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ABSTRACT: Recent lab and field measurements have indicated critical roles of organic /
acids in enhancing new atmospheric aerosol formation. Such findings have stimulated J-.M'\‘
theoretical studies with the aim of understanding the interaction of organic acids with o 2 L M
common aerosol nucleation precursors like bisulfate (HSO,”). We report a combined Bt B 7oV /

. : : : : . : ? @] P9 —
negative ion photoelectron spectroscopic and theoretical investigation of molecular g o’ e / M
clusters formed by HSO,” with succinic acid (SUA, HO,C(CH,),CO,H), e o T |

HSO, (SUA), (n = 0-2), along with HSO, (H,0), and HSO, (H,SO,),. It is : o ;
found that one SUA molecule can stabilize HSO,™ by ca. 39 kcal/mol, three times the ogo |/ /\\M\ ’}

corresponding value that one water molecule is capable of (ca. 13 keal/mol). Molecular o’ 2 Y losev ‘|

dynamics simulations and quantum chemical calculations reveal the most plausible ° ‘% 9 A, f

structures of these clusters and attribute the stability of these clusters to the formation of I — S

2 3 a4 5 6 71
Binding Energy (eV)

strong hydrogen bonds. This work provides direct experimental evidence showing
significant thermodynamic advantage by involving organic acid molecules to promote
formation and growth in bisulfate clusters and aerosols.
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Atmospheric aerosols have received intense research experimental studies aimed at characterizing critical roles of
attention over the last several decades as their importance different organic compounds in aerosol formation.**~>*

in influencing climate change' ™ and human health*~” has been Size-selected clusters with tunable compositions provide
gradually recognized. Aerosol formation and growth often ideal model systems to probe and untangle often complex
begin with homogeneous nucleation, in which the first step intermolecular interactions important to the formation of
involves two (binary) or three (ternary) gaseous species critical nuclei and nucleation embryos. Atmospherically relevant
interacting with each other to form stable clusters and hydrated bisulfate/sulfuric acid clusters have been investigated
complexes to decrease nucleation free energy barriers.*” Field using IR action spectroscopy,zg’30 mass spectromet1ry,31_3’4 and
measurements'* have identified sulfuric acid including bisulfate quantum chemistry calculations.®*® Theoretical computations
ion as a key atmospheric nucleation precursor in several on several hydrogen-bonded clusters consisting of organic

M species with atmospheric nucleation precursors have been

nucleation mechanisms, including binary H,SO,—H,0
>~* jimed at providing a molecular-

ternary H,0—H,S0,—NH,,'*"> where NH; can also be carried out very recently,

replaced by amines,'*'® and ion-mediated nucleation.'®"” level understanding of the mechanisms that allow organic acids
The roles of ions and organics in atmospheric nucleation to enhance (often significantly) aerosol formation and growth.
have attracted researchers’ interests recently, especially after One important finding from these calculations is that organic
atmospheric field measurements have revealed that atmospheric acids can form strong hydrogen bonds with nucleation
aerosols often contain a considerable amount of organic precursors,”” % resulting in significant stabilization in energy
matter'® > and various ambient ions."®*"?> In 2004, Zhang and reducing nucleation free energy barriers.***

and coworkers performed a landmark experiment indicating

that nucleation rates of sulfuric acid aerosols can be Received: January 17, 2013

considerably enhanced by the presence of a trace amount of Accepted: February 13, 2013

aromatic acids.”®> This pioneering work has stimulated several Published: February 13, 2013
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We report a low-temperature negative ion photoelectron
spectroscopy (PES) study on solvation of HSO,~ by a common
dicarboxylic acid, succinic acid (SUA)"® (HO,C(CH,),CO,H),
to help understand and experimentally probe the first
nucleation step of bisulfate aerosols containing organic acids.
Like IR spectroscopy that can directly provide the structural
information, PES can determine the stabilization energy of
HSO,” upon the addition of the acid molecules through
measurements of the associated spectral electron binding
energy (EBE) increase. In addition, molecular dynamics
simulations and ab initio quantum calculations reveal the
plausible structures for these clusters and provide the EBEs and
association energies to compare with the experimental data. To
determine the thermodynamic effects due to organic acids in
the initial stage of nucleation, we also carried out PES
investigations on HSO, (H,0),_, and HSO, (H,SO,),_,
(where H,O and H,SO, are important nucleation species in
the atmosphere), and the results are directly compared with
those obtained with SUA.

The HSO, (Sol), (Sol = SUA, H,0, and H,SO,, n = 0-2)
clusters were produced in the gas phase via electrospray
ionization (ESI) of ~0.4 mM aqueous solutions of
(NBu,),SO,/SUA (1:1) or NaHSO,/H,SO, (1:1) diluted
three times in CH;CN. Each cluster of interest was first mass-
selected, then characterized by a low-temperature PES. (The
detailed description of this instrument was given in a recent
publication,** and the complete experimental procedures can
be found in the Supporting Information.) This ESI-PES
combined with gas-phase theoretical calculations has been
shown to be a powerful approach to obtain the geometric and
electronic structures of clusters involvinsg sulfate ions, water
molecules, and various organic acids.**™*

Figure 1 presents the 20 K PE spectra of HSO, (Sol),_, (Sol
= SUA, H,SO,, and H,0) at 157 nm (7.867 eV). The 193 nm
(6.424 eV) PE spectrum of HSO,™ has been reported by Wang
et al. in 2000,* and here its 157 nm spectrum shows two more
band features (labeled as B, C). Interestingly, a vibrational
progression was clearly resolved for the C band with a
frequency of 800 + 40 cm™'. We assigned this frequency to S—
OH stretching mode according to the reported vibrational
frequencies of the bisulfate ion,””® which is also confirmed by
our theoretical analysis (vide infra). On the basis of the rapidly
rising onset energies for all HSO, (Sol), species, estimates of
the adiabatic electron detachment energies (ADEs) of 4.75
(HSO,), 6.45 (HSO,-SUA), 6.55 (HSO,-H,SO,), and 5.35
eV (HSO, -H,0) were obtained (Table 1) and found to
increase from that of bisulfate upon its binding with each
solvent molecule as expected because ion molecular interaction
is stronger than the interaction between neutral molecules. One
most surprising finding is that the addition of one SUA or
H,SO, molecule has induced a huge EBE increase of ca. 1.7 to
1.8 eV for HSO, (SUA); and HSO, (H,SO,); from that of
HSO,~, whereas one H,O induced only about ca. 0.6 eV EBE
increase. These EBE increases correspond to the binding
energy differences between HSO,” and HSO, with each
solvent molecule, reflecting lower limits for the stabilization of
the bisulfate anion by one SUA, sulfuric acid, and water
molecule, that is, 39.2, 41.5, and 13.8 kcal/mol, respectively.
The much larger EBEs of the SUA and sulfuric acid clusters
relative to that of water illustrate an enhanced stabilization of
the bisulfate anion by these two acids. This is the first direct
experimental observation showing the remarkable thermody-
namic advantage by involving organic acids in initial nucleation
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Figure 1. 20 K photoelectron spectra of HSO, (Sol),_, (Sol = SUA,
H,SO,, and H,0) at 157 nm (7.867 eV). The vibrational progression
of the C band of HSO,™ is indicated. X and X’ indicate band features
coming from different isomers.

steps and also in agreement with the much higher stability of
HSO, (H,S0,), versus HSO, (H,0), found in recent
computations and mass spectrometric measurements.> %!

The PE spectra of HSO, (Sol), exhibit further stabilization
upon association of the second SUA, H,SO, and H,0
molecules onto the respective monosolvated clusters, that is,
0.15, 0.65, and 0.20 eV EBE increases, respectively, albeit at
much smaller paces (Figure 1). There is a very long rising onset
for the spectrum of HSO, (SUA), indicating either the
existence of multiple isomers (X' and X) or large geometric
changes upon photodetachment. The signal-to-noise ratio of
the PE spectrum of HSO, (H,SO,), is poor, presumably due
to its extremely high EBE considering that it was taken under
similar conditions (ion intensity and photon flux) as the other
two clusters (HSO,” (H,0), and HSO, (SUA),). Never-
theless, two spectral features at the extremely high EBE side,
that is, X’ of 7.2 €V and X with EBE >7.5 €V, can be identified
in the spectrum. The experimentally estimated ADEs of all
bisulfate clusters, along with their vertical detachment energies
(VDEs), measured from the rising onset peak maxima, are
listed in Table 1.

To better understand the experimentally observed spectra
and obtain insights into the first nucleation step of atmospheric
aerosols, we conducted structural analysis using replica
exchange molecular dynamics (REMD) simulations®> and
quantum chemical calculations.*> (See the Supporting
Information for the details of REMD and DFT methods.)
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Table 1. Experimentally Measured and Theoretically Calculated Adiabatic (ADE) and Vertical Detachment Energy (VDE) for
HSO, (Sol), (Sol = SUA, H,0, and H,SO,) (n = 0-2) (in eV)

ADE
(isomer)”
expt.”
HSO,~ X 4.75(10)
A 5.4(1)
B ~5.8
C 7.18(2)
freq. (em™) 800(40)
HSO, (SUA), X 6.45(10)
HSO,”(H,S0,), X 6.55(10)
HSO, (H,0), X 5.35(10) A
B
HSO, (SUA), X' ~6.6 A
X ~7.1 B
HSO,(H,S0,), X’ ~7.2 A
X ~7.5 B
HSO, (H,0), X 5.55(10) B,
A

VDE
calc. (isomer)? calc.€
B3LYP M06-2X expt.” B3LYP Mo06-2X
461 5.00 5.0(1) 486 536
5.68(10)
6.22(10)
728 (2)
821.67
5.87 627 6.78(10) 623 7.19
5.96 642 6.8(1) 6.50 7.20
468 513 5.6(1) 539 5.90
5.07 5.47 5.46 6.00
5.78 6.11 6.59 7.71
6.26 7.15 6.51 7.65
6.53 6.93 7.25 8.05
6.90 7.37 741 8.44
5.10 5.57 5.8(1) 5.86 6.44
4.79 5.20 5.57 6.11

“Numbers in parentheses represent experimental uncertainty in last digits. bOptimized structures at B3LYP/6-311++G(3df,3pd) level of theory
(Figure 2). “B3LYP/6-311++G(3df,3pd) level of theory. The ADEs and VDEs calculated at the MOé—ZX/aug—cc-PVT(+d)Z//B3LYP/6—311+
+G(3df3pd) level of theory are also listed. All ADEs are corrected with zero-point vibrational energy differences. For HSO, (H,0),,,
HSO, (H,SO,),,, and HSO, (SUA),, we also performed single-point energy calculations at the MP2//B3LYP/6-311++G(3df,3pd) level. See the
Supporting Information for the MP2 values. 9Listed theoretical vibrational frequency is after 0.970 scaling factor.

The potential energy surfaces of the clusters were first explored
using REMD simulations using the semiempirical RM1
Hamiltonian.>* The low-lying isomers (within 10 kcal/mol)
obtained from the REMD simulations were further optimized
using the B3LYP functional®® with Pople’s basis set 6-311+
+G(3df, 3pd),* followed by single-point energy calculations
using both MP2%” and DFT (M06-2X)°® methods. The validity
and accuracy of the theoretical methods were confirmed by
comparison of the calculated geometries of H,0, HSO,”,
H,S0,, SUA, and SUA™ (SUA™ represents the deprotonated
succinic acid anion) with the available experimental values and
previous calculations. (See the Supporting Information, Figure
S1 and Table S1.)

The most stable structures along with the low-lying isomers
that provide good agreement with the EBE measurements for
HSO, (Sol), (Sol = SUA, H,0, and H,SO,) are shown in
Figure 2 (additional isomers and the corresponding neutrals are
shown in Figure S2 in the Supporting Information.) We present
only our HSO,™ results for comparison because this system has
been studied thoroughly by Wang et al.*’ and others.>” The
calculated geometric structures, vibrational frequencies, as well
as the ADE and VDE (X) (see Table 1 and Table S1 in the
Supporting Information) of HSO,™ are in excellent agreement
with the experimental values.

There are two intermolecular H bonds between HSO,™ and
SUA and one intramolecular H bond in SUA in our optimized
most stable structure of HSO, (SUA);. As shown in Figure 2,
the O-H---O contact distances are 2.558 and 2.617 A for the
two intermolecular H bonds between SUA and HSO,  and
2.593 A for the intramolecular H bond of SUA. Therefore, all
three H bonds correspond to strong H bonds.** The ADE and
VDE calculated with the M06-2X functional are 6.27 and 7.19
eV, in good agreement with the experimental data and
significantly larger than the corresponding values measured
for free HSO,” (Table 1). This stabilization is due to the
formation of multiple strong H bonds in the cluster.
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The optimized structure of HSO,™ (H,SO,), possesses three
intermolecular H bonds (Figure 2). Such structure has been
identified in HSO,~(H,SO,)(H,0), by Froyd and Lovejoy.**
Also, in this case, the calculated ADE and VDE are in good
agreement with the experimental values. Other isomers with
two H bonds all turned out to be energetically very high (>$
kecal/mol) (Figure S2 in the Supporting Information).

Two nearly isoenergetic isomers of HSO, ™ (H,0), have been
found (Figure 2). In isomer A, the H,O molecule acts as double
donor and single acceptor in forming three H bonds, whereas
in isomer B, the single H,O molecule interacts with bisulfate via
bifurcated H bonds. All H bonds in HSO, (H,0), are not
optimal due to the constrained O—H:--O angles that are
appreciably different from the ideal value of 180°. The
comparison between the measured and calculated ADEs and
VDEs suggests that both isomers A and B are present in the
experiments. A similar conclusion has been drawn in an
IRMPD study of HSO, (H,0), by Yacovitch et al.*’

The amount of EBE increase in HSO, (Sol), relative to that
of HSO,™ obtained from the experiments for Sol = water,
sulfuric acid, and SUA agrees with the calculated ion—solvent
binding energy reasonably, that is, ca. 11 (0.48 eV), 43 (1.86
eV), and 32 kcal/mol (1.39 eV), respectively (vide infra and
Table SS in the Supporting Information), and is consistent with
the amount of electron transfer from HSO,™ core ion to each
solvent molecule, that is, 0.02lel (water), 0.16lel (sulfuric acid),
and 0.31lel (SUA) upon forming complexes (see Figure S3 in
the Supporting Information for NBO charge analysis). It is also
interesting to note there is proton transfer from SUA molecule
(with the O—H bond length increasing from 0.969 A in free
SUA to 1.529 A in the complex, see Figure 2 and Figure SI in
the Supporting Information) to bisulfate ion upon forming
cluster. The bond length of the newly formed (S)O—H is 1.030
A, similar to the other one of 1.012 A, and both are just slightly
longer than that found in free sulfuric acid (0.967 A). Proton
transfer results in a very strong H bond that can be understood
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Figure 2. Most stable structures and low-lying isomers that show good agreement with the experiments of HSO,™ (Sol)o_, (Sol =

SUA, H,SO,, and

H,0) at the B3LYP/6-311++G(3df, 3pd) level. Selected bond lengths (A), bond angles (deg), and relative energies (kcal/mol) are indicated.

by considering that the : proton affinity (PA) of HSO,™ (311.1/
306.4 + 3.1 kcal/mol)*® does not differ much to that of SUA™
(322.8 kcal/mol)."® A similar proton transfer mechanism has
been observed previously by Ehn et al.'® in HSO, -(malonic
acid). The complexation also leads to a stronger intramolecular
H bond (d(O---H---0) from 2.754 to 2.593 A) of SUA, which
can be attributed to the increased negative electron density on
O, (from —0.643lel in SUA to —0.795lel in the cluster) (see
Figure S3 in the Supporting Information for NBO charge
analysis) due to proton transfer. Simultaneously, the charge of
the shared transferred Hj slightly increases from 0.498lel to
0.512lel. Therefore, this cluster can effectively be written as
(HSO, )(H*)(SUA™) or H,SO,(SUA™) instead of
HSO,~(SUA). In contrast, there is no proton transfer occurred
in HSO, (H,0), because the PA of OH™ (390.7 kcal/mol)®" is
significantly larger than that of bisulfate.

Several low-lying isomers (within 4 kcal/mol at the B3LYP/
6-311++G (3df, 3pd) level of theory) have been identified for
HSO, (SUA), (Figure S2 in the Supporting Information),
among which the two most stable structures are shown in
Figure 2. Structure A has a linear configuration with HSO,~
staying on one side and two SUA molecules connected by one
strong intermolecular H bond (d(O--H-+0)=2.591 A). This
configuration is similar to the structure of (C,H,0,),(HSO,”)
obtained by Xu et al.’’ Compared with HSO, (SUA),, it
appears that proton transfer from SUA to HSO,” is more
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significant. This can be attributed to the formation of the
hydrogen bond between the two acid molecules that decreases
the PA of the carboxylic acid group. As a consequence, this
structure should probably be written as (H,SO,)(SUA™)-
(SUA). Isomer B also displays a linear structure, with HSO,~
now lying between two SUA molecules. A similar structure has
been predicted for (H,SO,)(pinonic acid), by Zhao et al.*® and
has been shown to enable further growth of the cluster by
addition of other nucleated species on both sides. The
computed M06-2X ADEs for A (6.11 eV) and B (7.15 eV)
fit well with the experimental features of X' (6.6 eV) and X (7.1

eV).

Six minima have been obtained for HSO,™ (H,SO,), (Figure
S2 in the Supporting Informatlon), several of which are also

reported by Herb et al.%

and by Froyd and Lovejoy™*

(in

monohydrated clusters). The two most stable structures are
isomer A, where each H,SO, molecule interacts with bisulfate
via two H bonds and connects with each other via one H bond,
and structure B, where one H,SO, associates with bisulfate via
three H bonds as in the case for HSO,”(H,SO,),, whereas the
other H,SO, solvates the empty side of bisulfate. The M06-2X

ADE is ca. 7

eV for A and ca. 7.4 eV for B, in good agreement

with the experimental X’ (7.2 eV) and X (7.5 eV) features.
Up to 12 isomers for HSO,~(H,0), are identified (Figure S2

in the Supporting Information), with some of them already

being reported in the literature.”*>>**®® The most stable
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clusters are isomer A;, which can be viewed as a water dimer
(connected by one H bond) interacting with the anion core,
and isomer B,, in which each H,0 molecule interacts with only
one side of HSO,. Again the calculated M06-2X ADEs for
both isomers fit the observed spectrum well, suggesting that
both isomers likely exist under the experimental conditions,
which supports the observations of Yacovitch et al. derived
from the IRMPD experiments.*

To further understand the roles of organic diacids in aerosol
nucleation, we calculated the thermochemical parameters (e.g,,
binding energy, enthalpy, entropy, and Gibbs free energy, Table
SS in the Supporting Information) for the complex formation at
1 atm and 298 K for the most stable isomers shown in Figure 2.
Our calculations show very large binding energies of ~32 kcal/
mol for HSO, (SUA), and ~50 kcal/mol for HSO, (SUA),.
These values are much larger than that of HSO, (H,0); (~11
kcal/mol) and HSO,  (H,0), (~21 kcal/mol), in accord with
the conclusions derived from the EBE increase that SUA can
induce a larger stabilization of the bisulfate ion than H,O. The
Gibbs free energy changes (AG) for bisulfate associated with
one and two SUAs are calculated to be ca. —20 and —27 kcal/
mol, respectively, much larger than the corresponding values,
ca. —2.5 and —4.7 kcal/mol, for one and two water molecules.
The large binding energies and negative Gibbs free energy
changes for bisulfate-SUA clusters indicate that these complexes
are very stable, thermodynamically favorable to form, and can
survive for long times under atmospheric conditions.
Consequently they may contribute to reducing nucleation
barriers'”** and facilitate further growth into larger particles.
Considering the abundance of organic dicarboxylic acid in the
atmosphere,"®?° it is likely that organic dicarboxylic acids will
play critical roles in stabilizing gaseous bisulfate ion by forming
highly stable complex and promoting the aerosol nucleation.

In the atmosphere, most of molecular clusters involved in the
nucleation process are charge neutral. It is interesting to note
that Zhang and coworkers have recently reported the binding
energies of neutral sulfuric acid with H,O, H,SO,, and SUA
molecule to be ca. 9.1, 13.1, and 12.8 kcal/mol and the Gibbs
free energy changes to be ca. —2.7, —=5.7, —4.9 kcal/mo],
respectively.*® Although the absolute thermodynamic quantity
is found to be much smaller for the neutral species, the trend
across the three solvent molecules studied here is in good
accord with that for the charged HSO, (Sol); species. This
agreement suggests that the conclusions drawn from the
current study most likely can also be applied to the neutral case.
It is worth pointing out that besides thermodynamic
perspective, which is the focus of the current study, kinetic
factors are also expected to play important roles in aerosol
nucleation processes.g’23

In summary, the anionic complex clusters formed by key
atmospheric nucleation species, such as sulfuric acid/bisulfate
ion and a common organic diacid (succinic acid), have been
successfully produced by ESI, and their energetics and
structures have been investigated by using low-temperature
PES combined with theoretical calculations. The observed PE
spectra show that these complexes possess very high EBEs, with
a huge EBE increase, by 1.7 eV for the first SUA relative to EBE
of HSO,™, compared with the 0.6 eV EBE increase measured
for the first H,O. Replica exchange simulations and electronic
structure calculations identify three strong H bonds in
HSO, (SUA),, which serve as the driving force for the
complex formation and account for the high stability of the
complex. Comparison with other prenucleation species reveals
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that the formation of HSO, (SUA), anionic complexes is
thermodynamically much more favorable than HSO,™(H,0),.
Given the abundance of organic diacids in the atmosphere, their
complexion with sulfuric acid/bisulfate ion can significantly
reduce the nucleation barrier, which will facilitate further
growth of the new aerosol particles.
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