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Oxalic acid is believed to play an important role in the formation and growth of atmospheric organic
aerosols. However, as a common organic acid, the understanding of the larger clusters formed by gas
phase oxalic acid with multiple ammonia molecules is incomplete. In this work, the structural characteristics
and thermodynamics of oxalic acid clusters with up to six ammonia molecules have been investigated at the
PW91PW91/6-311++G(3df,3pd) level of theory. We found that oxalic acid forms relatively stable clusters with
ammonia molecules, and that ionization events play a key role. The analyses of the thermodynamics and
atmospheric relevance indicate that the heterodimer (H,C,O4)(NH=) shows an obvious relative concentration
in the atmosphere, and thus likely participates in new particle formation. However, with increasing number
of ammonia molecules, the concentration of clusters decreases gradually. Additionally, clusters of oxalic acid
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with ammonia molecules are predicted to form favorably in low temperature conditions and show high

Published on 25 February 2015. Downloaded by Hefel Institutes of Physical Science, Chinese Academy of Sciences on 30/03/2015 02:35:00.

www.rsc.org/pccp Rayleigh scattering intensities.

Introduction

Atmospheric aerosols are known to be involved in many impor-
tant processes, including changing the Earth’s climate by
modifying cloud precipitation and properties," influencing
the Earth’s radiation budget by absorbing and scattering solar
radiation, affecting human health and, possibly, enhancing the
mortality rate (e.g., due to particles less than 2.5 um).>”> New
particle formation (NPF) produces the majority of atmospheric
aerosols.® In the past, a great amount of theoretical and
experimental work has focused on NPF events to investigate
the properties and structures of molecular clusters,” ! and both
methods have provided valuable perception of the potential
chemical mechanisms of particle formation. The formation of
new particles involves two stages:*>>° an initial nucleation stage
forming a critical nucleus (~1-3 nm in diameter) and a sub-
sequent growth stage in which the size of the critical clusters
increases rapidly.>**® The initial stage is critical and important,
because its chemical makeup and populations would affect the
NPF events along with the nucleation rate. So far, the chemical

@School of Environmental Science & Optoelectronic Technology,
University of Science and Technology of China, Hefei, Anhui 230026, China.
E-mail: huangwei6@ustc.edu.cn
b Laboratory of Atmospheric Physico-Chemistry, Anhui Institute of Optics & Fine
Mechanics, Chinese Academy of Sciences, Hefei, Anhui 230031, China
1 Electronic supplementary information (ESI) available: The coordinates, harmonic
frequencies (in em™') and IR intensities for (H,C,04)(NH3), (n = 1-6) isomers
optimized at the PW91PW91/6-311++G(3df,3pd) level of theory, and the data for
isomers with ammonia binding to either carboxyl and with relative single point
energy above 6 kcal mol™". See DOI: 10.1039/c5¢p00027k

9552 | Phys. Chem. Chem. Phys., 2015, 17, 9552-9563

compositions of the critical nuclei and the identity of the chemical
species that participate in NPF still remain as uncertainties related
to aerosol production.

Among these studies, the nucleation of organic matter with
sulfuric acid, water and ammonia, the dominant nucleating
species in the atmosphere, has received increasing amounts of
attention. As is known, organic acids exist generally in nature
and play an important role in ice nucleation,> > cloud con-
densation,*" and the production of fine particulate matter.>*3?
The pioneering laboratory experiments on nucleation of
organic acids by Zhang et al. and the theoretical study of Yu
et al. have clearly shown that organic acids enhance the
nucleation and growth of nanoparticles involving sulfuric
acid.*** Previously, Nadykto and Yu indicated that both
organic acids and ammonia may efficiently stabilize the binary
H,S0,-H,0 clusters and that the organic acids actively interact
with ammonia.?® As the most common dicarboxylic acid in the
Earth’s atmosphere,®”° oxalic acid has been observed with a
significant concentration and is the dominant organic acid
found in the PM, 5 atmospheric aerosols.*"*** Furthermore, the
analysis of field measurements*® revealed a strong correlation
between the cloud condensation nuclei (CCN) and oxalate
concentrations, which indicated that oxalate may play an
important role in the CCN activation. Zhang et al. showed that
dicarboxylic acids can contribute to the aerosol nucleation
process by binding to sulfuric acid and ammonia.® The theore-
tical investigation of Yu et al. predicted that oxalic acid signifi-
cantly enhances the stability of ionic clusters, catalyzing
prenucleation clusters with positive charges.** Moreover, Tao
et al.* reported that the formation of neutral cores is the most
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important step in the initial formation of oxalic acid and water
clusters; recently, they predicted that thermodynamically stable
H,C,0,-NHj; core clusters may likely participate in NPF chem-
istry, and that their subsequent hydration is favorable com-
pared to the monohydrates of oxalic acid.*® The significance of
the H,C,0,~NH; core to the subsequent hydration in the
atmosphere is clear, however, what possible features could
the clusters of oxalic acid with ammonia show at larger sizes?
If the clusters of oxalic acid with ammonia at larger sizes
demonstrate stable structures and a concentration similar to
that of the H,C,0,~NH; core, these clusters may exist in the
atmosphere and participate in the subsequent hydration. Thus,
it is of interest and necessary to study the clusters of oxalic acid
with more ammonia molecules. In this work, we investigate the
initial ionization events of (H,C,0,)(NH3), (n = 1-6), its atmo-
spheric relevance, temperature dependence and Rayleigh light
scattering properties at the molecular level. The structures and
energies of the clusters (H,C,0,4)(NH3), (n = 1-6) are predicted
using the basin-hopping (BH) method*”™*° coupled with density
functional theory (DFT) calculations. To the best of our know-
ledge, there is no similar research on the ability of the BH
global searching method to search for the low-lying isomers of
(H2C,04)(NH3),, clusters. The BH approach was tested to be highly
efficient for many atomic clusters, such as gold clusters,”*>*
boron clusters® and doped gold clusters.> A new sampling skill
called compressed sampling was effectively introduced to BH
coupled with DFT and verified by water, nitrate-water, oxalate—
water clusters and chlorine-water clusters.>®>®

Theoretical methods

The initial geometries of the monomers and (H,C,0,)(NH3),
(n = 1-6) clusters in this study were searched using the BH
method coupled with DFT. Generalized gradient approximation
in the Perdew-Burke-Ernzerhof (PBE) functional and the double
numerical plus d-functions (DND) basis set, implemented in
DMol®>° were chosen for the structure optimization of this
system. This method has been used to explore atomic and
molecular systems in our previous studies,**>373>°7,58:60-62

For each cluster, three separate BH searches, consisting of
1000 sampling steps at 3000 K starting with randomly gener-
ated molecular configurations, were performed.

The geometries were first optimized at the PW91PW91/
6-31+G* level of theory. The isomers located within 6 kecal mol *
of the global minimum were then selected and reoptimized by
the PW91PW91/6-311++G(3df,3pd) level of theory implemented
in the Gaussian 09 software package.®® The PW91PW91 method
has shown fine performance on clusters containing common
organic acids, and its predictions®®** agree best with experi-
ments compared to other density functionals. In order to make
sure the results are consistent, another four methods (®#B97x-D,
M06-2X, CAM-B3LYP and B3LYP) were performed for the
smallest clusters, including NH;, C,0,H,, (C,0,H,)(NH;) and
(C,0,H,)(NH3),. We choose to use density functional instead of
wave function theory methods (i.e. MP2) to compare with each
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Table 1 Calculated Gibbs free energy and free energy changes of NHs,

C0,H4, (C202H4)(NHs) and (C,0,H4)(NH3), using different DFT func-
tionals with the 6-311++G(3df,3pd) basis set

Isomer Functional G (Hartree) AG (kecal mol™)
NH; ®B97x-D —56.550
MO06-2X —56.536
CAM-B3LYP —56.541
B3LYP —56.572
PW91PW9I1 —56.544
C,0,H, ©B97x-D ~378.337
MO06-2X —378.321
CAM-B3LYP —378.333
B3LYP —378.462
PW91PW9I1 —378.363
(C20,H,)(NH;) ©B97x-D —434.891 —2.422
M06-2X —434.862 —3.324
CAM-B3LYP —434.891 —10.309
B3LYP —435.037 —1.420
PW91PWI1 —434.914 —4.172
(C,0,H,)(NH,), ©B97x-D ~491.435 0.988
MO06-2X —491.393 —0.660
CAM-B3LYP —491.413 1.517
B3LYP —491.602 3.165
PW91PWI1 —491.455 —2.300

other like the work by Elm et al.>° The computational costs could

be largely reduced due to the absence of wave function theory,
and the accuracy of the benchmark could be maintained because
recent benchmark articles'®*° provide the pool of potential
density functional methods including those methods mentioned
in this benchmark work. From the current benchmark work
displayed in Table 1, the Gibbs free energy calculated by PW91
was closer to that calculated by M06-2X and ®B97x-D, rather
than CAM-B3LYP and B3LYP. In the cluster (C,0,H,)(NH3), the
free energy change calculated by PW91PW91 was very close to
that calculated by M06-2X: the results were —4.172 kcal mol *
and —3.324 kcal mol *, respectively. The differences between the
free energy change calculated by PW91PW91 and the free energy
change calculated by ®B97x-D was 1.75 kcal mol . In the cluster
(C30,H,)(NH3),, the differences between the free energy change
calculated by PW91PW91 and with other methods increased, but
were near 3 kecal mol™%; this could be acceptable as the differ-
ences among the results of different functionals are supposed to
increase with the increasing size of clusters.

For each stationary point, frequency calculations confirmed
that no imaginary frequencies existed (details can be seen in
the ESIT). The single-point energies of the selected isomers of
the (H,C,0,4)(NH3;),, (n = 1-6) system were ultimately calculated
at the DF-MP2-F12/vdz-f12 level of theory using Molpro
2010.1;°*° this level of theory has been proven to be accurate
for single-point energy calculations for the (C,0,H,)(H,SO,),-
(H0),, (n = 1-3) and (C,0,H,)(HSO, )(H,S0,)(H,0), (n = 1-3)
systems.®®> The relative energies (AE.,) were defined as the
relative electronic energy of the global minimum. The ZPE-
corrected binding energies (AE,) and the relative energies
(AE..) were obtained at a standard state of 0 K and 1 atm.
The intermolecular enthalpies (AH) and Gibbs free energies
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(AG) were calculated at a temperature of 298.15 K and 1 atm.
Subsequently, to better clarify the nature of the intramolecular
hydrogen bond interactions of clusters of various sizes,
the characteristics of the bond critical points (BCPs) were
analyzed using the atoms in molecules (AIM)®® approach by
means of the Multiwfn program.®” To study the non-covalent
interaction (NCI) of oxalic acid with ammonia, the reduced
density gradient (RDG) associated with the hydrogen binding
regions in real space has been calculated using the Multiwfn
program and visualized with the VMD program.®® The RDG
method presented by Yang and coworkers®® has been
validated to be convenient and effective for identifying non-
covalent interactions.

To evaluate the Rayleigh scattering intensities and polar-
ization ratios of oxalic acid with ammonia, the most common
dicarboxylic acid and the dominant base in the atmosphere,
the binding mean isotropic and anisotropic polarizabilities of
all clusters were calculated at the CAM-B3LYP/aug-cc-pvVDZ
level of theory. The benchmark work for the smallest cluster
subunits H,SO4, NH; and H,O was performed by Elm et al.”®
On the basis of this analysis, they found that CAM-B3LYP/
aug-cc-pvVDZ was a good compromise between efficiency
and accuracy, yielding good agreement with both experi-
mental and CCSD(T) values of the polarizability. Furthermore,
the CAM-B3LYP functional has been successfully used in
the calculation of various response properties such as polar-
izabilities,”””> absorption properties,”> van der Waals
Ce-coefficients,”" and magnetic circular dichroism.”*”> Addi-
tionally, CAM-B3LYP showed an adequate performance in
calculating the hyper-Rayleigh scattering of large chromo-
phores.”® In this article, to find a suitable methodology for
calculating the optical properties of the prenucleation clus-
ters, a DFT functional with the aug-cc-pVDZ basis set analysis
was performed for the smallest clusters including NHj,
C,0,H,, (C,0,H,)(NH;) and (C,0,H,)(NH;3),. Its performance
in calculating the mean isotropic polarizability was tested
using ®B97x-D, M06-2X, MP2, CAM-B3LYP and PW91 with
the aug-cc-pVDZ basis set. The results are shown in Table 2;
based on analysis of the results, CAM-B3LYP/aug-cc-pVDZ
was found to be a good compromise between accuracy and
efficiency, yielding good agreement with the MP2 values of
the polarizability.

The light scattering intensities and the isotropic mean
polarizabilities &, as well as the anisotropic polarizabilities Ao
and the relevant computational methods, have been given in
our previous study.>®

Table 2 Calculated isotropic mean polarizabilities (@) of NHz, CoO,H,,
(C202H4)(NH3) and (C,0,H4)(NH3), using different DFT functionals with
the aug-cc-pVDZ basis set

Functional — NH; C,0,H,  (C,0,H,)(NH;)  (C,0,H,)(NH;),
©®B97x-D 13.980  38.651  53.682 68.472
M06-2X 13.645 37.675  52.551 67.032
CAM-B3LYP  14.000 38.663  53.814 68.935
MP2 14.041  39.984  55.492 70.855
PW9OIPW91  14.993 41.795  58.532 75.362
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Results and discussion
3.1 Structures and energies

The geometry of the oxalic acid monomer in this work is a
planar trans conformation (C,,, point group), with weak intra-
molecular hydrogen bonds to the carboxyl oxygen at neighboring
carboxyl groups.®** The representations of the (H,C,04)(NH3),
(n = 1-6) conformations are defined using m-n notation. In this
notation, “m” (m =1, I, I1I, IV, V and VI) denotes the number of
ammonia molecules. “n” (n = a-d) is used to distinguish
different isomers with the same value of m, ordered by increas-
ing relative single point energy AE,.. The ZPE-corrected binding
energies (AE,) of the cluster were calculated using the following
equation. The interaction enthalpies (AH) and free energy
changes (AG) were calculated in the same way:

AE,=E, — n X Exu, — Ec,o,n, (1)

where n indicates the number of ammonia molecules in the
cluster and E, is the total energy; Exy, and E¢ o, n, are the total
energies for ammonia and oxalic acid. The binding energies of
all isomers are shown in Table 3. The most stable structure of
the H,C,0,-NH; isomers was consistent with the available
reported structure.*>*°

Fig. 1 displays the optimized structures of the global and
local minima at the PW91PW91/6-311++G(3df,3pd) level of
theory for (H,C,0,)(NHj3),. The lowest-energy structures of the
(H,C504)(NH3),, (n = 1-6) clusters are ordered by the state of
association (I, II, III, IV, V and VI). Isomers with ammonia
binding to either carboxyl and with a relative single point
energy above 6 kcal mol " are displayed in Fig. S1 (ESI), and
the corresponding binding energies are shown in Table S1
(details can be seen in the ESIf). The intramolecular and
intermolecular interaction distances and the corresponding
isosurfaces are given in Fig. 2. For the H,C,0,~-NH; complexes,
the global minimum of the H,C,0,-NHj cluster is I-a. As shown
in Fig. 2, two intermolecular hydrogen bonds are formed in
cluster I-a: a stronger H- - -N bond with a length of 1.536 A and a
weaker O---H bond with a length of 2.154 A. For the
(H,C,0,4)(NH3), clusters, the global minimum is II-a. It is
observed that the length of the stronger intermolecular H. - -N
bond reduces to 1.211 A from 1.536 A, and the length of the
adjacent covalent O-H bond increases from 1.067 A to 1.304 A.
The global minimum of the (H,C,0,4)(NHj3); clusters is IlI-a,
with an enthalpy change AH = —36.219 kcal mol ™", and a free
energy change AG = —6.018 kcal mol". The addition of the
second ammonia produces a free energy change 2.743 kcal mol ™"
higher than that of (H,C,0,)(NH;); however, the addition of the
third ammonia produces a free energy change —3.614 kcal mol "
lower compared to that of (H,C,0,4)(NH3),. In this configuration,
a proton from the donor H,C,0, transfers to the acceptor
ammonia, and the length of the strong intermolecular H: - ‘N
bond reduces to 1.097 A, nearly to the nitrogen-hydrogen bond
distances of ammonia. The length of the adjacent covalent O-H
bond increases from 1.304 A to 1.538 A, forming an HC,0, /
NH," ion pair. For the clusters of (H,C,0,)(NH3), (7 = 4-6), the
distance of the intermolecular H.--N bonds decreases as the
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Table 3 The relative single point energies AE,e, the ZPE-corrected binding
energies (AEp), intermolecular enthalpies (AH), free energy changes (AG)
and Boltzmann averaged Gibbs free energies of (H,C,O4)(NH3), (n = 1-6)
(in kcal mol™) based on PW91PW91/6-311++G(3df,3pd) calculations

Boltzmann averaged

n Isomer AE,, AE, AH AG Gibbs free energy

1 Ia 0 —14.094 —-14.612 —5.147 —5.147
2 II-a 0 —20.539 —-21.630 —2.404 -0.797
1I-b 4.807 —15.732 —15.984 0.821

3 II-a 0 —34.158 —-36.219 —6.018 —4.447
III-b 0.191 -—-33.966 —35.783 —5.689
III-c 0.430 —33.728 —35.755 —6.297
111-d 0.820 —33.338 —35.439 -5.671
III-e 5.670 —28.459 —29.893 —1.405
I-f 6.032 —28.126 —29.269 1.558

4 Iv-a 0 —37.308 —38.756 —1.449 5.284
IV-b 0.747 —-36.561 —38.001 -—0.911
IvV-c 0.895 —36.413 —38.333 —0.264
v-d 2.710 —34.599 —36.395 1.594
Iv-e 3.425 —33.883 —35.482 1.931
v-f 3.834 —33.474 —35.271 3.018
v-g 4.415 —32.893 —34.804 3.628
IV-h 5.190 -—32.119 -—-33.991 3.405

5 V-a 0 —44.356 —46.262 0.522 2.927
V-b 0.708 —43.649 —45.712 1.749
V-¢ 1.040 —43.316 —45.413 1.595
V-d 1.232 —43.125 —44.954 1.501
V-e 1.895 —42.461 —44.601 2.377
V-f 2.209 —42.147 —44.560 4.416
V-g 2.531 —41.825 —44.488 5.360
V-h 3.772 —40.584 —42.668 3.470
V-i 4.031 —40.326 —42.694 5.744
6 VI-a 0 —51.544 —54.332 3.495 12.667

VI-b 1.808 —49.736 —52.098 4.483
VI-¢ 3.540 —48.004 —50.898 8.164
VI-d 4.697 —46.847 —49.662 8.886
VI-e 5.569 —45.975 —48.680 8.984
VI 5.975 —45.568 —48.295 9.129

clusters grow to larger size. In the clusters (H,C,0,)(NH3),, some
of the free energy changes are negative, and some are positive.
For the clusters (H,C,0,)(NH3), (n = 5-6), the free energy
changes are all positive. This indicates that ionization events
exist in the formation of (H,C,0,4)(NHs), clusters and play a role
in the stability of the oxalic acid and ammonia system; further-
more, three ammonia molecules are needed for oxalic acid
dissociation.

3.2. Electron density and non-covalent interactions (NCI)
analysis

Topological analysis of the electron density can prove the
existence of the hydrogen bond in all clusters. So AIM theory®®
was applied here to deepen the understanding of the nature of
the intermolecular hydrogen bond in the oxalic acid and
ammonia system. To analyze the topological characteristics at
the bond critical point, we used the electron density (p), its
Laplacian (V?p), and the electronic energy density (E), which
is composed of the electronic kinetic energy density (G) and
the electronic potential energy density (V)-p, which is a good
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estimate of the strength of the hydrogen bond.®® The larger the
p value, the stronger the hydrogen bond is. The values of the
AIM topological parameters calculated using the Multiwfn
program®’ for the hydrogen bonds between H,C,04 and NH;
for all global minima are listed in Table 4. They indicate that
hydrogen-bonded intermolecular interactions exist in these
complexes, and that some intermolecular hydrogen bonds are
relatively strong. The values of V?p and E indicate the nature of
the interaction. A negative value of V?p indicates that there is a
shared interaction, such as in a covalent bond, whereas a
positive value of V?p indicates closed-shell system interactions,
that is, ionic interactions, van der Waals forces, or hydrogen
bonding.®® On the other hand, if V?p is positive but E is
negative, then the interaction is partly covalent in nature.””
Here —G/V is chosen, as the balance between the positive value
of G and the negative value of V may indicate the regions
corresponding to covalent or non-covalent interactions. If —G/V
is greater than 1, then the interaction is non-covalent. If the
ratio is between 0.5 and 1, the interaction is partly covalent in
nature, and when this ratio is less than 0.5, the interaction is a
shared covalent interaction.”® The structures of the global
minima with their hydrogen bond distances and corresponding
isosurfaces are shown in Fig. 2. As shown in Fig. 2 and Table 4,
the length of the stronger intermolecular H---N bond of the
(H,C,04)(NH3), (n = 1-6) clusters is reduced from 1.536 A to
1.055 A. The relevant value of p increases from 0.0853 a.u. to
0.3338 a.u. The interaction of this H-: - -N bond is partly covalent
in the dimer, with —G/V = 0.52, then tending toward shared
covalent in the trimer. The coterminous O---H bond increases
from 1.067 A to 1.735 A. The relevant value of p reduces from
0.2671 a.u. to 0.0446 a.u. The interaction of this O---H bond
with —G/V = 0.44 is covalent in the dimer, then becomes closer
to partly covalent for the trimer, and becomes a hydrogen bond
in the tetramer. From these values, the tetramer can be seen as
the turning point of the proton transfer, verifying the former
structures analysis. The —G/V values of the other hydrogen
bonds formed between oxalic acid and ammonia are greater
than 1, and these interactions are non-covalent. The relevant
values of p range from 0.0106 a.u. to 0.0225 a.u., which fall
within the generally accepted range of a hydrogen bond, which
is the range from 0.002 to 0.035 a.u., and their corresponding
Laplacians (V?p) all fall within the proposed range from 0.024
to 0.139 a.u. of a hydrogen bond,”® showing that there are
hydrogen-bonded intermolecular interactions in the oxalic acid
and ammonia system.

The non-covalent interaction (NCI) index based on the corre-
lation between the reduced density gradient and the electron
density has been presented by Yang and coworkers.®®®® The
reduced density gradient

R S \'/)

is a fundamental dimensionless quantity in DFT, which is used
to describe the deviation from a homogeneous electron distribu-
tion.®®®* To some extent, the NCI analysis method can be seen as
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Fig. 1 The optimized geometries of (H,C,04)(NHz3), (n = 1-6) at the PW91PW91/6-311++G(3df,3pd) level of theory (red for oxygen, white for hydrogen,

gray for carbon and blue for nitrogen).

an extension of AIM.*’ Not only can the location of the pairwise
atoms connected along the bond path be identified, but also the
properties around the BCPs can be visualized using NCI. The
reduced density gradient is able to be used to confirm non-
covalent interactions and covalent interactions in real space.®”
Therefore, the NCI index is a useful tool to distinguish and

9556 | Phys. Chem. Chem. Phys., 2015, 17, 9552-9563

visualize different types of non-covalent interactions as regions
of real space. The green to blue color coded regions of the
bonding isosurface indicate where the hydrogen-bonding inter-
action is becoming stronger. The reduced gradient isosurfaces
(s =0.05 a.u.) (using the Multiwfn program®” and VMD program®®)
of Fig. 2 agree with the AIM analysis. In the regions between the
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Fig. 2 The lowest-energy structures of the (H,C>04)(NH3), (n = 1-6) clusters at the PW91PW91/6-311++G(3df,3pd) level of theory, ordered by the state
of association (I, Il, lll, IV, V, VI). The intramolecular and intermolecular interaction distances and the corresponding isosurfaces are given.

intermolecular nitrogen and hydrogen atoms, the intermolecular
oxygen and hydrogen atoms, as well as the intramolecular oxygen
and hydrogen atoms, there exist bonding isosurfaces. Here, it is
observed that both stronger and weaker intermolecular hydrogen
bonds exist in the oxalic acid and ammonia system. Some inter-
molecular hydrogen bonds are relatively stronger. In Fig. 2, the
phenomenon of proton transfer can also be seen. Proton transfer
occurs in the tetramer, which is consistent with the AIM results.

3.3 Temperature dependence of conformational populations

As is known from the previous studies,’® as the systems grow larger
and form more complexes, the stability order of the isomers may
change. Temperature effects could also contribute to the variation
of the relative populations of the isomers. Thus the temperature
dependence of the thermodynamic properties is an important
parameter to understand the roles of the specific nucleation

This journal is © the Owner Societies 2015

mechanisms at various atmospheric temperatures. Experiments
at lower temperature ranges are difficult to perform due to the
increased wall losses of the clusters (H,C,0, and NHj3) at low
temperatures. Here quantum chemical calculations can provide
such data. In this work, the temperature dependence of energy for
the formation of H,C,0, and NH; complexes was calculated at
temperatures of 100, 150, 200, 250, 298.15, 300, 350 and 400 K.
Considering the Boltzmann distribution of the lower energy
isomers, here we used the Boltzmann averaged Gibbs free
energy to study the flatness of the potential energy surfaces of
(H,C,0,4)(NH3),, (n = 1-6). The equations are as follows:

—AAG)
e kT

M = —sagr (3)

Se kol
B
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Table 4 Topological parameters at intermolecular bond critical points (BCPs) between oxalic acid and ammonia of all global minima at the PW91PW91/
6-311++G(3df,3pd) level. The subscripts are used to mark the carbon atoms of different carbonyls

Isomer BCP p Vp E G v —GIV
Ia HOOC,C,00-H: - NH; 0.0853 0.0136 —0.0400 0.0434 —0.0835 0.52
NH,-H- - -OHOC,;C,00H 0.0178 0.0668 0.0024 0.0143 —0.0118 1.21
II-a HOOC,C,00: - ‘H-NH;NH; 0.1359 —0.0796 —0.0967 0.0768 —0.1735 0.44
NH;NH,-H- - -OHOC,C,O00H 0.0106 0.0394 0.0012 0.0086 —0.0074 1.16
III-a HOOC;C,00- - -H-NH;3(NH3), 0.0742 0.1013 —0.0263 0.0516 —0.0779 0.66
(NH3),NH,-H: - -OHOC;C,O0H 0.0192 0.0769 0.0028 0.0164 —0.0135 1.21
(NH3),NH,-H: - -OHOC,;C,00H 0.0146 0.0538 0.0021 0.0113 —0.0092 1.23
IV-a HOOC,C,00- - -H-NH;(NH3); 0.0645 0.1069 —0.0197 0.0464 —0.0661 0.70
(NH3);NH,-H: - -OHOC;C,O00H 0.0136 0.0503 0.0020 0.0105 —0.0085 1.24
(NH3);NH,-H- - -OHOC;C,O0H 0.0136 0.0503 0.0020 0.0105 —0.0085 1.24
(NH3);NH,-H: - -OHOC;C,O0H 0.0129 0.0488 0.0021 0.0101 —0.0081 1.25
V-a HOOC,C,00- - -H-NH;(NH3), 0.0473 0.1087 —0.0082 0.0354 —0.0436 0.81
(NH3)4,NH,-H: - -OHOC,;C,00H 0.0225 0.0748 0.0015 0.0172 —0.0158 1.09
(NH;),NH,-H. - -OHOC,C,00H 0.0180 0.0741 0.0029 0.0156 —0.0127 1.23
(NH3)4,NH,-H: - -OHOC;C,O0H 0.0131 0.0461 0.0017 0.0098 —0.0081 1.21
VI-a HOOC,C,00: - -H-NH;(NH;)5 0.0446 0.1054 —0.0072 0.0335 —0.0407 0.82
(NH3)sNH,-H- - -OHOC;C,O0H 0.0215 0.0717 0.0015 0.0164 —0.0149 1.10
(NH3)sNH,-H: - -OHOC;C,00H 0.0215 0.0717 0.0015 0.0164 —0.0149 1.10
(NH;);NH,-H- - -OHOC,C,00H 0.0186 0.0764 0.0029 0.0161 —0.0132 1.22
—=—|V -a
Py —e—|V-b
[ [ o -
AG, =Y niAG, (4) 55, 1004 10A.4AM ——IV-c
i 90 —v—IV-d
5 ] ——1IV-e
= 801 —— IV f
where =S 704 —IV-g
2 gl ——IV-h
. . o) 7
i _ i C204H: NH3 L
AG, =G, — G — nG ™ [5) & 50
o , g 40
l _ u 3 7 E
AAG, = AG;, — min{AG,} (6) L2 30
g 20
Here i and n represent the isomer order in a cluster and the § ]
number of NH; respectively. The temperature dependence of ‘g 10
the conformational populations for n = 4, n =5 and n = 6 is 8 0] —r— ? —r— T ———r————
50 100 150 200 250 300 350 400 45

shown in Fig. 3-5, respectively. It is obvious that the global
minimum has the greatest weight in the ensemble of energe-
tically accessible conformers in the range of 100 K to 400 K. As
the temperature increases, the weight of the global minimum
decreases, and the roles of other local minima become
competitive.

For n = 4 (Fig. 3), the global minimum IV-a carries the
highest weight, but its weight has a declining trend from 100 K
to 400 K. The conformation population of the isomer IV-b
increases with increasing temperature, but is still below that
of the global minimum at 400 K; further investigation is
required to determine whether this isomer competes with the
global minimum at temperatures above 400 K. The conforma-
tional population of the isomer IV-c increases with increasing
temperature up to 300 K and then decreases as the temperature
further increases to 400 K. The isomers of IV-e, IV-f, IV-g and
IV-h have similar trends to IV-d. In addition, the electronic
energy effect can be seen from the competing role of these
isomers.
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Temperature (K)

Fig. 3 The conformational population changes in the low-energy isomers
of (HC204)(NH=)4 as a function of temperature (OA stands for oxalic acid,
AM stands for ammonia).

For n =5 (Fig. 4), the global minimum V-a has greater weight
than other low-lying isomers below temperatures of approxi-
mately 400 K. Below 200 K, the conformational populations of
both V-c and V-d have less weight than V-b; however, the trend
is reversed when the temperature exceeds 200 K. In addition,
the electronic energy effect can be observed from the compet-
ing roles of V-c and V-d because their electronic energies are
quite close to that of the global minimum (energy differences of
1.04 keal mol™* and 1.232 kcal mol™*, respectively).

For n = 6 (Fig. 5), the competitive local minimum (VI-b) has
a higher weight than other local minima when the tempera-
ture is above 150 K, and its proportion increases with the
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Fig. 4 The conformational population changes in the low-energy isomers
of (H,C,04)(NHs)s as a function of temperature (OA stands for oxalic acid,
AM stands for ammonia).
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Fig. 5 The conformational population changes in the low-energy isomers
of (H2C204)(NH3)g as a function of temperature (OA stands for oxalic acid,
AM stands for ammonia).

increasing temperature. The other isomers, VI-c, VI-d, VI-e and
VI-f have the same trend from 100 K to 400 K.

The Gibbs free energy of (H,C,O,)(NH3), (n = 4-6) at
different temperatures proves that the coupling of the contri-
butions of various isomers and temperature effects could
change the relative stabilities of (H,C,04)(NH;), (n = 4-6).
The present study focuses on (H,C,04)(NH;), clusters, so no
H,O0 molecules were included in the complex models. Although
H,0 molecules are not included in the calculations, the present
work still provides important information for the understand-
ing of cluster formation processes of NH; and H,C,0, mole-
cules. Investigation of H,O effects are part of our future
research.

3.4 Thermodynamics of cluster formation

Thermodynamic analyses can provide insight into the realiz-
ability and possibility of cluster formation. Gibbs free energy

This journal is © the Owner Societies 2015
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changes are used for evaluating the strength of the intermole-
cular interaction and the spontaneity of the process of the
clusters formation. As shown in Table 3, the calculated thermo-
dynamic parameters (ZPE-corrected binding energies at 0 K,
enthalpies and Gibbs free energy changes at 298.15 K) for
n = 1-6 clusters were acquired by thermal corrections using
the PW91PW91 correction and single point electronic energies
from DF-MP2-F12 theory as described in the methods section.
In Table 3 we see that the formation of the heterodimer of
oxalic acid and ammonia is exothermic by 14.094 kcal mol %,
and the formation of the trimer of one oxalic acid with two
ammonia molecules is exothermic by 20.539 kcal mol .
The formation of a cluster containing one oxalic acid and
three ammonia molecules is exothermic by 28-34 kecal mol %,
and 32-37 keal mol " is released during the formation of
the (H,C,04)(NH3),; cluster. For the formation of the
(H,C,0,)(NH,);5 and (H,C,0,)(NH;)s clusters, 40-44 kcal mol ™"
and 45-51 kcal mol " are released, respectively. The calculation
results of Gibbs free energies at room temperature are as
follows: —5.147 kcal mol ' for the dimerization of one
oxalic acid with one ammonia molecule, —2.404 kcal mol™*
to —0.797 kcal mol™" for the trimerization of one oxalic acid
with two ammonia molecules, 1.558 to —6.018 kcal mol ™ * for
the (H,C,0,)(NH3); cluster, —1.449 to 3.405 kcal mol * for
the (H,C,04)(NH;), cluster, 0.522 to 5.744 kcal mol " for the
(H,C,0,4)(NH;); cluster, and 3.495 to 9.129 kcal mol " for the
(H,C,0,4)(NH;3)s cluster. The Boltzmann averaged Gibbs ener-
gies for the formation of (H,C,0,)(NH3), clusters are displayed
in Table 3. At room temperature, the Gibbs free energies of
the clusters range from —6.297 kcal mol™* for dimerization
to 9.129 kcal mol ™" for the formation of the (H,C,0,)(NHs3),
(n = 1-6) cluster. Clearly, thermodynamics favors the associa-
tion of oxalic acid with up to four ammonia molecules at room
temperature.

Additionally, as shown in Fig. 6, the AG values of the global
minima of the (H,C,04)(NH;3), (n = 1-6) clusters increase
throughout the temperature range from 100 K to 400 K, which
may predict that the stability of the global minima becomes
lower with increasing temperature. On the other hand, these
clusters may be the favored forms in low temperature
conditions.

3.5 Atmospheric relevance

Determining the concentrations of the various oxalic acid with
ammonia clusters under a given realistic atmospheric condi-
tion is of interest. The concentrations can provide a possible
reference for the existence in the atmosphere of the corres-
ponding clusters. Briefly, the equilibrium constants K,, for the
formation of the clusters from the respective monomers were
calculated from the standard free energies (AG,og.15x) using the
relation given in eqn (7):

AG = —RTIn(K,,) )

For the reaction given in eqn (8), the corresponding equili-
brium constant K, is defined by relation given in eqn (9):
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Fig. 6 The Gibbs free energy changes (in kcal mol™) for the global
minima of the (H,C,O04)(NH3), (n = 1-6) clusters depending on tempera-
ture at the PW91PW91/6-311++G(3df,3pd) level of theory.

H,C,0, + nNH; < H,C,0,4-nNH; (8)
[C204H2 . nNH3]

K, = BT T —— 9

[NH;]"[C204H,] )

A quantity referred to as the relative population fraction
(RPF) is then defined by the relation given in eqn (10):

[C204H2 . I’INH3] n
———— = K,,[NH 10
[C204H2] 1[ 3} ( )

RPF =
The total concentrations of ammonia and oxalic acid were
chosen to be 1 and 5 ppb, respectively;*>*® both of these values
correspond to typical and reasonable concentrations of these
pollutant species. These calculations were performed for all
clusters, and the results are listed in Table 5. The H,C,0,~NH;
clusters are predicted to have a concentration of 8.02 X
10° molecules per cm® in the atmosphere. Clearly, the real
situation in the atmosphere is much more complicated, and
these calculations represent a simplistic and limited approxi-
mation. However, these results provide a general estimation of
the importance of various clusters. Table 5 also shows the
relative population fractions (RPF) calculated at 298.15 K for
(H2C,0,4)(NH3),, (n = 1-4). From the results of (H,C,0,)(NH3);3
and (H,C,0,)(NH3),, it seems that the lower energy forms of the
clusters are usually more effective binders of ammonia, and
their relatively higher populations give them greater contribu-
tions to the atmospheric population. However, the concentra-
tions of the clusters gradually decrease with the binding of
more ammonia molecules. They are found in concentrations
10°-10"? fold more dilute. Especially for n = 4, the clusters show
infinitesimal populations at typical boundary layer atmospheric
temperatures, which could be due to the relatively lower concen-
tration of ammonia than oxalic acid in the atmosphere.

3.6 Optical properties

Aerosols weaken light by scattering and absorbing, and the
extinction properties have a great impact on atmospheric
visibility and radiative forcing.**** The light scattering proper-
ties of particles, clusters and molecules in the atmosphere are
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Table 5 Gibbs free energy? values in kcal mol™?, relative bound percent-
ages® (RPF x 100%) and estimated concentrations for the stable clusters of
(H2C204)(NH3), (n = 1-4). The estimated atmospheric concentrations are
based on an oxalic acid concentration of 5 ppb and an ammonia concen-
tration of 1 ppb

n Isomers AG (kcal mol™') RPF x 100%  Molecules per cm®

1 Ia —5.149 5.96 x 10°*  8.02 x 10°

2 IIa —2.404 579 x 100" 7.79 x 10°°
1I-b 0.821 2.50 x 1077 3.36 x 1078

3 II-a —6.018 2.59 x 1072*  3.49 x 107 *?
II-b —5.689 1.49 x 1072 2.00 x 107 *?
II-c —6.297 416 x 1072 559 x 1072
I1-d —5.671 1.44 x 1072* 194 x 10 *?
III-e —1.405 1.07 x 107 1.44 x 107
I-f —1.558 1.39 x 10°**  1.87 x 10 *®
IV-a —1.449 1.16 x 107 1.55 x 107>*
IV-b —0.911 4.66 x 10°** 627 x 107 ?°
IV-c —0.264 1.56 x 107%*  2.10 x 10°>°

53

¢ PW91PW91/6-311++G(3df,3pd) results.
ponding clusters.

With respect to the corres-

related to the wavelength of the incoming light and their size.
When the diameters are much lower than the wavelength of the
incoming radiation, Rayleigh scattering is the dominant
mechanism.”®%%% jonas Elm and his co-workers found that
the Rayleigh scattering intensity depends quadratically on the
number of water molecules in clusters, and that even a single
ammonia molecule is able to induce a high anisotropy, which
further increases the scattering intensity.”® Additionally, Rayleigh
scattering is also used to analyse hydrogen-bonded systems with
ab initio calculations.’”

The depolarization ratios and Rayleigh scattering intensities
for the perpendicular and parallel components of linear polar-
ized light for the (H,C,0,4)(NHj3), systems were calculated at the
CAM-B3LYP/aug-cc-pVDZ level of theory. The isotropic mean
polarizabilities « are quite size dependent and vary linearly with
a correlation coefficient of p = 0.99986, as shown in Fig. 7(c),
consistent with the study of methanol clusters and chloride
hydration clusters.”®*° In Fig. 7, the Rayleigh light scattering
intensity of natural light, R, and the depolarization ratios, p,,
of the (H,C,0,4)(NHj3), clusters can be seen as a function of the
number of ammonia molecules in the cluster. The non-linear
dependence of R, on the number of ammonia molecules is
observed to closely follow the trend of a second order poly-
nomial, consistent with the results of sulfuric acid hydration
systems and chloride hydration systems.*®”° This increasing
trend can be attributed to the gradually increasing binding
polarizability of the clusters, such that the (2)* term in eqn (6)
will dominate in the Rayleigh scattering of larger particles. The
calculated depolarization ratios p, are observed to become
smaller as the cluster grows. This is due to the increase in
the mean isotropic polarizability with the number of molecules,
in combination with the anisotropic polarizability being rela-
tively constant in the range of 27-35 a.u. This is consistent with
what is to be expected as the clusters change from molecular
clusters into spherical isotropic particles. Additionally, the
depolarization ratios for clusters with 1-6 ammonia molecules
are seen to fluctuate from 0.006 to 0.05.

This journal is © the Owner Societies 2015
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Fig. 7 The Rayleigh light scattering and cluster polarizability properties: (a) Rayleigh light scattering intensities as a function of the number of ammonia
molecules; (b) depolarization ratio as a function of the number of ammonia molecules; (c) isotropic mean polarizabilities as a function of the number of
ammonia molecules; (d) anisotropic polarizabilities as a function of the number of ammonia molecules.

From the earlier research investigating the relevance of the
number of hydrogen bonds on cluster polarizability,”®*" we
have fitted the calculated isotropic mean polarizability values
as a linear function of cluster size n, fio_y and 7in_g:

a=a+tbxn+cXigytdX inpg

NN-H

where ng_y = fo-H and AN_pg = represent the average
number of O-H hlgldrogen bonds and'number of N-H hydrogen
bonds, respectively. The fit is found to be excellent with a
correlation coefficient of 0.99993. This indicates that the O-H
hydrogen bonds and N-H hydrogen bonds both contribute to
the cluster polarizability.

Conclusion

In the present study, we investigated the interaction of com-
mon organic oxalic acid with ammonia and their hydrogen
bonded complexes using DFT calculations. The structure of
(H,C,0,4)(NH3) agreed well with earlier reports; ionization
events and cluster growth were also studied. The present study
led to these findings:

(a) (H,C,0,4)(NH3), (n = 1-6) clusters exhibit very strong
hydrogen bonds; in other words, oxalic acid interacts strongly
with ammonia. The analyses of bond length, interaction energy
and electron density indicated that three ammonia molecules
are needed to ionize oxalic acid, forming an HC,0, /NH,"
ion pair.

This journal is © the Owner Societies 2015

(b) The thermodynamics and concentration results indicate
that oxalic acid probably forms clusters with ammonia in the
atmosphere. The Gibbs free energy of the global minima at
different temperatures indicates that oxalic and ammonia
clusters may form more favorably under low temperature con-
ditions. Analyzing the contributions of the various isomers to
the conformational populations, the configurations with the
lowest energies are observed with higher concentration than
other isomers of the same size. Thus the small populations of
the configurations with lower energy can almost be ignored.
The (H,C,0,)(NH;) clusters with an obvious concentration are
predicted to be present in the atmosphere, and they could likely
participate in the process of new particle formation. However,
the concentrations of clusters gradually decreases with the
binding of more ammonia molecules. Especially for n = 4, the
clusters show infinitesimal populations at typical boundary
layer atmospheric temperatures, which could be due to the
relatively lower concentration of ammonia than oxalic acid in
the atmosphere.

(c) Our study serves as the first scattering investigation
of relevance to (H,C,0,)(NH3), (n = 1-6) clusters. We found
that the Rayleigh scattering intensities and the isotropic
mean polarizabilities depend on the number of ammonia
molecules. Additionally, the hydrogen bonds are also found
to contribute to the cluster polarizability. The impact of
ammonia and ammonium molecules on the subsequent
nucleation of oxalic acid in Rayleigh scattering activities needs
to be further studied.
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The current work is fundamental and necessary for our
further study of prenucleation clusters containing a mixture
of oxalic acid, ammonia, ammonium, water and sulfuric acid.
This work predicts the possible forms of oxalic acid with
ammonia when participating in nucleation in a theoretical
approach, and more theoretical and experimental studies are
still needed to elucidate the nucleation mechanism.
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