
RESEARCH ARTICLE    

1 
 

Effects of Microhydration on the Mechanisms of Hydrolysis and 
Cl- Substitution in Reactions of N2O5 and Seawater 
Laura M. McCaslina*, Andreas W. Götzb, Mark A. Johnsonc, and R. Benny Gerberd,e* 

[a] Dr. L.M. McCaslin 
 Combustion Research Facility 
 Sandia National Laboratories 
 Livermore, CA 94550 (USA) 
 lmmccas@sandia.gov 
[b] Dr. A.W. Götz  

San Diego Supercomputer Center 
University of California San Diego 
La Jolla, CA, 92093 (USA) 

[c] Prof. M.A. Johnson 
Department of Chemistry 
Yale University 
New Haven, CT 06525 (USA) 

[d,e] Prof. R.B. Gerber 
Institute of Chemistry and the Fritz Haber Center for Molecular Dynamics 
The Hebrew University 
Jerusalem 9190401 (IL) 
Department of Chemistry 
University of California Irvine 
Irvine, CA 92597 (USA) 
benny@fh.huji.ac.il 

 Supporting information for this article is given via a link at the end of the document. 

Abstract: The reaction of N2O5 at atmospheric interfaces has 
recently received considerable attention due to its importance in 
atmospheric chemistry.  N2O5 reacts preferentially with Cl- to form 
ClNO2/NO3

- (Cl- substitution), but can also react with H2O to form 
2HNO3 (hydrolysis).  In this paper, we explore these competing 
reactions in a theoretical study of the clusters N2O5/Cl-/nH2O (n=2-5), 
resulting in the identification of three reaction motifs.  First, we 
uncovered an SN2-type Cl- substitution reaction of N2O5 that occurs 
very quickly due to low barriers to reaction.  Second, we found a low-
lying pathway to hydrolysis via a ClNO2 intermediate (two-step 
hydrolysis).  Finally, we found a direct hydrolysis pathway where H2O 
attacks N2O5 (one-step hydrolysis).  We find that Cl- substitution is the 
fastest reaction in every cluster.  Between one-step and two-step 
hydrolysis, we find that one-step hydrolysis barriers are lower, making 
two-step hydrolysis (via ClNO2 intermediate) likely only when 
concentrations of Cl- are high.     

Introduction 
 
The reactive uptake of N2O5 to sea spray aerosols has been 
described as “the dominant heterogeneous reaction in the 
troposphere”(1) due to its influence on global levels of key 
atmospheric compounds.(1–7) Model studies indicate that 
changes in this reactive uptake of N2O5 on sea spray aerosols 
can affect levels of OH, O3, and NOx by up to 15%, 12%, and 
25%, respectively.(1, 8, 9) Moreover, it has been determined 
that N2O5 uptake is determined by interfacial and near-interfacial 
features, with hydrolysis occurring within 2 nm of the aqueous 
surface due to an interplay of reactivity and interfacial adsorption 
free energy.(10)  Recent studies are beginning to unravel the 
mechanisms of many types of reactions that N2O5 can undergo 
at the surface of sea spray aerosols, including reactions with 
H2O, Cl-, SO42-, NH3, and ClO4-.(11–16) Two major competing 
reactions of N2O5 on halide-containing aerosols are hydrolysis 
and chloride substitution, forming HNO3 and ClNO2, 
respectively.(7, 17–19)  Formation of HNO3 from N2O5 is one of 

the major sinks of NOx species in the atmosphere(1, 2, 7, 20–23) 
and photolysis of ClNO2 provides a major source of reactive 
chlorine radicals in the atmosphere.(24, 25)  The competition 
and relative yields of these reactions thus have important 
implications for the chemical makeup of the atmosphere, which 
in turn influence radiative forcing and global climate.(26)  
        Recent studies suggest that the reactive uptake of N2O5 
changes dramatically based on the chemical composition of the 
interfacial region. (27–31)  Interestingly, there is increasingly 
strong evidence that the reactive uptake of N2O5 on Cl--
containing water is roughly constant with change in Cl- 
concentration, opening key questions on the competition 
between Cl- substitution and hydrolysis of N2O5 in the interfacial 
and near-interfacial regions of aqueous aerosol.(23, 32–37)  
N2O5 reacts readily with H2O and ions such as Cl-, and SO42- 
with relative product yields that are dependent on the local 
concentrations at the surface.(12, 14) Surfactant molecules on 
the surface of sea spray aerosols affect the reactive uptake of 
N2O5 in complex ways depending on the local chemical 
composition and structure.  Long alkyl chains can impede the 
entry of N2O5 and other gasses.(4, 5, 38, 39)  However, organic 
surfactants can also increase N2O5 reactivity by adding reactive 
sites and pulling reactive ions to the surface.(29) Molecules such 
as phenol can also undergo direct reaction with N2O5.(39)  
Although the complexity of the interfacial chemistry at play in 
ambient aerosol presents a daunting challenge for theory, 
several recent reports have shed light on critical factors 
controlling reaction pathways by carrying out electronic structure 
calculations on smaller model systems that isolate water 
molecules, ions, and N2O5 interactions.(11–14) One key issue 
that emerges from these earlier studies on the reactivity of N2O5 
with H2O and Cl- is the clarification of how the reactive 
mechanisms depend on the number of local water 
molecules.(16)  Here we present the results of a theoretical 
study that elucidates how the degree of hydration changes the 
potential energy landscape underlying the various reaction 
pathways that occur in the N2O5/Cl-/nH2O (n=2-5) clusters. 
        The reaction pathways at play in interaction of N2O5 with 
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halides in small water clusters have been explored 
experimentally by Kelleher et al. who measured the vibrational 
spectra of the X-N2O5 products using a cryogenic 
photofragmentation mass spectrometer. (40) Analysis of the 
resulting bands established that these species are the “exit 
channel” ion-molecule complexes of the general form 
[NO3¯XNO2] (X = Cl, Br, I).  Formation and isolation of the XNO2 
products indicates that N2O5 preferentially undergoes halide 
substitution over hydrolysis in small water clusters. One open 
question left unanswered from that study is the determination of 
the number of water molecules in the X-nH2O clusters that 
generate the binary [NO3¯XNO2] ion-molecule complex.  This 
uncertainty raises the question of how the number of water 
molecules affects the relative probability of the N2O5 halide 
substitution and hydrolysis reactions.   Further experimental and 
theoretical study of N2O5/Cl-/nH2O (n=2-5) is thus required to 
establish the fundamental mechanism that drives N2O5 uptake 
and reactivity in this simple model system. 
        A recent theoretical study on the competition between Cl- 
substitution and hydrolysis of the ternary N2O5/Cl-/H2O system 
identified key features of the potential energy surface (PES) 
along key intrinsic reaction coordinates (IRC) as well as 
explored the dynamics at play at elevated temperature with ab 
initio molecular dynamics simulations (AIMD). (11) It was found 
that the Cl- substitution reaction of N2O5 to form ClNO2 is almost 
barrierless (0.6 kcal/mol) and thus occurs very quickly.  
Additionally, the mechanism of Cl- substitution was shown to 
feature many characteristics of SN2 reactions, including 
concerted nucleophilic attack and presence of NO3δ- leaving 
group.  The competing hydrolysis reaction was determined to be 
significantly enhanced by the presence of Cl-, lowering the 
barrier by approximately 15 kcal/mol compared to the barrier to 
hydrolysis in the neutral N2O5/2H2O system.(41) Here we report 
the results of a theoretical study that determines how the Cl-
/N2O5/nH2O cluster structures and barriers to hydrolysis and 
substitution evolve with increasing numbers of water molecules 
in the range n=1-5. Furthermore, the calculated partial charges 
along the reaction pathways shed light on the differing 
responses of the SN2-type halide substitution reaction and the 
competing hydrolysis reaction to the dominant microsolvation 
environments. 
 
Results and Discussion 

The three distinct reaction pathways at play in the N2O5/Cl-/nH2O 
clusters are: 
 
Halide substitution:  
       N2O5/Cl-/nH2O → ClNO2/NO3-/nH2O                             (1) 
 
ClNO2 - mediated hydrolysis:   
        ClNO2/NO3-/nH2O → HNO3/NO3-/HCl/(n-1)H2O         (2) 
 
Direct hydrolysis:  
        N2O5/Cl-/nH2O → HNO3/NO3-/HCl/(n-1)H2O                  (3) 
 
The TS motifs identified for these reactions were embedded in 
larger clusters and reoptimized to follow how the corresponding 
TS structures and energies evolve as a function of cluster size. 
A root mean squared deviation (RMSD) analysis of the 
geometric structures of the TS motifs or substructures (terms 
used interchangeably in this work) is employed to verify that 
these TS substructures are preserved as the clusters grow in 
size. We note that the identification of such TS substructures 
and analysis of their changes upon subsequent addition of water 
molecules is important beyond the present cluster study as they 
can inform larger-scale studies of these reactions in condensed 
phase, as as well as the basis for understanding the reactive 
motifs of N2O5, Cl- and H2O.  Figure 1 presents the three TS 
 

 
Figure 1. Left: Lowest-lying IRC pathways from n=2 clusters that 
contain the TS motif.  Right: Corresponding lowest-lying IRC 
pathways from n=3 clusters.  Top: TS1 corresponds to the 
N2O5/Cl-/nH2O → ClNO2/NO3-/nH2O reaction; Middle: TS2 
corresponds to the ClNO2/NO3-/nH2O → HNO3/NO3-/HCl/(n-
1)H2O reaction; Bottom: TS3 corresponds to the N2O5/Cl-/nH2O 
→ HNO3/NO3-/HCl/(n-1)H2O reaction. Relative energies 
(kcal/mol) are reported with respect to the N2O5/Cl-/nH2O cluster 
with lowest barrier to Cl- substitution. 
 
substructures identified for the n=2-5 clusters in this work, which 
are shown for the smaller n=2 and 3 clusters for clarity.  TS1 is 
defined as the TS between N2O5/Cl-/nH2O and ClNO2/NO3δ- 
/nH2O that governs Cl- substitution. TS2 is defined as the TS 
between ClNO2/NO3-/nH2O and HNO3/NO3-/HCl/(n-1)H2O, which 
corresponds to H2O displacement of Cl- in ClNO2 to yield HNO3, 
i.e. ClNO2-mediated hydrolysis.  TS3 is defined as the TS 
between N2O5/Cl-/nH2O and HNO3/NO3-/HCl/(n-1)H2O. This 
corresponds to H2O attack on N2O5, which is direct hydrolysis 
without the explicit participation of the Cl- ion.  The left and right 
panels in Figure 1 are meant for comparison: each transition 
state motif within the n=2 and n=3 clusters is structurally similar 
(thus characterized by a low RMSD value as defined in the 
following paragraphs).  
        In order to analyze the similarities of the geometries of the 
TS substructures (TS1-3) to the forms adopted in the fully 
reoptimized TS structures in the larger clusters, the RMSD 
analysis of the substructure geometry in the internal coordinates 
(defined in SI) was calculated for each TS identified with 
averages reported in Table 1.  The reference structures for each 
reaction motif are taken as the lowest energy TS from the 
smallest cluster in which the TS is identified.  This means that 
the reference structures for TS1 and TS2 are taken from the n=1 
cluster. (11)  Because n=2 is the smallest cluster with a stable 
transition state for direct attack of water on N2O5, TS3 is taken 
as the lowest-lying TS for H2O attack in n=2. In each case 
reported, the RMSD in bond length is very low (under 0.10 Å for 
H2O or Cl- attack on N2O5 and under 0.25 Å for displacement of 
Cl- by H2O).  The RMSD for the angles and dihedral angles is 
under 41° for each  The larger deviations in angles and 
dihedrals (compared to bond length deviations) are largely due 
to fluctuations in the angle and dihedral angles that describe the 
relative orientation of the NO2δ+ and NO3δ- moieties.  Under this 
analysis, we can conclude that the molecular and ionic moieties 
retain similar geometries across the clusters sampled.  More 

TS1	

TS2	

TS3	
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Figure 2. Reaction mechanisms of N2O5/Cl-/5H2O. Indices f and g both represent intact N2O5/Cl-/5H2O.  Index h corresponds to 
substructure TS3 (direct attack of H2O on N2O5).  Index e corresponds to substructure TS1 (direct attack of Cl- on N2O5).  Index b 
corresponds to substructure TS2 displacement of Cl- by H2O in ClNO2). 
 
interestingly, the geometric parameters related to the 
orientations between these molecular moieties are preserved 
across a variety of cluster sizes and energies. 
        The RMSD analysis of the TS geometries provides many 
key insights.  First, we show that the two TS substructures (TS1, 
TS2) identified in the n=1 cluster are preserved upon the 
addition of water molecules.  This allows for extrapolation of 
structural insights gained at the cluster level to larger studies  of 
seawater interfaces, as the reactive TS structures are shown to 
be preserved.  Secondly, we have identified a new motif for 
reaction: direct H2O attack of N2O5 (TS3), which was not 
identified in the n=1 cluster, but emerges in n=2 and appears as 
a shared motif in all clusters from n=3 to n=5.  The TS 
substructures identified here capture the nature of the reactions 
of N2O5 with water and chloride at a microscopic level.  They 
additionally build a framework for studying the reactions of N2O5 
with Cl- and H2O at interfaces. 

We now turn to the size dependence of the barriers to 
each reaction.  The previous study of the n=1 N2O5/Cl-/H2O 
cluster identified two TS structures (TS1, TS2) and reported 
barriers with respect to their adjacent minima determined from 
calculations of the IRC.(9) As in the previous study, IRCs were 
computed and validated for each of the TS structures reported 
here. We report in Table 2 the lowest barrier energy found for 
each of the 3 reaction motifs, where the barrier height energy is 
reported as the difference between the TS energy and energy of 
adjacent minimum, as reported in our previous study.   

As shown in Table 2, the lowest-lying barriers in the n=2-5 
clusters are those for the Cl- attack on intact N2O5 (TS1 
reaction), where all barriers are between 0.2 and 3.1 kcal/mol 

and increase monotonically with system size.  The next lowest 
barriers correspond to direct hydrolysis of N2O5, or the one-step 
hydrolysis mechanism (TS3 reaction), where barriers are found 
to be ~5.5 kcal/mol for n=2-4 and 11.8 kcal/mol for n=5.  In 
comparing nucleophilic attack of Cl- vs H2O on N2O5, the barriers 
to reaction by Cl- are small significantly lower than that of H2O, 
indicating that Cl- will react with N2O5 readily when Cl- ions are 
present and nearby.  Of the three reaction motifs, the highest 
barriers correspond to displacement of Cl- by H2O in ClNO2 
(TS2), known as step two in the two-step, Cl--mediated 
mechanism to hydrolysis.  From these results, we predict that 
when N2O5 is in the proximity of Cl- in water, ClNO2 will readily 
form via nucleophilic attack of Cl- on N2O5.  If ClNO2 remains at 
the sea water interface, it can undergo hydrolysis via the two-
step mechanism (displacement of Cl- by H2O).  Alternatively, 
when Cl- is not adjacent to N2O5, direct hydrolysis via attack of 
H2O on N2O5 is expected to occur.  Large scale dynamical 
studies that investigate the effects of Cl- proximity to N2O5 on 
hydrolysis mechanisms are needed to unravel these competitive 
pathways, but are outside the scope of this paper. 

The dependence of the various barrier heights on the 
arrangement and number of proximal water molecules indicates 
the importance of the hydrogen bonding microenvironment in 
which N2O5 reacts. For example, a molecular dynamics 
study(42) of N2O5 on the surface of pure bulk revealed that, 
even though it does not undergo hydrolysis, N2O5 displays 
significant intramolecular charge fluctuations of approximately -
0.05 to -0.3 a.u.  A study by Hammerich et al. reported that large 
fluctuations in the charge distribution of N2O5 greatly affect 
reactivity with Cl- in water.(43)    In this context, we note that the 

 
Table 1. Average RMS deviations from reference TS substructures 

n TS1: N2O5/Cl- → ClNO2/NO3- TS2: ClNO2/NO3-/H2O → HNO3/NO3-

/HCl 
TS3: N2O5/H2O→ 2HNO3 

 Bond 
RMSD (Å) 

Angle 
RMSD () 

Dihedral 
RMSD () 

Bond 
RMSD (Å) 

Angle 
RMSD () 

Dihedral 
RMSD () 

Bond 
RMSD (Å) 

Angle 
RMSD () 

Dihedral 
RMSD () 

2 0.04 1.27 0.91 0.06 13.57 34.97 0.03 19.42 23.43 
3 0.04 1.88 1.69 0.12 14.92 40.86 0.04 9.40 20.19 
4 0.10 10.08 10.75 0.13 16.51 40.54 0.03 5.97 13.14 
5 0.07 7.51 11.05 0.25 21.83 33.85 0.02 26.14 33.92 
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partial charge separation in the TS structures of the n=5 cluster 
(see Figure 2), reveals the role of stabilizing hydrogen bonds 
between water and NO2δ+ and NO3δ- moieties . The cluster size 
dependence of the charges on the Cl-, NO2 and NO3 
constituents is reported in Table 3.  

The study of the reactions of the n=1 N2O5/Cl-/H2O cluster 
compared the energetic barrier to hydrolysis with that of the 
neutral N2O5/2H2O cluster.(11) It was found that the presence of 
Cl- lowers the barrier to hydrolysis by ~15 kcal/mol.(44) While 
other studies have explored the reactions of N2O5/nH2O with 
varying number of water molecules, there is not data in the 
literature that allows for direct comparison to this work for n=2-5.  
However, one study calculated a (non-ZPE corrected) barrier to 
hydrolysis of N2O5/6H2O to be 4.1 kcal/mol.(45) If we calculate 
the non-ZPE corrected barrier to hydrolysis in the lowest-lying 
n=5 cluster (see Figure 2), the barrier to hydrolysis is 11.5 
kcal/mol (and 11.8 kcal/mol with ZPE correction).  This indicates 
that if the Cl- is replaced by H2O in the n=5 system, the barrier to 
hydrolysis is ~7 kcal/mol lower in energy.  While a direct 
comparison is only approximate due to differences in the level of 
theory and lack of ZPE data, the evidence is clear that the local 
presence of Cl- raises the barrier to direct hydrolysis 
substantially.  A primary reason for this is that Cl- strengthens 
the hydrogen bonds between the water molecules, creating an 
additional energetic penalty for H2O to attack NO2δ+.  Further 
comparison of the energetic barriers to hydrolysis in the 
presence vs. absence of ions will offer deeper insights into the 
effects of the microenvironment on the reactive yields of N2O5. 

 
Table 2. Lowest barriers to Cl- substitution and hydrolysis (in 
kcal/mol) in clusters of N2O5/Cl-/nH2O (n=2-5). Column 2 
represents barriers to Cl- substitution. Column 3 represents 
barrier to displacement of Cl- by H2O in ClNO2.  Column 4 
represents barrier to H2O attack on N2O5. 

n TS1: N2O5/Cl-
/nH2O 

→ClNO2/NO3-

/nH2O 

TS2: ClNO2/NO3-

/nH2O →  
HNO3/NO3-

/HCl/(n-1)H2O 

TS3: N2O5/Cl-
/nH2O 

→HNO3/NO3-

/HCl/(n-1)H2O 
2 0.2 14.6 5.8 
3 1.1 16.0 5.6 
4 2.3 13.8 5.3 
5 3.1 13.9 11.8 

 
In studying the SN2 nature of the Cl- substitution reaction, the 
extent of charge transfer from the attacking Cl to the NO3 leaving 
group is of key interest.  Table 3 presents the changes in partial 
charge of the Cl, NO2, and NO3 between the intact reactant 
N2O5/Cl-/nH2O and product ClNO2/NO3-/nH2O minima.  In each 
case, the magnitude of charge on Cl is over 0.88 in the intact 
N2O5/Cl-/nH2O cluster, showing that negative charge is localized 
on the Cl before attack of N2O5.  At the minimum for the intact 
N2O5/Cl-/nH2O cluster, the NO3 charges range from -0.25 to -
0.46, with corresponding positive charges on the NO2 moiety.  In 
all cases, the NO2 and NO3 charges sum to a magnitude less 
than 0.04 a.u.  Upon reaction to form ClNO2/NO3-/nH2O, both the 
Cl and NO2 have small charges with magnitude under 0.07 a.u.  
The NO3, however, has negative charge with magnitude over 
0.9, showing that upon substitution, the localized Cl charge in 
the intact N2O5/Cl-/nH2O clusters transfers completely to the 
NO3- leaving group.  This change in charge localization is 
reminiscent of charge transfer seen in traditional SN2 reactions 
and may be used as a metric in future studies of SN2-type 
reactions of atmospheric nitrogen oxides and ions. 

In order to quantify the bond formation times in n=2-5 
clusters for comparison to the n=1 cluster, AIMD calculations 
initialized at each of the 3 TSs were performed.  Tables 1-4 in 
the SI represent average bond formation times derived from 
AIMD calculations initialized at all TSs reported.  Average Cl-N 
bond formation time from TS1 and TS2 are reported to be  

between 80.9 and 111.8 fs.  The previous work reports that the 
Cl-N bond formation time from each TS is on the order of the 
vibrational period of Cl-N, which is ~90 fs.(46) All positive 
deviations (i.e. longer timescales) from this number can be 
attributed to a greater energy difference between transition state 
energy and adjacent minimum (and vice versa), as our 
calculations are performed in the microcanonical (fixed energy) 
ensemble.  The previous work reports that the O-N bond 
formation time from TS2 is ~2.5x the vibrational period of the 
asymmetric stretch of NO3- (~25 fs) due to the complexity of 
rearrangement of bonding, including breaking an O-H bond in 
water and other proton transfer interactions.  The AIMD studies 
here indicate O-N bond formation times from TS2 and TS3 to 
range from 2.5-4x this vibrational period, ranging from 67-102 fs, 
which accounts for molecular rearrangement in addition to 
formation of the O-N bond. 
 
Table 3. Change in charges of Cl, NO2, and NO3 between 
N2O5/Cl-/nH2O and ClNO2/NO3-/H2O minima 

n Cl charge NO2 charge NO3 charge 

2 -0.91 -> -0.07  0.43 -> 0.07 -0.46 -> -0.94 
3 -0.90 -> 0.00 0.37 -> 0.00 -0.40 -> -0.92 
4 -0.88 -> -0.01 0.26 -> 0.01 -0.25 -> -0.93 
5 -0.89 -> -0.03 0.30 -> 0.02 -0.31 -> -0.91 

 

Conclusion 

In studying the competition between Cl- substitution and 
hydrolysis of N2O5 in small water clusters (n=2-5 H2O), Cl- 
substitution is predicted to be much faster than hydrolysis in all 
cases due to relatively low barriers to reaction.  In all n=2-5 
clusters,  the lowest lying pathway to hydrolysis occurs in a one-
step process, where N2O5 undergoes direct attack of H2O, which 
has not been shown to occur in the n=1 cluster.(11)  Each 
cluster n=2-5 was found to have an SN2-type Cl- attack 
mechanism.  In the n=1 cluster it was found that Cl- acts as a 
catalyst to two-step hydrolysis, lowering the barrier to reaction 
by ~15 kcal/mol, as compared to one-step hydrolysis for n=2.  
Upon inclusion of the important one-step hydrolysis mechanism 
into the reaction picture of N2O5, we investigate the effect of the 
presence of Cl- on the hydrolysis barrier by comparing to N2O5 
clustered with water alone.  We approximate that the barrier to 
hydrolytic attack of N2O5 in N2O5/Cl-/5H2O is ~7 kcal/mol higher 
in energy than in the N2O5/6H2O cluster, meaning that Cl- inhibits 
one-step hydrolysis for clusters of this size.  This Cl- induced 
inhibition of direct hydrolysis competes with Cl- substitution at 
increasing Cl- concentrations. All reaction times calculated by 
AIMD simulations were found to be on the orders of magnitude 
reported in previous studies.(11) We find that increased 
solvation increases barriers to Cl- substitution, decreases 
barriers to two-step hydrolysis, and increases barriers to one-
step direct hydrolysis.  However, all reactive TSs identified 
shared characteristics of one of three TS motifs, which can help 
guide further studies that embed these motifs in complex 
environments, for instance molecular dynamics simulations 
using reactive neural network potentials in bulk liquid or at the 
liquid/vapor interface. 
 

Computational Section 

For each cluster and substructure, 20 guess TS structures were 
generated with the code Packmol (47) using the identified TS 
substructures (TS1-3 in Figure 1) as a molecule and “packing” 
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the remaining components around the substructure, generating 
60 guess structures for each cluster size n=2-5, 240 structures 
in total.  Minima and TS geometries for each cluster were 
calculated with the long-range corrected ωB97X-D density 
functional and the aug-cc-pVDZ basis set.(48–50)  Single point 
energy calculations were performed for these geometries at the 
CCSD(T) level using frozen natural orbitals (FNO) and density 
fitting (DF) for both SCF and CCSD, employing the aug-cc-pVDZ 
basis set.(50–53)  All relative energies reported are zero-point 
energy corrected in the harmonic approximation at the ωB97X-
D/aug-cc-pVDZ level of theory.  IRCs are computed as 
described by Fukui.(54) All partial charges shown are calculated 
using Natural Bond Order (NBO) theory.(55, 56) 
        AIMD is calculated at the ωB97X-D/aug-cc-pVDZ level of 
theory.  Initial geometries are  TS structures (from motifs TS1, 
TS2, and TS3) for each of the clusters n=2-5.  For each 
transition state, 20 trajectories are calculated (240 trajectories in 
all) with initial velocities sampled from a Boltzmann distribution 
at 300K.  All trajectories are calculated with a time step of 0.2 fs 
for a total time of 2 ps.  All calculations reported here are 
performed with Q-Chem(57) except the FNO-DF-CCSD(T) 
calculations, which are performed with Psi4.(58) 
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TOC: Left: Substructure references from smallest clusters that contain the TS motif.  Right: highlighted substructures in lowest barrier 
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ClNO2/NO3δ-/nH2O → HNO3/NO3δ-/HCl/(n-1)H2O reaction; Bottom: TS3 corresponds to the N2O5/Cl δ -/nH2O → HNO3/NO3δ-/HCl/(n-
1)H2O reaction. 
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