O bonded conformers, the
binding strengths in the O-H---w bonded conformers for
MeOH-Fu and MeOH-DHF are weaker by 2.6 k] mol " and 12.1
kJ mol ', respectively. The BEs clearly indicate that the O-H::-O

Table 2 AIM parameters for the MeOH complexes optimized at the
B3LYP/aug-cc-pVTZ and B3LYP/aug-cc-pV(T+d)Z levels for
complexes containing O and N atoms and those containing S atom,
respectively®

Conformer Bond type Ag(H) p(BCP) V?p(BCP)
MeOH-Fu (a) O-H--w 0.0045 0.0098 0.0271
MeOH-Fu (b) O-H:---O 0.0298 0.0179 0.0651
MeOH-DHF (a) O-H--'w 0.0044 0.0104 0.0281
MeOH-DHF (b) O-H---0 0.0510  0.0295 0.0865
MeOH-Py (a) O-H---w 0.0111 0.0116 0.0314
Py-MeOH (b) N-H---0 0.0504  0.0225 0.0791
MeOH-Th (a) O-H--'1t 0.0071 0.0093 0.0266
MeOH-Th (b) O-H--S 0.0041  0.0094 0.0251

“ All values are in a.u.

This journal is © The Royal Society of Chemistry 2017

bonded conformers are more strongly bound than the corre-
sponding O-H:--- hydrogen bonded conformers. Concerning
for the MeOH-Py complexes, the BE of the N-H---O bonded Py-
MeOH (b) is much less negative than that of O-H:--7 bonded
MeOH-Py (a) complex. For the three other MeOH-complexes
that are formed by furan, DHF and thiophene, the O-H--7
bonded conformers (a) have less negative AH’ and larger AG®
than the corresponding conformers (b). The calculated BE and
AH® values of O-H---rt and O-H---S bonded conformers of the
MeOH-Th complex are very similar (differing by less than 1 kJ
mol ). However, the AG® value of the MeOH-Th (b) conformer
is smaller than the corresponding value of the MeOH-Th (a)
conformer. Based on all the thermodynamic parameters pre-
sented above, the stability order of the two conformers of each
MeOH-complex is as follows, MeOH-Fu (b) > MeOH-Fu (a),
MeOH-DHF (b) > MeOH-DHF (a), Py-MeOH (b) > MeOH-Py (a)
and MeOH-Th (b) = MeOH-Th (a). Consequently, the MeOH-
Fu (b), MeOH-DHF (b), Py-MeOH (b) and both O-H--- and
O-H:--S bonded MeOH-Th complexes are more likely to be

Table 3 Calculated binding energies (BE), zero point vibrational
energy (ZPVE), enthalpies of formation (AH°), and Gibbs free energies
of formation (AG®) for the MeOH-Fu, MeOH-DHF, MeOH-Py and
MeOH-Th complexes, calculated with the B3LYP functional

Conformer® Bond type BE? ZPVE AH® AG°
MeOH-Fu (a) O-H-1 —4.5 2.5 -1.7 22.5
MeOH-Fu (b) O-H---O -7.1 3.3 —4.7 20.6
MeOH-DHF (a) O-H---7m —-3.7 2.7 —-0.9 22.1
MeOH-DHF (b) O-H---O —15.8 5.1 —14.3 16.3
MeOH-Py (a) O-H- -81 3.1 —5.6 21.1
Py-MeOH (b)* N-H---O —~16.4 3.6 ~13.9 13.4
MeOH-Th (a) O-H--m —46 24 -1.6 221
MeOH-Th (b) O-H---S —-3.3 1.9 0.05 17.1

“ The MeOH-Th complexes are calculated with the aug-cc-pV(T+d)Z
basis set, and all other complexes with the aug-cc-pVTZ basis set,
respectively. ” BE corrected with ZPVE. All energies are given in kJ
mol . ° In the Py-MeOH (b) complex, MeOH acts as hydrogen bond
acceptor.
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formed in atmospheric environment. The nucleation trend
shows a fundamental step in atmospheric new particle
formation.

The BEs relevant for hydrogen bonding are also compared
for the lowest energy conformers of every MeOH complexes. The
maximum BE is predicted for the Py-MeOH (b) conformer with
avalue of —16.4 k] mol . This is due to the presence of a strong
N-H:---O hydrogen bond. The second most stable complex is
MeOH-DHF (b), which is 0.6 k] mol " less stable than the Py-
MeOH (b) conformer. The following less stable structure is the
MeOH-Fu (b) conformer having a BEs of 7.1 k] mol " with
aweaker O-H---O hydrogen bond. The O-H---O bonded MeOH-
Fu (b) has larger calculated BE, AH’ and AG® values than the
O-H:--S bonded MeOH-Th (b) conformer. These computed
hydrogen bond indicators nicely correlate with the previous
work, which showed that O-H---S hydrogen bond is weaker than
the O-H---O hydrogen bond.** Besides, this difference in
hydrogen bond strength is reflected in the OH-stretching
vibrational frequencies calculated for the MeOH-Fu and
MeOH-Th complexes.

3.4 IR spectra

The hydrogen bonds in the MeOH complexes were detected
with matrix isolation FTIR. The argon matrix infrared spectra of
MeOH complexes in the OH-stretching fundamental transition
Jou region were measured after the matrix annealed to 14 K. In
the spectra of the MeOH complexes, bands with new features
that were not present in the two monomers were marked with
asterisk, which indicates the formation of the complexes. The
spectra of MeOH, furan, and the MeOH-Fu complex are pre-
sented in Fig. 3. Different mixing ratios of Fu/MeOH were
applied to confirm the formation of the hydrogen-bonded
complex. The two lower spectra in Fig. 3 are the monomers of
furan (trace a) and MeOH (trace b). Trace c and d are spectra of
the MeOH-Fu complexes with different Fu/MeOH mixing ratio,

15
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3450 3500 3550 3600 3650 3700
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Fig.3 Infrared spectra of MeOH, furan, and the co-deposition of them

at 14 K. (a) Fu/Ar =1/700; (b) MeOH/Ar = 1/700; (c) MeOH/Fu/Ar = 1/1/
700; (d) MeOH/Fu/Ar = 1/5/700. Bands marked with asterisk are new
features from MeOH-Fu complex. The spectra were offset for clarity.
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1:1 for trace ¢ and 5:1 for trace d. The fundamental OH-
stretching frequency in MeOH is found to be ~3666 cm™'. In
the spectra of MeOH-Fu complexes, this band has also been
detected. Features due to the red shifts (Avoy) of the OH-
stretching fundamental transition of MeOH were observed at
~3616 cm™ ' and ~3635 cm ™ in the spectrum of the MeOH-Fu
complex, it is assigned here to the OH-stretching transition
frequency of the 1 : 1 MeOH-Fu (b) complex due to its stronger
O-H:--O hydrogen bond. The intensity of the OH-stretching
frequency of the MeOH monomer decreases with increasing
Fu/MeOH mixing ratio because part of MeOH takes part in the
formation of MeOH-Fu complex forming the O-H---O hydrogen
bond. Furthermore, since increasing the proportion of the
furan leads to more MeOH-complex formation, the intensity of
the OH-stretching frequency of the MeOH-Fu complex
increases with the increment of adding proportion on furan. It
should be mentioned that the 3530 cm ™" band which decreases
slightly with increasing Fu/MeOH mixing ratio is recorded in all
infrared spectra of the MeOH monomer and the corresponding
MeOH complexes investigated in this study. We assign these
features to the dimer of MeOH. Similar phenomenon has been
found in previous studies.””** With the formation of MeOH
complexes, MeOH tends to interact stronger with heterocyclic
organic compounds forming hydrogen bonded complexes
rather than forming MeOH dimer.

The FTIR spectra of MeOH, DHF, and MeOH-DHF are shown
in Fig. 4. In the infrared absorption spectra, the 3488 and 3563
cm ! bands are the OH-stretching fundamental transition of
the MeOH-DHF complex with calculated OH-stretching mode
frequency 3643 cm™ ' and 3768 cm ™' (Table 4). This assignment
is underscored by the distinct intensity evolution of these bands
when varying the relative DHF concentration. Stronger OH-
stretching vibration bands of the MeOH-DHF complex are
observed in higher DHF/MeOH mixing ratio. The complex
spectra obtained from the matrix isolation experiment belong

Absorbance

a

0.0
3450

1 T 1 1
3500 3550 3600 3650

Wavenumber / cm™

Fig. 4 Infrared spectra of MeOH, DHF, and the co-deposition of them
at 14 K. (a) DHF/Ar =1/700; (b) MeOH/Ar = 1/700; (c) MeOH/DHF/Ar =
1/1/700; (d) MeOH/DHF/Ar = 1/5/700. Bands marked with asterisk are
new features from MeOH-DHF complex. The spectra were offset for
clarity.
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Table 4 Calculated and observed OH-stretching fundamental transition wavenumbers and red shifts (cm™3)

Calculated Observed
Conformer Vou Aoy f flfseon Tou® Aoy
MeOH 3828 — 5.8 x 107° — 3666 —
MeOH-Fu (a) 3770 58 42 x107° 7.3 3635, 3616 31-50
MeOH-Fu (b) 3772 56 6.2 x 107° 10.6
MeOH-DHF (a) 3766 61 4.4 % 107° 7.5 3488, 3563 103-178
MeOH-DHF (b) 3638 190 1.2 x 107" 20.6
MeOH-Py (a) 3738 90 5.2 x 107° 9.0 3581, 3583 85-87
Py-MeOH (b)” 3537 134 1.1 x 107* 18.8 3371 149
MeOH-Th (a) 3775 53 41 %x107° 7.0 3636, 3614 30-60
MeOH-Th (b) 3775 53 4.0 x 107° 6.9

@ Aboy = Pmeon — Peomplex- > 1n the Py-MeOH (b) complex, MeOH acts as hydrogen bond acceptor. Aliny = Fpyrrole — Pcomplex- The calculated NH-

stretching transition wavenumber of pyrrole is 3671 cm ™. ¢

to the more stable O-H---O hydrogen-bonded MeOH-DHF (b)
complex according to the geometric and thermodynamic
parameters discussed above. Similar measurements for the
MeOH-Th and MeOH-Py complex were also carried out and the
results are shown in Fig. 5 and S2, respectively. The feature
observed at 3666 cm ™~ is due to MeOH monomer. The features
observed around 3530 cm ™' are due to MeOH dimer, which
agrees well with the literature value.*® The fundamental OH-
stretching frequencies of MeOH-Th complex are recorded at
3614 cm ™', 3636 cm™ ' in the infrared absorption spectra
(calculated value 3776 cm ™" (Table 4)). It is hard to assign the
spectra to the exact MeOH-Th conformer, because all hydrogen
bond characteristic features we obtained for different MeOH-
Th conformers are too close. It is likely that the two MeOH-Th
conformers co-exist in the atmosphere. The integration regions
for MeOH-Py are 3300-3700 cm ‘. As shown in Fig. S2,}
MeOH-Py (a) and Py-MeOH (b) were all detected in our matrix
isolation experiments. The 3581 cm™', 3583 cm™ ' bands which
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Fig. 5 Infrared spectra of MeOH, thiophene, and the co-deposition of

them at 14 K. (a) Th/Ar =1/700; (b) MeOH/Ar = 1/700; (c) MeOH/Th/Ar
=1/1/700; (d) MeOH/Th/Ar = 1/5/700. Bands marked with asterisk are
new features from MeOH-Th complex. The spectra were offset for
clarity.

This journal is © The Royal Society of Chemistry 2017

The observed NH-stretching transition wavenumber of pyrrole is 3520 cm ™.

have a small red shifts (A7oy) are assigned to the MeOH-Py (a).
It is plausible to assign the 3371 cm ™" band to the Py-MeOH (b),
which is significantly lower in energy than the MeOH-Py (a)
complex and has a larger red shifts (Avoy). The calculated
fundamental OH-stretching frequencies for the MeOH-Py
complexes are 3740 cm ™', and 3536 cm ™. And this assignment
follows the expected trend with the calculated results of the red
shifts (Avoyn) in MeOH-Py complexes (Table 4).

The OH-stretching bands of MeOH-Fu and MeOH-Th
complexes show similar profile (Fig. S1t), which demonstrates
that formation of hydrogen bond in the MeOH-Fu complex is
similar to the one in the MeOH-Th complex. The OH-stretching
transition frequency of MeOH-Fu (3616, 3635 cm™ ") is similar
to the one in the MeOH-Th complex (3614, 3636 cm™"). This
confirms that these two MeOH-complexes are formed in
a similar way, and S is an acceptor atom similar in strength to O.
The previous experimental studies on methionine-tyrosine
hydrogen bonded complexes also indicate that O-H---S inter-
action is perhaps as strong as O-H:--O interaction.>® However,
the OH-stretching transition frequency of MeOH-Py (3581, 3583
em™ ') is smaller than those of MeOH-Fu and MeOH-Th
complexes. Comparing the fundamental OH-stretching transi-
tion frequencies of the two different MeOH-Py complexes, we
found that our measured OH-stretching frequency of MeOH-Py
(a) (3581, 3583 cm™ ') is much larger than that of Py-MeOH (b)
(3371 em™"), and therefore, the Py-MeOH (b) complex is
significantly more stable than the MeOH-Py (a) complex.
Similar findings were also observed from quantum chemical
calculations performed in this study. In addition, the OH-
stretching transition frequency of MeOH-DHF (3488, 3563
em ') is smaller than that of MeOH-Fu complex (3653, 3616
em™Y). Accordingly, DHF forms stronger O-H:--O hydrogen
bonded complexes than furan.

The red shift value (A¥gy) of the OH-stretching transitions
(AVog = Pmeor — Peomplex) COrrelates with the hydrogen bond
strength. The smaller shift in the complex points out a weaker
hydrogen bond formation. The observed bands origin for the
complexes are red shifted with respect to their respective
monomers. The observed and calculated fundamental OH-
stretching transition frequency and the red shifts (Avoy) of
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the fundamental OH-stretching in the complexes are summa-
rized in Table 4. The maximum red shifts (Avoy) are observed
for O-H:--O hydrogen bonded MeOH-DHF complex (103, 178
cm ) followed by N-H---O hydrogen bonded Py-MeOH (b) (149
cm '), O-H---7 hydrogen bonded MeOH-Py (a) (85, 87 cm™ %),
O-H:--O hydrogen bonded MeOH-Fu complex (31, 50 cm %)
and O-H:---S hydrogen bonded MeOH-Th complex (30, 60
em™'). The magnitudes of the red shifts (Ajioy) observed in
MeOH-Fu complex are similar to those observed in MeOH-Th
complexes, but they are all smaller than those of MeOH-DHF
and MeOH-Py (a). Of all the MeOH complexes studied here, Py-
MeOH (b) has larger red shifts (Avoy) of the NH-stretching
fundamental transition than MeOH-Py (a), which would
suggest that N-H---O hydrogen bonded Py-MeOH (b) is more
stable than O-H- -7 hydrogen bonded MeOH-Py (a). Hence, the
hydrogen bond strength for MeOH-complexes can be sorted as
follows: DHF forms stronger O-H---Y (Y==0, S) hydrogen bond
than furan and thiophene, which is attributed to the nonaro-
matic properties of DHF. In addition, the O-H---S hydrogen
bond strength of MeOH-Th is almost similar to O-H:--O of the
MeOH-Fu complex. These observed trends are in excellent
agreement with the former measurement for other analogous
hydrogen bonded complexes, which depicted that MeOH-TMA
(APoy = 333 cm™ ") is more stable than MeOH-DMS (Ajoy = 113
cm ') and MeOH-DME (Afoy = 103 cm™').24%%7 Experimental
studies of MeOH-complex under different temperature condi-
tions have drawn the same conclusion as well. The spectra of
the mixture recorded at 14 K and 25 K are shown in Fig. S1. The
intensity of the OH-stretching frequency of the MeOH monomer
decreases slightly with increasing temperature. Similar trend is
also found in the bands of MeOH dimer. In contrast, the
features of the relevant bands of the MeOH-complex formation
are more obvious when the annealing temperature increases
from 14 K to 25 K. This phenomenon also provides evidence to
the formation of four different MeOH-complexes. Furthermore,
we can also conclude that increasing temperature favors the
complexes formation. A recent study about the thermodynamic
properties of gas phase hydrogen bonded complexes has also
confirmed that the OH-stretching vibration in the MeOH-DMA
complex is temperature dependent.®® More detailed informa-
tion of the co-deposition of MeOH and pyrrole are shown in
Fig. S2.7 The trend observed in the intermolecular stretching
frequencies and relative red shifts of OH-stretching in the FTIR
spectra are consistent with the binding energy values calculated
with DFT methods.

3.5 Calculated OH-stretching transitions and intensities

Vibrational frequency calculations were performed on the
optimized geometries to help assigning the wavenumbers
observed in the matrix isolation experiment. The calculated OH-
stretching frequencies are listed in Table 4. The experimental
and calculated red shifts (Avoy) of OH-stretching fundamental
transition are also included. The experimental observations of
OH-stretching fundamental vibrations wavenumbers are
smaller than the calculated frequencies with respect to the
monomer. The calculated red shifts of MeOH-complexes follow
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the same trends as the experimental observations. As given in
Table 4, the calculated red shift (Avoy) with the w-type hydrogen
bond is in the range 53-90 cm™ ", which is larger than that in
previous studies which described that OH-stretching red shifts
is about 45 cm™" for weak intermolecular O-H:--7 hydrogen
bond in MeOH-ethene complex.” The maximum calculated red
shifts (Avoy) is the O-H---O hydrogen bonded MeOH-DHF
complex (190 cm™ ") followed by Py-MeOH (b) (134 cm™ %),
MeOH-Py (a) (90 cm '), O-H- -7 hydrogen bonded MeOH-DHF
(a) (61 cm™ "), MeOH-Fu (a) (58 cm "), MeOH-Fu (b) (56 cm ™)
and MeOH-Th complex (53 cm™'). The results agree well with
the experimental red shifts, and thus indicate that the hydrogen
bond strength of O-H:--O in MeOH-Fu complexes is similar to
O-H:--S hydrogen bond in the MeOH-Th complexes. In
O-H---O hydrogen bonded complexes, MeOH-DHF is more
stable than MeOH-Fu complex because oxygen atom in furan is
affected by the delocalization of m-electrons in the furan ring,
thus forming the weaker O-H---O hydrogen bond.

The oscillator strength (f) and the relative intensities (f/
Jfueon) of the OH-stretching fundamental transition for the
complexes are also listed in Table 4. The oscillator strengths of
OH-stretching vibrations in MeOH complexes were over seven
times stronger than MeOH monomer as a result of hydrogen
bond formation. In addition, we found that the calculated
oscillator strengths of the two different conformers of a same
complex are quite different except for the MeOH-Th complex.
The oscillator strengths of O-H:--mw hydrogen bonded
conformers are smaller than O-H---O hydrogen bonded
conformers, which means that the conformer (b) of the MeOH-
Fu and MeOH-Th complexes is more stable than the conformer
(a). This trend is also suitable for MeOH-Py complexes, as the
strength of Py-MeOH (b) conformer is almost twice that of
MeOH-Py (a) conformer. Nevertheless, there is no significant
difference in oscillator strength between the O-H---m (4.1 X
107°) and O-H---S (4.0 x 107°) bonded conformers of the
MeOH-Th complex. As the values are too close to each other, it
is hard to tell which bond is stronger based on the relative
intensities.

4. Conclusions

A competition between O-H---O/S and O-H---7 binding sites
exists in MeOH complexes when MeOH dock onto the hetero-
cyclic organic compounds, such as furan, DHF, pyrrole and
thiophene. To compare the competition between these two
different bonding sites, we have investigated the hydrogen bond
MeOH complexes using matrix isolation FTIR spectroscopy and
theoretical calculations. Obviously, two different configurations
(X-H---Y and O-H--- hydrogen bonded conformers) in each
MeOH-complex were obtained. Generally, the structures with
a hydrogen bond to the heteroatom are more stable than those
bonding to the m systems. AIM results clearly predict the nature
of interaction in MeOH complexes, and indicate the presence of
the hydrogen bond between MeOH and the heterocyclic organic
compounds. The measured OH-stretching transitions of the
complexes were assigned as from the O-H--Y (Y=0, S) bonded
structures, and the N-H---O bonded Py-MeOH complexes. The

This journal is © The Royal Society of Chemistry 2017
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observed red shifts (Avoy) of the OH-stretching fundamental
transition are consistent with the theoretical computational
results, which confirms that the complex spectra of MeOH-Fu
and MeOH-DHF complexes obtained from the matrix isolation
experiment belong to the O-H:--O hydrogen bonded complexes.
However, the O-H:--7 bonded MeOH-Th (a) conformer may co-
exist with the O-H---S bonded MeOH-Th (b) conformer since all
the values obtained from theoretical calculations for different
MeOH-Th conformers are very close to each other. In addition,
comparison of the red shifts (Avoy) of the OH-stretching
fundamental transition of the complexes shows that MeOH-
DHF is more stable than MeOH-Fu complex, while the
hydrogen bond strength of O-H---O in MeOH-Fu complexes is
similar to O-H:--S hydrogen bond in the MeOH-Th complexes.
The results of this study help to understand the nature of
hydrogen bonds in MeOH-complexes and their implication in
new particle formation.
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