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clusters through acid-base interactions.

Here we investigate ammonia uptake by mass-selected

sodium sulfate-bisulfate cluster cations using an ion trap operated under multicollisional conditions at
room temperature, complemented by quantum chemical calculations. Mixed sulfate-bisulfate clusters

serve as a model system that allows systematic control of the number of acidic protons, providing

insight into the mechanistic aspects of ammonia uptake. The results show that the maximum am-

monia uptake strongly correlates with the number of bisulfate units in the cluster, demonstrating

that acidic protons govern ammonia stabilization through ammonium-(bi)sulfate ion pair formation.
Thermochemical calculations confirm that the ammonium formation is energetically highly favorable.
Kinetic measurements demonstrate sequential ammonia uptake, in which the first adsorption step
is rate-limiting and concurrently stabilizes the cluster, leading often to lower evaporation rates in
subsequent steps. Increasing the bisulfate content enables additional uptake steps but reduces the
overall reaction rate. The Gibbs free energies of ammonia uptake derived from experiment are in very

good agreement with the calculated values, suggesting that the system is approaching equilibrium

under the experimental conditions.

1 Introduction

Atmospheric aerosol particles are central to climate and air qual-
ity due to their influence on radiative forcing, cloud formation,
and heterogeneous chemistry. " A substantial fraction of atmo-
spheric aerosols is produced via new particle formation, which
is initiated by the clustering of low-volatility vapors and sub-
sequently driven by molecular-scale interactions that stabilize
nascent clusters against evaporation.2™ Sulfuric acid and ammo-
nia act as key contributors to early stage cluster growth, as strong
acid-base interactions efficiently stabilize molecular clusters and
promote particle formation.?

While the binary nucleation of sulfuric acid and ammonia has
been studied extensively, far less is known about its role in
mixed multicomponent clusters, particularly in systems where
synergistic effects may become important.19 These are commonly
observed when the combined presence of multiple chemical com-
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ponents leads to properties that cannot be predicted from the in-
dividual constituents alone. Nitric acid and ammonia can form
ammonium nitrate clusters, but HNO3-NH; nucleation alone is
too slow to compete with H,SO4,~NHj3 nucleation.™ When all
three vapors are present, synergistic interactions lead to nucle-
ation rates that are orders of magnitude higher than those of any
binary system.X2 Synergistic effects are also observed in H,SO4
nucleation involving different bases. Amines typically stabilize
sulfuric acid clusters more effectively than ammonia due to their
higher basicity. 1315 However, laboratory studies have shown that
nucleation is further enhanced when ammonia and amines are
present simultaneously, compared to systems containing either
base alone.®16 These observations indicate that nucleation effi-
ciency is not governed solely by base strength or concentration,
but also arises from cooperative interactions among cluster con-
stituents. Such effects may involve certain molecules acting as
hydrogen-bonding bridges. 17 For example, ammonia can form
more hydrogen bonds than sterically hindered amines, which
may facilitate the formation of more strongly bound cluster net-
works. 18!

To examine the nature of such synergistic effects, we study am-
monia uptake by mass-selected sodium sulfate-bisulfate cluster
cations using an ion trap mass spectrometer. Although field mea-
surements do not indicate that sodium sulfate is involved in at-
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mospheric new particle formation, it provides a relevant proxy
for sulfate seed aerosols, as it forms during the atmospheric aging
of sea-spray particles following reaction of sodium chloride with
sulfuric acid.12"22' These particles often exhibit a broad range
of acidities resulting from partial conversion of sulfate to bisul-
fate, 23/ which promotes heterogeneous chemistry such as the for-
mation of organosulfates during the reactive uptake of oxidized
organic molecules on acidic sodium sulfate.24

Our focus is on mixed clusters containing two distinct inorganic
constituents to investigate how their coexistence influences am-
monia uptake, cluster stabilization, and nucleation rates. Mass
selection enables direct insight into how sulfate and bisulfate con-
tent governs ammonia uptake and uncovers effects that are other-
wise masked in studies of broad cluster distributions. It has been
shown that ion trap experiments under ultrahigh vacuum condi-
tions are well suited for probing size-dependent kinetics of cluster
growth in subnanometer particles.2>"28 In the present work, am-
monia uptake is investigated under multicollisional conditions to
account for the influence of frequent gas-cluster collisions on clus-
ter stabilization, temperature control, and evaporation pathways
relevant to the atmospheric new particle formation.

2 Experimental and computational details

The experiments were performed on an ion trap mass spectrome-
ter equipped with an electrospray ionization (ESI) source.2? The
analyte solution was introduced through a fused silica capillary at
a flow rate of 1.5 puL min~—! with a spray voltage of 2.4 kV. Mixed
sodium sulfate-bisulfate cluster ions were generated in positive
ion mode from a 1 mM sodium sulfate solution prepared in wa-
ter:MeOH (1:1, v/v) containing 0.005% (1 mM) sulfuric acid.
Cluster ions generated at ambient pressure were transferred into
the vacuum stage of the source chamber through a heated transfer
capillary operated at 120 °C and a tube voltage of 150 V. In the
first pumping stage, the ions were focused into a narrow beam
using an S-lens stacked ring ion guide.Y The skimmed cluster
beam was guided by a set of rod-based ion guides into an electro-
static bender and directed into a quadrupole mass filter for mass
selection.

The mass-selected ions were subsequently guided into a ring-
electrode ion trap, where they were stored and thermalized
through collisions with a helium buffer gas. Ammonia, mixed
into the helium at concentrations between 0.01 and 10% v/v was
continuously introduced into the trap at a total pressure of 2.1 Pa
using a mass-flow controller. The absolute pressure inside the
trap was monitored with a capacitance gauge, and under these
conditions the ions rapidly equilibrated with the buffer gas. Af-
ter defined storage times, reactant and product ions were ana-
lyzed using a reflectron time-of-flight mass spectrometer. To en-
sure consistent detection efficiencies, the delay between the ion
trap extraction and the time-of-flight mass spectrometer was op-
timized for signal intensity. Multiple individual measurements,
typically 400 scans, were averaged to obtain the final mass spec-
trum.

Reaction kinetics were measured by tracking ion abundances
as a function of reaction time under pseudo-first-order conditions,
with the neutral precursor in large excess. Relative abundances of
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reactant and product ions were obtained from time-resolved mass
spectra. For single-step reactions, pseudo-first-order rate coeffi-
cients were determined from exponential fits to the decay of the
reactant ion. More complex mechanisms, including consecutive
and reversible reactions, were modeled using coupled differential
rate equations describing the formation and depletion of all par-
ticipating species. The equations are solved numerically by fitting
to the experimental data, with the initial ion abundances treated
as fit parameters. Multiple reaction models were evaluated to
determine which mechanism best reproduces the experimental
observations.

Interpretation of the experimental findings is supported by
quantum chemical calculations. =~ We considered clusters of
Nat[NaySO04],,[NaHSO4],,, m =1 —3, n = 1—4, each cluster with
up to n NH; molecules. For n = 1, we also considered the adsorp-
tion of two NH3 molecules. The structures were first generated
using our in-house genetic algorithm (GA) program,*!' combined
with the Extended Tight-Binding (xTB) program package“? em-
ploying GFN2-xTB."3 For the GA search, we used a population
size of 50 clusters, 50 cycles, 50 recombinations and a mutation
probability of 36 % where original and mutated structure are kept
in the population. From each GA run, structures within the rel-
ative energy of 0.7 eV (16.1 kcal/mol) were selected for recal-
culation at the r2SCAN-3c level as implemented in ORCA.3453>
The most stable 100 structures were always recalculated, every
sixth structure was considered for higher-lying ones. If the most
stable structure at the r2SCAN-3c level was positioned in 20% of
energetically highest-lying recalculated xTB structures, structures
up to relative XTB energies of 1 eV (23.1 kcal/mol) were consid-
ered. Additionally, the most stable structures for a given m,n were
considered to manually build clusters with a different number of
adsorbed NH3 molecules to consistently employ the most stable
cluster patterns in a series with the same m and n. The mean ab-
solute error of standard Gibbs energies of NH; adsorption for six
different DFT approaches with respect to r2SCAN-3c values lies
within 2.6 kcal/mol, see Table S3.

To compare experimental and computational results directly,
the standard Gibbs free energy change of NH3 addition, AG®, was
employed for the adsorption reaction:

M™T +NH;3 — [M+NH;3]" @))

The standard Gibbs free energy is related to the equilibrium con-
stant K as follows, with all compounds being in the gas phase,
with pnp, denoting the partial pressure of ammonia and p° the
standard pressure:

. POP[M+NH3]+

exp(—AG°/RT) =K
PNH; PM+

2

For the adsorption of i NH3 molecules, an analogous expression
arises:

o\i .
exp(_AG® /RT) = K — PPN 3)
(pNH;) PM*

From the experimental data, AG® is derived from the observed

PNy +

. . o
ratio of peak intensities —

2P and the employed am-
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Fig. 1 Mass spectrum of mixed sulfate-bisulfate cluster ions produced
by electrospray ionization of a 10 mM sodium sulfate solution in wa-
ter:MeOH (1:1, v/v) containing 0.005% sulfuric acid. Different cluster
ion compositions are observed. SA and BSA denote sulfate and bisul-
fate units, respectively. Pure sodium sulfate clusters are shown in black;
singly and doubly charged mixed clusters are indicated by filled and open
symbols, respectively.

monia pressure. In the calculations, AG® is evaluated at 298.15 K
using standard thermochemical approximations as implemented
in ORCA.

It should be noted that both experimental and calculated Gibbs
free energies are associated with considerable uncertainties. In
the experiment, the uncertainty can be estimated from evaluating
AG° at different relative NHj pressures, as K should be pressure-
independent. In the calculations, apart from the influence of the
quantum chemical method, the limited precision of harmonic ap-
proximation in predicting low-frequency vibrations represents a
significant source of error in the entropic contribution. Further-
more, only the most stable minimum was considered, neglecting
possible entropic effects arising from the presence of multiple iso-
mers.

3 Results and discussion

3.1 Uptake capacity
Figure[I]shows a mass spectrum of mixed sodium sulfate-bisulfate
cluster ions. The signals correspond to (i) singly charged sodium
sulfate clusters, Na'™[Nay;SOy4],,, (ii) mixed sulfate-bisulfate clus-
ters, Na™ [NaySO4],,[NaHSO4],,, and (iii) doubly charged mixed
clusters, Na%* [NaySO4],, [NaHSO4],. In the mass spectrum singly
charged Na™[NaySO4],, clusters containing up to approximately
six sulfate units are observed. For mixed sulfate-bisulfate clus-
ters, clearly distinguishable Na'™[Na,SO4],,[NaHSO4], species
are measured, with up to nine sulfate units and six bisulfate units.
Doubly charged clusters become observable at sizes exceeding
about five sulfate units, but with substantially lower intensities
than that of the singly charged species. Only anhydrous cluster
ions were detected, likely as a result of dehydration in the cluster
source and ion trap.

For sulfate-bisulfate clusters, the size distribution of each clus-
ter series exhibits a distinct maximum. For clusters containing
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Fig. 2 Maximum number of ammonia NH3; molecules taken up by mass
selected sodium sulfate-bisulfate cluster ions as a function of their com-
position. The x axis shows the number of Na;SO4 units and the y axis
the number of NaHSQy4 units in the cluster. The color code indicates
the maximum observed ammonia uptake for each stoichiometry. White
areas denote cluster compositions with signal intensities too low after
mass selection for unambiguous assessment of ammonia uptake.

a single sulfate unit, the ion intensity increases with increasing
bisulfate number n, reaches a maximum at n = 6, and then de-
creases. Clusters with two, three, and four sulfate units show
their highest intensities at n = 3, while clusters containing five
sulfate units peak at n = 2. These trends are, however, influ-
enced by the transmission characteristics of the mass spectrom-
eter, given that ion transmission efficiency in the ion guides ex-
hibits a pronounced m/z dependence under the applied instru-
mental settings.

In the next step, to probe the maximum ammonia uptake
capacity, mass-selected mixed Na*[NaySO4],,[NaHSO4], cluster
ions were trapped and exposed to ammonia under conditions
chosen to promote complete reaction (10% NHj in He, 400 ms
to 3 s trapping time). Figure [2] shows the number of NHj
molecules taken up by mass-selected Na* [Na,SOy4],,[NaHSO4],
cluster ions. Clusters containing a single bisulfate unit typically
bind one NH3; molecule; however, for m = 2 — 3, a minor con-
tribution corresponding to the uptake of a second NH3 molecule
is observed. Clusters containing two bisulfate units exhibit up-
take capacities of two NH3 molecules, independent of the number
of sulfate units. For n = 3, stabilization of three NH; molecules
occurs only for clusters with m = 2 and 3. In contrast, clusters
with m = 1 and 4 bind only two NH; molecules. At higher bisul-
fate numbers (e.g., n = 4), the maximum uptake capacity is ob-
served for m = 2, with clusters binding up to four NH; molecules,
whereas those with m = 3 bind three, and clusters with m = 1 ac-
commodate only two NH3 molecules. This behavior may reflect
a lower adsorption energy, steric effects or specific orientations
of the bisulfate units in the cluster that prevent ammonia from
accessing additional binding sites. For n = 5, the maximum am-
monia uptake reaches five NH3 molecules, which is also observed
for Na™[Na»SO4][NaHSO,4]¢ cluster ions.

For a given number of bisulfate units n, variations in sulfate
content do not lead to significant changes in the maximum num-
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ber of stabilized NH3; molecules over the investigated cluster size
range. Overall, the maximum ammonia uptake correlates with
the number of NaHSO4 units, while the absence of one or two
NH; uptakes in specific cluster compositions may indicate a too
low ammonia adsorption energy or limited accessibility of acidic
protons.

3.2 Thermochemistry of ammonia uptake

The strong correlation between ammonia uptake and bisulfate
content indicates that NaHSO,4 plays an active role in binding
NH; to the cluster. The acidic protons of the bisulfate moieties
enable strong acid-base interactions with NH3;. Upon ammonia
uptake (Eq. [4), this interaction is possibly accompanied by intr-
acluster proton transfer, yielding an ammonium-(bi)sulfate ion
pair motif (Eq. , i.e., [NaSO, --- NH; ], as commonly found in
ammonia-sulfuric acid cluster structures.®37 However, the ob-
servation of clusters containing fewer NH3 molecules than avail-
able acidic protons suggests that the presence of an NaHSO, moi-
ety alone is not the only factor determining ammonia uptake.

Na™[NaySO4];n NaHSO,4 +NH; —

Nat[NaySO4],nNaHSO4-NH;  (4)

Na' [NaySOy4],»NaHSO4- NH; —
Na®[Na;SO04]m[NaSO, ---NH}] (5)

Figure [3|shows the thermochemistry of NH3 uptake to selected
mixed sulfate/bisulfate clusters Na®™[Na,;SO4],,[NaHSO4],, all
calculated clusters are provided in Figure S1 in the Supple-
mentary Information. Our calculations indicate that the Gibbs
free energy of NH; adsorption on the studied clusters is about
(—13) — (—6) kcal/mol. For smaller clusters, adsorption of NH;
next to Na™ is more favorable, while NHI formation is preferred
for larger clusters as the NH; ions can be more efficiently incorpo-
rated into the cluster structure through Coulomb interaction with
SO%’ and HSO, ions. The calculations further show that uptake
of a second ammonia molecule onto clusters with n =1 is also
thermodynamically favorable, however with a somewhat lower
adsorption energy, see Figure ,d. This indicates that HSO,
units are not required for ammonia adsorption to be energeti-
cally favorable, which is further supported by experimental evi-
dence of ammonia uptake in small bare sodium sulfate clusters,
Nat[NaSO4l,, (m = 2,3), observed in the mass spectra. In other
words, there seem to be sites for NH3 available on the cluster ir-
respective of cluster size and composition as Na™ ions are always
available on the cluster surface, allowing NH3 to adsorb through
ion-dipole interaction. However, further studies will be needed to
describe the adsorption kinetics quantitatively.

The calculated standard Gibbs free energies are summarized in
Table |1} along with the values derived from the experiment based
on the relative ion intensity. The agreement between experiments
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and theory is mostly within 3 kcal/mol, which is striking given

the limitations in the evaluation of AG® in both approaches. The

. . . . . I
Gibbs free energy range for which the ratio of ion signals w
M

lies between 0.05 and 20 is relatively narrow: at the NH3 con-
centration of 1% in the buffer gas (pyg, = 0.021 Pa), it corre-
sponds to (—10.9) — (—7.3) kcal/mol; for the NH; concentration
of 0.01%, it drops to (—13.6) — (—10.1) kcal/mol. As the energy of
a single hydrogen bond is about 5 kcal/mol, the very good agree-
ment between experiment and theory may, in part, be fortuitous.

Table 1 Comparison of AG® values for NH3 adsorption (in kcal/mol)
derived from experimental data assuming that equilibrium is reached (see
Table S1 for ion intensities) and from quantum chemical calculations for
selected clusters. Ny, denotes the number of adsorbed NH; molecules,
e.g., Nnn, =2 corresponds to adsorption of the second NH3 molecule on
the cluster. In the experiment, NH3 concentrations in the buffer gas of
1%, 5%, and 10% were used. For signals not observed in the experiment,
the minimum AG° value is deduced for a signal below 3%. For the
Na®[Na;SO4]2[NaHSO4]4 cluster, the Gibbs free energy of adsorption of
four NH3 molecules is given (see also text).

Page 4 of 11

ion NNH3 Angp AGZQIS'_
Na+ [Na2804] [NaHSO4]2 1 (—9.0)—(—8.0) -7.1
2 (-8.4)-(-7.3) -8.0
Na* [NaZSO4]2[NaHSO4] 1 (—9.4)—(—7.5) -9.4
2 (-8.1)-(-7.3) -7.1
Na't[Na,SO4][NaHSO4]3 1 (-8.8)-(-7.5) -8.0
2 -8.2 -7.1
3 > -8.6 -6.8
Na* [Nast4]2 [NaHSO4]2 1 (—88)—(—76) -7.5
2 (-8.2)-(-6.7) -10.3
Na* [Na,SO4]3[NaHSO,] 1 (-9.8)-(-8.2)  -12.8
2 (-8.0)-(-6.8) -6.1
Na+ [Nast4] [NaHSO4]4 1 (—8.7)—(—7.5) -8.2
2 (-7.4)-(-7.0) -7.1
3 >-7.0 -10.5
NElJr [N32$O4]2 [NaHSO4]3 1 (—8.5)—(—7.5) -12.2
2 (-8.0)-(-7.2) -9.1
3 -6.9 -9.4
Na™[Na,SO4]3[NaHSO4], 1 (-8.4)-(-7.6) -9.0
2 (-8.5)-(-6.9) -8.5
Na'[NapSO4],[NaHSO4]1y 1-4  (-37.9)-(-32.9) —40.8
Na™ [Na2804]3 [NaHSO4]3 1 - -11.3
2 - -8.7
3 (-10.3)-(-8.7) -11.2
Nat[NaySO4]13[NaHSO4]4 1 -7.5 -9.6
2 (-9.0)-(-8.6) -10.8
3 (-10.1)-(-7.8) -5.9
4 >-6.1 -7.9

3.3 Reaction kinetics

Kinetic measurements of ammonia uptake were carried out by
monitoring the temporal evolution of reactant and product ion
intensities as a function of trapping time. The rate coefficients
for ammonia uptake by mass selected Na* [Na,SO4],,[NaHSO4],
clusters, including different compositions, are summarized in
Table S2 in the Supplementary information. Under the high-
pressure conditions of the ion trap, the fastest reactions, e.g.,
those approaching the collision limit, cannot be resolved. Only
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Fig. 3 Thermochemistry of ammonia (in kcal/mol) absorption for selected Na™[Na;SO4],,[NaHSO4], clusters as calculated at the r2SCAN-3c level.

See the Sl for all calculated structures.

the final reactant-product distribution is observed, with no de-
tectable temporal changes in ion intensities, preventing kinetic
analysis of reactions. For comparison, the collision rate coefficient
for NH; with the Nat[Na,SO4],[NaHSO4]5 cluster, correspond-
ing to the most intense peak in the spectrum, is 1.9 x 10~ cm?
s~1, as estimated using average dipole orientation theory.8

The analysis first focuses on a cluster system exhibiting uptake
of only one NHj3 molecule. Figure [4] shows the normalized in-
tensities of the parent cluster ion, i.e., Na™[Na,SO4]3[NaHSO4],
and the corresponding ammonia adduct, [M+NH3]*, following
exposure to NH3. The decrease of the parent ion signal is accom-
panied by an increase of the product ion signal, consistent with
reversible ammonia uptake. The data were fitted using a kinetic
model that accounts for both forward (adsorption) and reverse
(evaporation) processes. This analysis yields a bimolecular rate
coefficient for NH; attachment of k() =1.4x 107! cm® s™' and a
unimolecular NH3 evaporation rate coefficient of k) =22.8 s71,
measured at a total pressure of 2.1 Pa.

210
— U AT T T T T T T T T T L
% 1 0.05% viv NH, Na*[Na,SO,J;[NaHSO,] ]
c084T= 298 K i
] [M+NHgI" 1
N 064 [ (.
T ° ° °
£ ] . n . |
© 0.4 1 [] (R
[
= 0ol w ]
§0.2- -
"g ] ]
o 0.0 T T T T T
0.0 0.1 0.2 0.3 0.4 05

Trapping Time / s

Fig. 4 Kinetics of NH3; adsorption onto Na™[Na;SO4]3[NaHSO4], mea-
sured at room temperature and a total pressure of 2.1 Pa (0.05% v/v
NH3 in He). The data are fitted assuming reversible NH3 uptake.

The behavior observed in Figure[d]may also be explained by the
presence of cluster isomers with different reactivities. In the sim-
plest case, one isomer reacts readily to form the ammonia adduct,
whereas the other remains inert, leading to incomplete depletion
of the parent ion signal and the observed kinetic plateau. The
corresponding kinetic analysis yields k() = 2.3 x 107'% cm? 57!,
which is approximately 12% of the estimated collision rate. The
resulting fit is essentially identical in shape to that obtained for
reversible NH; uptake, indicating that the kinetics alone cannot
differentiate between these two scenarios.

As discussed in the previous section, uptake of the polar
NH; molecule by charged clusters is a highly efficient process
driven by thermochemistry and possibly associated with the for-
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Fig. 5 Kinetic measurements of ammonia uptake by mixed
sulfate-bisulfate cluster ions:  (a) Na'T[Na;SO4]4[NaHSO4l»; (b)
Na™[Na;S04]3[NaHSO4]3; and (c) Nat[Na;SO4]2[NaHSO4l4. The data
are fitted assuming reversible NH3; uptake.

mation of the ammonium-(bi)sulfate ion pair. Our calcula-
tions shown in Figure predict that AG_,;, of NH; adsorp-
tion is —12.8 kcal/mol, which would correspond to the ratio

I
of [M%f*ﬁ =23. On the other hand, the experimental ratio of
I

[M;bjile* =0.58/0.42 corresponds to AGgy, = —11.1 keal/mol. The

agreement between the calculated and experimental free energies
strongly suggests that equilibrium is indeed reached within the
reaction time, without the need to invoke nonreactive isomers.
The next step is to analyze the influence of acidic protons on
nucleation kinetics. Figure [5|shows mixed sulfate-bisulfate clus-
ters containing a total of six units with varying bisulfate-to-sulfate
ratios. In line with the thermodynamic analysis, ammonia up-
take is described as a sequence of reversible adsorption steps. In
all three datasets, the reactant decay and final product forma-
tion are well resolved; however, intermediate species remain at or
near the detection limit and cannot be reliably quantified. Thus,
their rate coefficients are evaluated relative to the first reaction
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channel. Evaporation rates exhibit comparable uncertainty and
sensitivity to the fitting procedure. The data can, in principle,
also be described by a model that assumes the presence of iso-
meric species with distinct reactivities and neglects reversibility,
which, particularly in cases involving multiple ammonia uptake
steps, provides a more robust fit than the reversible NH3 uptake
model.

As shown in Figure , the cluster Na* [Na;SO4]4[NaHSO4]»
undergoes sequential uptake of two NH; molecules. The first up-
take step proceeds with a rate coefficient of 3.4 x 10710 cm? s~ 1.
The primary product, i.e., single NH3 adduct, remains a minor
and short-lived intermediate that is barely detected in the exper-
iment. This behavior reflects the rapid addition of a second NHj
molecule at near-collisional rates, combined with relatively fast
unimolecular evaporation. The final product, i.e., the cluster con-
taining two ammonia molecules, seems to be more stable, exhibit-
ing lower evaporation rates and accumulating over time toward
a steady-state population.

For Na'[Na;SO4]3[NaHSO,]3, where one additional acidic
proton is present, three consecutive ammonia uptake steps
The first uptake proceeds with a rate coefficient of
1.4 x 10~ em? s~!, followed by faster second and third uptake
steps.  Evaporation rates decrease upon ammonia uptake,
indicating enhanced cluster stabilization. Finally, the cluster
Na*t[NayS04],[NaHSO4]4 undergoes four consecutive NHj
uptake steps. The first step proceeds with a rate coefficient
of 1.0 x 1071 ecm?® s~1, followed by a second step with a
comparable rate. The third and fourth steps are significantly
faster. The evaporation rates are consistent with the previous
case, indicating that ammonia addition stabilizes the cluster
against evaporation. The only exception is k_3, which is slightly
higher than k_;; however, this likely reflects uncertainties
associated with low-intensity signals close to the signal-to-noise
limit. Quantum chemical calculations predict here the ratio of
[M]*:[M+NH3]":[M+(NH3)2]":[M+ (NH3)3]*: [M+ (NH3)4]"
=1 :0.008 : 0.0001 : 0.004 : 96, with the overall reaction
Gibbs free energy for adsorption of four NH; molecules of
AG,. = —40.8 kcal/mol (Figure ). The experimental Gibbs
free energy is evaluated from the ratio of [M]*:[M+(NH3)4]"
= 15:85 as AGgyp = —39.1 keal/mol, at higher pressures we get
(-37.9)-(-32.9) kcal/mol, see Table [}

Comparison of the three cluster ions, differing only in the num-
ber of acidic protons, reveals three key kinetic features. First,
cluster composition strongly influences the overall uptake rate.
While Nat[Na;S04]3[NaHSO4]3 and Na'™[Na,SO4],[NaHSO4]4
exhibit comparable rate coefficients for the first uptake step,
Na™[Na,S04]4[NaHSO,4], is approximately an order of magni-
tude faster, despite its similar cluster size. Second, in all three
systems, the first NH3 uptake is rate-limiting, followed by faster
subsequent steps. Third, the addition of the first NH3 molecule to
the sulfate-bisulfate cluster typically leads to suppressed evapo-
ration rates during subsequent ammonia uptake steps.

These observations demonstrate that ion trap experiments un-
der multicollisional conditions provide a suitable model system
for nucleation studies, in which even small changes in cluster
composition can be directly correlated with changes in nucleation

occur.
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kinetics. This provides valuable experimental data for comparison
with computational studies of ion-induced nucleation. However,
the measured rate coefficients cannot be directly extrapolated to
atmospheric conditions, as effects such as third-body stabilization
and cluster hydration are not explicitly accounted for under the
present experimental conditions.

3.4 Influence of NH; partial pressure on reactant-adduct
distribution

Ion trap experiments performed under multicollisional conditions
provide a set of complementary measurements to test the pro-
posed reaction mechanisms. Our previous studies have shown
that temperature-dependent measurements and kinetic isotope
effects can help assign the observed kinetic behavior to the correct
mechanism.®? In the present study, the agreement between ex-
perimental and computational Gibbs free energies indicates that
NH; uptake onto mixed sulfate-bisulfate clusters is thermody-
namically favorable. This can occur either through simple NH3
adsorption or via formation of an ammonium-(bi)sulfate ion pair
under equilibrium conditions. At the same time, the kinetic data
can be interpreted using a model that assumes the presence of
cluster isomers with different reactivities, as discussed in the pre-
vious section. To test this interpretation, we performed experi-
ments in which the NHj partial pressure in a helium carrier gas
was varied while the total pressure was kept constant at 2.1 Pa.
If two isomers are present, namely one reactive and one inert,
and the reaction proceeds irreversibly, the NH3 partial pressure
should affect the reaction rates but not the final plateau values
in the kinetic traces, i.e., the steady-state distribution of reactants
and adducts. In contrast, if NH3 uptake is reversible, increasing
the NH; concentration should shift the equilibrium toward higher
abundances of ammonia adducts.

Figure [f] shows the uptake kinetics for
Na'[NapSO4]3[NaHSO4]4, which can accommodate up to
three ammonia molecules. The kinetic traces follow a typical
pattern, with the first ammonia uptake step being the slowest,
while subsequent additions proceed significantly faster. At an
ammonia concentration of 0.05% (v/v) in helium, the reaction
gradually reaches a plateau after approximately 0.3 s. At this
point, the intensity ratio between the mixed sulfate-bisulfate
cluster and the ammonia adduct is approximately 2:3 in favor
of the doped cluster, and this ratio remains constant thereafter.
Increasing the ammonia concentration to 0.5% leads to a signifi-
cant shift in the distribution, with ammonia adducts becoming
dominant. This behavior reveals a change in product distribution
relative to the lower ammonia concentration and suggests that
the system approaches an equilibrium-like steady state, where
higher NH;3 levels favor ammonia adduct formation. The similar
rate coefficients obtained at both concentrations indicate that the
intrinsic reaction kinetics remain largely unchanged. Instead, the
final reactant-product distribution is governed by the NHj3 con-
centration. A similar behavior is observed for other clusters, e.g.,
Na'[Na,SO4]3[NaHSO4]3 (Figure S3), which further supports
the conclusion, derived from Gibbs free energy calculations, that
ammonia uptake occurs under equilibrium conditions.

ammonia

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP01436D

>

2 g ' Na‘[Na,SO,JNaHSO,],  0.05% viv NH,

& 1.0 E

£

S 0.8 _

N

T 0.6 -

§ [M+(NH,);]*

g 0.4 -

~ M*

c 0.2 N i

'..% [M+NH3] [M*’(NH\,)A]‘

§ 0.0 T T 2

“ o0 0.1 0.2 0.3 0.4 0.5

Trapping Time / s

2

'@ b) Na*[Na,SO,];[NaHSO,], 0.5% viv NH,

© 1.04 v - v e it

£ [M+(NH3);]

T 0.8 i

(0]

N

T 0.6- .

£

G 0.4- .

c

E 0.2- .

2 - M+(NH,),]*

g 0.0 [M+NH,] a [M+(NH,),] ol

o r . . . .
0.00 0.05 0.10 0.15 0.20

Trapping Time /s

Fig. 6 Kinetics of NH3 uptake by Na™[Na;SO4]3[NaHSO4]4 cluster ions
(m/z = 928.6) exposed to NH3/He gas mixtures containing (a) 0.05%
and (b) 0.5% (v/v) ammonia.

However, increasing the pressure does not always lead to such
a pronounced effect. For example, in the kinetic measurements
of Na*[Na,S04],[NaHSO4]4 (Figure S4), despite doubling the
ammonia concentration, the final reactant-product ratio remains
approximately 1:4 in favor of the ammonia adduct. The inde-
pendence of this ratio from ammonia concentration in this case
supports the proposed mechanism involving two cluster isomers
with distinct reactivities, although it may also be explained by a
slow establishment of equilibrium.

To further assess this behavior, the plateau formation was an-
alyzed for each cluster size. This enables direct evaluation of
the final reactant—product partitioning under varying ammonia
partial pressures. The resulting distributions of reactant clusters
and their corresponding ammonia adducts are summarized in Ta-
ble S1 in the Supplementary Information. These data were also
used to derive the experimental Gibbs free energies reported in
Table The measurements were conducted at NH3 concentra-
tions of 0.1%, 1%, 5%, and 10%, while the total pressure was
kept at 2.1 Pa. The mass spectra of the cluster composition were
recorded at a trapping time of 400 ms up to 3 s, at which the
cluster distributions have reached their final composition.

Most reactant-to-product ratios depend on ammonia concen-
tration, particularly between 0.1% and 1.0%, which in many
cases leads to substantial changes. Only a few mass-selected
clusters seem to be independent of concentration. In par-
ticular, Na™ [Na,;SO4],[NaHSO,] and Na'[Na,;SO4]4[NaHSO4],
show nearly constant ratios across the full concentration range.
The strongest concentration effects are observed for bisulfate-rich
clusters, such as Na™ [NaySO4][NaHSO4]56. These clusters are
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predominantly ammonia-free at low concentrations but increas-
ingly form ammonia adducts as the concentration rises. Never-
theless, for most clusters, the changes are moderate, and higher
ammonia concentrations lead to a gradual increase in adduct for-
mation. This behavior supports reversible ammonia uptake, as an
assumption of reactive and non-reactive cluster isomers cannot
explain the pressure dependent change in adduct formation.

An interesting pattern is observed across the cluster se-
Smaller clusters (m/z < 700) retain substantial frac-
tions (> 50%) of ammonia-free species across all concentra-
tions and typically bind only a single ammonia molecule.
Intermediate-sized clusters, such as Na'[Na,SO,;][NaHSO4];
and Na'™[Na,SO4],[NaHSO4]4, undergo a transition from
ammonia-free or singly doped species at low concentrations to
near-saturation at higher concentrations. In contrast, larger clus-
ters (m/z > 800) are nearly fully covered by ammonia even at
the lowest concentrations. This systematic trend indicates a size-
dependent change in the ammonia binding motif, in agreement
with computational results, from direct NH; adsorption near Na*
in smaller clusters to the preferential formation of ammonium-
(bi)sulfate ion pairs in larger clusters.

ries.

4 Conclusions

Ammonia uptake by mixed sodium sulfate-bisulfate cluster
cations was investigated using ion trap mass spectrometry un-
der multicollisional conditions. Mass selection of individual clus-
ter compositions enabled a direct assessment of how sulfate and
bisulfate units influence ammonia uptake behavior. The maxi-
mum ammonia uptake correlates with the number of bisulfate
units, whereas the reaction kinetics show a stronger dependence
on the sulfate content.

Quantum chemical calculations indicate that ammonia uptake
by sodium sulfate-bisulfate cluster ions is primarily governed
by thermodynamics. Bisulfate units enhance uptake through
acid-base interactions and facilitate proton transfer to form
ammonium-—(bi)sulfate ion pairs. However, such proton trans-
fer is not a prerequisite for energetically favorable adsorption.
The agreement between experimental and calculated Gibbs free
energies indicates that the system approaches equilibrium under
the experimental conditions and thus supports a reversible NH;
uptake mechanism. This is further supported by the clear depen-
dence of steady-state cluster ratios on NHj3 concentration for most
mass-selected clusters, with increasing ammonia adduct signals at
higher partial pressures. Kinetic measurements reveal sequential
uptake, with the first adsorption step being rate-limiting. The ini-
tial NH3 uptake typically stabilizes the clusters by reducing evap-
oration in subsequent steps. Overall, these results point to the
importance of cluster composition in controlling early-stage par-
ticle formation.

The present work demonstrates a significant advancement in
the application of the ion trap techniques to nucleation studies.
By operating under multicollisional conditions, the experiments
probe cluster growth close to equilibrium, in contrast to con-
ventional ion trap studies performed under (ultra)high-vacuum
conditions, thereby enabling access to both uptake kinetics and
evaporation-related processes for mass-selected charged parti-

8| Journal Name, [year], [vol.],

g

View Article Online
DOI: 10.1039/D6CP01436D

cles. Despite the simplified treatment of atmospheric-pressure
effects, particularly the absence of third-body stabilization in the
measured kinetics, this experimental approach provides a valu-
able complement to aerosol chamber and flow tube experiments.
It, therefore, opens new avenues for future investigations of the
molecular-level mechanisms governing ion-induced atmospheric
particle formation in chemically complex systems involving sulfu-
ric acid, ammonia, amines, and oxidized organic molecules.
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