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Abstract

The interaction between formic acid (FA) and water (W) holds significant impor-
tance in various chemical processes. Our study combines vacuum-ultraviolet photoion-
ization mass spectrometry with density functional calculations to investigate formic
acid water clusters generated in supersonic molecular beams. The mass spectra ob-
tained reveal the formation of protonated clusters as the major product. Magic num-
bers observed in the mass spectra include FA{WsH™, FAoW,HT, FAsW3sH', FA,WoHT,
FAsW H™ and FA¢W>H™ clusters. Interestingly, adding water to these magic num-
ber clusters leads to reduced stability. Our calculations shed light on the potentially

stable structures, highlighting cyclic arrangements with molecules enclosed within the
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ring as the most stable structures, and demonstrate a decrease in the stability upon
the addition of a water molecule. Comparing experimental appearance energies with
calculated ionization energies suggests that the observed clusters are likely a result of

fragmentation of larger clusters.
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Introduction

Formic acid (FA), HCOOH, is the smallest carboxylic acid with pivotal roles in atmospheric, !
prebiotic®? and catalytic chemistry.*5 Its interactions with water, both in the rarefied at-
mospheres of earth and on catalytic surfaces, can have profound effects on the resulting
chemistry. FA is also important in astrochemistry, and was recently found to be present in
interstellar ices,® and can take part in the formation of amino acids such as glycine.”® To
date there have been many studies, both experimental and theoretical, including quantum

4,9-24

chemical calculations, aiming at understanding the mechanisms at play. Early work

employed mass spectrometry to probe the thermodynamics and structure of FA clusters em-

9,16,25,26 9

ploying collision-induced ionization, electron impact ?”?® and VUV photoionization.?
Very recently an electron impact ionization study of negatively and positively charged FA
water clusters was reported coupled to theoretical calculations of the stability of neutral,
cationic and anionic clusters.?® While some clusters were identified to be more stable, par-
ticularly in cyclic geometries, no systematic attempt was made to correlate the stability of
these clusters with that of the appearance of magic numbers in the mass spectra as the
emphasis of the study was to identify the distribution of neutral FA water clusters. The
consensus that emerged, is that for FA clusters with water, open chain structures with water
bound to the end are favored for n<4, while the hydronium ion acts as a nucleation site
beyond n = 4, and the open chains tend to take cyclic structures. FA pentamer with hydro-
nium ion has been implicated as a magic number as observed in different mass spectrometry

experiments, 2%

and theoretical calculations suggest that the hydronium is located at the
center of a ring composed of five FA molecules. Beyond stabilizing certain magic struc-
tures, water clusters can also play a catalytic role in the dehydration and decarboxylation
of FA,4%3! presumably via cis-trans isomerization dynamics, where the cis isomer leads to
decarboxylation and the trans isomer follows the dehydration pathway.

However, the question of ionization pathways, particularly proton transfer between FA

clusters, and its interaction with water remains unresolved and recently there have been
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several experimental and theoretical studies which have attempted to shed light on this
problem. Electron ionization of FA clusters embedded in helium nanodroplets showed both
anionic and protonated FA clusters.? The authors discussed their results in the context of
the stability of the ions in the cold environment of helium nanodroplets and suggested that
mass spectral distributions could have a very sensitive dependence on source and ionization
conditions. It was revealed that beyond protonated FA clusters, there are other fragmen-
tation channels which could lead to the formation of new moieties complexed with water.
Tachikawa et al.?® performed direct ab-initio molecular dynamics (AIMD) and suggested
that the FA dimer cation could form a complex, where the carbonyl oxygen atom was bound
symmetrically leading to the formation of a face-to-face complex. However, with increasing
temperature, a proton transferred Ht(HCOOH)-HCO, radical cation would be dominant
with a 78% formation probability at room temperature, and absent at 0 K. Very recently,
Sutton et al., using ultrafast time-resolved pump-probe mass spectrometry, monitored the
proton transfer pathway following Rydberg state excitation for a series of FA clusters.3?
A contact ion-pair mechanism was shown to be operational leading finally to a protonated
FA cluster and the HCOO™ anion. This pathway was absent in the FA dimer, a pathway
purported to be operational upon VUV excitation, but whose efficiency increased with the
number of FA clusters bound in the system. Recently, intra-cluster charge migration upon
hydration of protonated FA was studied using both cold ion vibrational spectroscopy coupled
with path integral ab-initio molecular dynamics simulations.3* The authors suggested that
FA could be considered formally protonated when being hydrated by a maximum of three
water molecules. Beyond that, as the water cluster number increases, the proton transfer
occurs and the excess proton is accommodated by the extended water network and the neu-
tral FA. There has also been a study recently where photoionization and electron impact
ionization of FA and methanol co-deposited together on cold argon clusters led to interesting
35

mixed cluster proton transfer reactions.

In this work, we perform a systematic study combining theory and experiment in unrav-
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elling the photoionization dynamics of mixed FA water clusters. We present a synchrotron-
based VUV photoionization®® study of the mixed clusters formed in a supersonic expansion
coupled with electronic structure calculations, where both E and Z conformers of FA are
taken into account, to understand the photoionization dynamics. The employed method-
ology includes intensity measurements of various masses at variable photon energies, the
appearance energies of various fragments, and an interpretation of their stability guided by
theoretical calculations. This approach, previously used in studying proton transfer in ac-
etaldehyde water clusters3” and naphthalene water clusters,®® also contributed to identifying
magic numbers in water clusters beyond the traditional ”21” 3% and the identification of the

179 and polyol water clusters.*!

hydrogen bond networks in dio

Mass spectra results demonstrate that upon ionization of mixed FA-water clusters, the
resulting clusters are protonated. The stability of magic numbers of different FA-water
clusters was observed in the mass spectra, specifically for clusters: FA;WsH*, FA,W,H™,
FA;W3HT, FA,W,H", FA;W,H", FA;W,H". Additionally, we observe that adding water
to the magic number structures results in the diminishing of their stability. The trends
are explained in terms of the normalised binding energy (nBE) of each of the structures,
showing a larger nBE for the more stable structures. The stable structures are those forming
rings with molecules enclosed inside them. Experimental appearance energies (AE) are only
slightly influenced by cluster size, whether in terms of the number of FA or water molecules.
Comparing the experimental values to calculated ionization energies of different cluster sizes

suggests that the clusters observed in the experiment likely result from fragmentation of

larger clusters.
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Methods

Experimental Details

The experiment was performed with a reflectron time-of-flight mass spectrometer containing
a continuous supersonic expansion molecular beam source connected to a 3-meter vacuum
monochromator and attached to the Chemical Dynamics Beamline (9.0.2) located at the
Advanced Light Source. For a detailed description of the instruments, refer to previous
studies.?04243 The FA is placed in a bubbler at room temperature (vapor pressure of 30 torr
at 20°C), and entrained in argon (460 torr) carrier gas leading to a 6.5 percent molecular
beam of FA in argon. To generate a FA water mixture, a second bubbler is introduced in-
line before the FA bubbler containing water at room temperature (20°C) leading to a vapor
pressure of 17.5 torr. This method of introduction is different from earlier reports??-30:32
where FA and water were mixed in the same reservoir. The gas mixture passes through
a 100 pm nozzle source and supersonically expands into a vacuum chamber, yielding the
desired FA water molecular beam. This beam is extracted through a skimmer into a defer-
entially pumped interaction region where the clusters are exposed to and ionized by VUV
synchrotron radiation. The ionized species are then detected using a reflectron time-of-flight
mass spectrometer. Mass spectra are recorded at photon energies between 9.5 and 14.5 eV
every 50 meV. Photoionization efficiency curves, which show ion count versus photon en-
ergy (in eV), of the ionized clusters are obtained by integrating over the peaks in the mass

spectrum at each photon energy after being normalized by the photon flux.

Computational Details

All structural optimizations were performed using density functional theory (DFT) with the
Q-Chem 5.4 software package.** The clusters were optimized using the wB97X-V functional #®
with an aug-cc-pVDZ? basis set and the obtained structures confirmed as minimum points

on the PES via frequency calculations. For more accurate energies, we performed single-
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point calculations of all optimal structures using wB97X-V functional with an aug-cc-pVTZ
basis set. The binding energies (BE) of the protonated structures were calculated according

to the following equation (E represents energy, N represents number of molecules)

BEprotonatedcluster = cluster_A]\/vFA'FJFA_]VW'FJ’I/V_]VFAHJr 'E1F14HJr _]\[WH7L 'EWH+ (1)

Normalized BE (nBE) are calculated according to the following equation

BE

total

nBE =

(2)

In order to calculate the ionization energy (IE) of different conformers for different cluster
sizes, we used the Packmol package?” to build different possible structures. For FA,W,,
clusters we started by building n 4+ m structures and added structures for the small clusters.
The total number of sampled structures for each cluster is given in the SI in table S1. The
structures were then optimized using B3LYP%/6-31+G* to obtain realistic distances. IEs

were evaluated from the optimized structures using wB97X-V /aug-cc-pVTZ.

Results and discussion

Mass Spectra

The mass spectra of FA water clusters obtained with a photon energy of 12.5 €V is shown in
Figure 1. A series of protonated FA clusters with up to 7 FA molecules are observed, along
with clusters of these protonated FA moieties and water molecules (series indicated in figure
1 by the colored dots). There are also fragments (m/z 17, 28, 29, 30, 44, and 45) below the
mass of the FA monomer (m/z 46), notably OH*, CO™, HCO* or COH*, HCOH™, CO5*,
and HCOO™, however they are not the subject of discussion in this work. While the FA
monomer and a vastly diminished FA dimer (m/z 92) are observed in the mass spectra, no

other non protonated clusters of FA are detected. The other mass peak that is observed with
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reasonable intensity is the mass at m/z 91 which is assigned to (HCOOH),H" - Hy. The
distribution of the FA water clusters is displayed as colored dots and the lines connecting
them show a dramatic departure from a smooth trend. For FA;H" (m/z 47), the distribution
decays smoothly till FA{WsH* (m/z 137), and then there is a sharp drop in intensity. For
FA,HT (m/z 93), this drop occurs after FA; W, HT (m/z 169), and for FA3H' (m/z 139)
the drop is after FAsW3H' (m/z 193). For FAJH' (m/z 185), the intensity drops slightly
with the addition of one water, FA;WoH™ (m/z 221) is enhanced, and then there is a sharp
drop. In the case of FA;HT (m/z 231), the results are dramatic, as one observed a rise in
signal with addition of one water to FA;W;H™ (m/z 249), and then a drop in intensity.
Finally, while there is almost no signal for FA¢gH™ (m/z 277), there is an increase in signal
for addition of one water to form FA¢gW,H™ (m/z 295), and an increase in signal when two
waters are added leading to the formation of FAgWyH™ (m/z 313) , and then a smooth drop

with addition of further waters to the cluster.
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Figure 1: Mass spectrum, taken with a photon energy of 12.5 eV, showing formic acid water
clusters.

This distribution occurs due to the high stability of certain cluster sizes. This is true
for the following cluster sizes: FA;Ws;H', FA,W,H', FA;W3H', FA,2W,H", FA;W H™,
FAgW,H™. Previously the stability of FA;W;H™ and FA¢gW,H™ formed upon electron im-
pact ionization in supercooled helium droplets has been commented upon.®? In that work,
earlier experiments?® which showed FA;W,H" and FAGW,H" as particularly stable were
also discussed. Our results support this stability finding and additionally find that clus-
ters containing one water more than the stable cluster (FA;WgH', FAoWsH', FA;W,H™,
FA,W3H", FA;sW,H") have diminished stability. The recent work of Li et al.?® and earlier
theoretical work cited therein and in the introduction suggest that the stability of these clus-

ters arises from their cyclic structures. Indeed, Li et al. observe very similar mass spectral

9
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distributions in a 98 percent v/v FA water beam upon electron impact ionization at 70 eV.
As the water content of their mixtures was increased, the discontinuity (magic numbers)
disappeared leading to smooth distributions. Hence it is clear that one needs to work within
water-poor regimes to be able to generate these magic number distributions. In the next

section, we will describe theoretical calculations undertaken to explain the stability of these

cyclic clusters.

Photoionization Efficiency (PIE) Curves and Appearance Energies
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Figure 2: Photoionization Efficiency Curves in log scale for formic acid water clusters. (A)
FA,W,H*, (B) FA;,W,H* (C) FA;W,H" (D) FA;ZW, H" (E) FA;W,H" (F) FA¢W,H*.
The intensities are observed counts, providing a direct measure of absolute and relative
populations of clusters in the beam.

Figure 2, shows the photoionization efficiency (PIE) curves for a series of FA water clusters
extracted from the mass spectral measurements. The PIE’s provide a direct visualization of

the population of the clusters in the beam and allow us to extract appearance energies (AE)

10
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which are matched to calculated ionization energies as described in a subsequent section. In
this work, the AE is defined as the amount of energy needed to ionize and potentially frag-
ment the gas phase molecule or cluster. The AE value is determined via visual identification
of the first major rise of the PIE curve above the baseline, as has been done previously.
These AE’s are reported in detail in table 1 with most AE’s in the 10.5 eV range. The PIE’s
for fragments with masses below that of FA are reported in the SI in figure S1, however,
their appearance energies are reported in table 1 for completeness.

The stability of the magic number clusters identified via mass spectrometry does not
change dramatically with an increase in photon energy. This is very clear when one examines
Figure 2 D, E and F, where the FA,W,H", FA;W H*, and FAqW,H"* PIE’s are the largest
signals and rise to the top of the graph and vary smoothly over the photon energies. For
FA;WsH*, FA,W,H" and FAsW3H™ shown in Figure 2 A, B and C, the PIE’s do not rise
to the top, however one can discern the discontinuities, by seeing the lowering of the PIE
intensities of the next cluster with one added water. The stability of these magic number
clusters has been better understood through theoretical calculations of binding energies as

discussed in the next section.

11
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Table 1: Appearance energies for clusters from molecular beams with FA and water. All
AEs are reported in eV. For AE fragments and clusters with n less than 4, the error in AE
is + 0.1, while for clusters with n greater than 4, the error is larger than this due to low
signal-to-noise. A - either indicates a lack of observed cluster or very low signal-to-noise for
that PIE curve.

Cluster n=0|n=1n=2|n=3|n=4|n=5|n=6|n=7|n=28
OH™ 10.5 - - - - - - - -
CO™ 11 - - - - - - - -
HCO™ or COH™ 12.1 - - - - - - - -
HCOHT 12.2 - - - - - - - -
COy 13.6 - - - - - - - -
HCOO™ or COOH™ | 12.1 - - - - - - - -
FAT 11.0 - - - - - - - -
FA, W, H" 10.6 10.5 10.5 10.5 10.5 10.8 10.8 10.7 -
FAS 10.8 - - - - - - - -
FA,W,H" 10.5 10.4 10.4 10.5 10.5 10.5 10.5 10.7 10.8
FA;W, H* 10.6 10.4 10.4 10.4 10.4 10.5 10.7 10.7 10.8
FA,W,H* 10.6 104 10.3 10.3 10.4 10.6 10.6 10.6 10.6
FA;W, H* 10.6 10.4 10.5 10.5 10.6 10.5 10.6 10.6 10.6
FAsW, HT - 10.5 10.4 10.5 10.4 10.5 10.6 - -

Trends in mixed Formic Acid Water Clusters
Stability of Magic Numbers

The experimental mass spectra (Figure 1) demonstrate magic numbers for certain clusters,
with diminishing stability after adding additional water molecules. We have studied various
structures of FA,WoH', FA;W,H", FA;W,H™ clusters, and the stability when adding or
removing one water molecule. Here we calculate the stability in terms of how strong the
cluster is bound using the nBE. As the Z conformer is lower in energy (by 4.3 kcal/mol), the
structures composed of Z conformers are lower in terms of relative energy (RE), however,
similar structures containing either all Z or all E conformers are usually close in the value
of the nBE. Figure 3 shows the nBE of different conformers for each structure, and the
structure corresponding to the highest nBE. The different structures are shown in the SI in
Figures S3-S11. In agreement with the literature,3® the most stable structures are the cyclic

ones.
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For the case of FA;W;H™", the most stable structure is a cyclic structure containing only
Z conformers of FA and a hydronium ion at the center. The nBE value is -19.7 kcal/mol.
A cyclic isomer with E conformers of FA and a hydronium ion in the middle is also very
stable with a nBE of -19.4 kcal/mol as shown in Figure S3 in the SI along with additional
possible structures. Adding a water molecule, namely, FA,;W,H™, also forms a stable cyclic
structure, with the most stable structure being a cyclic structure containing E conformers
and one water molecule, with a hydronium ion in the middle as shown in Figure 3. The
nBE is -19.6 kcal/mol, similar to the case of FA;,W;H", in agreement with experimental
results. A similar structure with Z conformers is also very stable with nBE value of -19.5
kcal/mol as shown in Figure S4 in the SI. The addition of one more water molecule, namely
FA4W3H™ cluster, results in a decrease of the stability reflected by a lower nBE value of
-18.6 kcal/mol, again in agreement with experimental results that demonstrate diminished
stability in structures following the magic number. The additional water molecule perturbed
the formation of a stable cyclic structure with a hydronium ion in the middle, as shown in
the Figure.

The next series is of magic number FA;W;H". With the abstraction of one water
molecule, namely in cluster FAsWoH™, the most stable structure is a cyclic structure con-
taining three E conformers and one Z conformer (in addition to a protonated FA) with nBE
of -18.9 kcal/mol. An additional stable structure composed of a cyclic structure of three E
conformers and a protonated FA, with an additional E conformer external to the ring with
nBE of -18.7 kcal/mol is shown in Figure S6 in the SI. For the most stable structure of
FA;W;H™, we see a significant increase in the BE, with nBE of -20.8 kcal /mol for a cyclic
structure containing all E conformers and a hydronium ion in the middle. Additional stable
structure with Z conformers is also very stable (nBE value of -20.1 kcal /mol) shown in Figure
S7 in the SI. In FAsW,H™ cluster, the additional water molecule can not be located inside
the cyclic structure and placed above as shown in Figure 3, which results in a significant

decrease in nBE (-18.7). The results are in line with the experimental mass spectra where

13
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FAsW H™ has a large peak, followed by a drastic decrease.

The next series we have studied is FAgW,H™'. For FA¢gW,H™, the most stable structure
is again a cyclic structure of E conformers with hydronium in the middle (nBE of -19.8
kecal/mol) followed by a cyclic structure of five E conformers, with additional E conformer
external to the ring, here as well, the hydronium ion is found in the middle (nBE of -
19.6 kcal/mol) as shown in Figure S9. For FA¢gW,HT, the most stable structure again
demonstrates high stability with nBE of -20.1 kcal /mol. The structure contains a large cyclic
structure with six E conformers, where a hydronium ion and a water molecule are placed in
the middle of the ring above the ring plane. If the water molecule and the hydronium ion
are in the molecular plane the ring opens, resulting in structure (j) as shown in Figure S10
of the SI with nBE of -19.2 kcal/mol. When the ring is composed of six Z conformers, the
water and hydronium are in the middle of the ring: one above the ring plane and one below
it, as shown in structure (n) in Figure S10, the corresponding nBE value is -18.7 kcal /mol.

The addition of water molecule in FA¢GW3H™ results (for the most stable structure) in
a structure similar to the stable structure of FA¢W,H™ cluster, with an addition of water
molecule above the ring which results in decreased stability (nBE value of -18.8 kcal /mol).
Including the water in the ring (as shown in Figure S11 structure (1) in the SI), results in
nBE value of -18.6 kcal /mol.

The nBE trends reported here are inline with experimental trends observed in the MS.
While we have not calculated the energies for FA;W3sH™, and FA,W,H™, a recent report
using a similar level of theory do report the cyclic structures as having the most stability.3"
This further supports the conclusion that indeed the mass spectrometry of VUV photoionized

FA water clusters reveal the most stable "magic” numbers for the aforementioned clusters.
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Figure 3: nBE (shown in absolute value) of various structures for each magic number cluster,
and for structures with addition and removal of water molecules. Each colour represents
trends of the stability of the magic number with the addition and removal of a water molecule.
Yellow - FA,W,H™ | black - FAsW,H" | blue - FA¢W,H™.

Calculated IE

To calculate the IEs of the different clusters, we generated random clusters of the Z conformer
at different sizes and then optimized them using B3LYP/6-31+G* to obtain more realistic
distances. IEs of the obtained conformers were calculated using wB97X-V /aug-cc-pVTZ.
Figure 4 panel (A) shows the obtained IE of the different sampled structures of FA-water

clusters, the experimental value of 10.5 eV is marked with a dashed line. As can be seen
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from the Figure, there is a general downward trend in the IE as the cluster mass increases
and small clusters do not reach the experimentally observed AE. The calculated IE of one
FA molecule is 11.4 eV. Adding water to the FA results in a general trend of lowering the IE
values, as can be seen in Figure 4 Panel (B), the FA; W, series is demonstrated to converge
to the experimental value of 10.5 eV (at the minimal IE). Panel (C) shows the obtained
values for FA clusters with single water molecules. Here as well we observe a lowering of the
IP as the number of FA molecules in the cluster increases. The experimental value of 10.5
eV is observed in the case of four and five FA molecules, whereas in the case of six or seven
FA molecules, the minimal values are even lower, at 10.4 eV and 10.3 eV respectively. The
fact that the experimental value is around 10.5 eV indicates that the observed clusters (at

least the small ones) are likely a result of fragmentation from larger clusters.
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Figure 4: Ionization energies of different conformers of FA and water clusters at various
sizes. Panel (A): IE of all calculated structures by cluster size. Colors represent the number
of FA molecules in the cluster. Panel (B): direct comparison of IE for clusters composed of
a single FA molecule with varying amounts of water molecules. Panel (C): IE of FA clusters
of different sizes with a single water molecule
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Conclusions

We have studied mixed FA water clusters using photoionization mass spectrometry cou-
pled to tunable VUV radiation. Upon ionization, MS reveals protonated clusters of the form
FA,W,,HT. Mass spectrometry reveals magic numbers for FA,; WsH*, FA,W,H", FA;W3H™,
FA,W,H", FA;sW H*, FA¢W,H™ clusters, and shows that addition of water molecules to
those structures results in structures with diminishing stability. nBE calculations demon-
strate that the magic number clusters correspond to strongly bound clusters with large nBE
values, characterized by a cyclic structure with molecules within the ring. The addition of
water molecules interrupts the optimal arrangement and results in diminishing nBE. Exper-
imental AE values converged to a value of 10.5 eV with only small effects from the cluster
size and composition, calculated IE values indicate that those values correspond to larger
clusters, thus indicating that the observed clusters are likely fragmented from larger ones.
Our theoretical results on photoionization dynamics in the formic acid water system will
guide future experiments using ultrafast pump-probe spectroscopy being developed within
our groups. We seek to measure the direct dynamics that occur between formic acid and
water as the number of each moiety increases in the system. The interplay between FA and
water particularly in the microscopic regime has also crucial bearings at the air-ice® and air-
water interfaces,?” and in catalytic chemistry.® We believe that these results will contribute to
a better understanding of nucleation, cloud formation and chemistry that occurs on aqueous
interfaces and aerosols by providing a molecular-level detail of how formic acid and water

interact to form very stable clusters.
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