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Introduction

Enhanced condensation kinetics in aqueous
microdroplets driven by coupled surface reactions
and gas-phase partitioningf

Meng Li, © 2 Shu Yang, @ £° Meenal Rathi, © € Satish Kumar, ©¢
Cari S. Dutcher @ *P< and Vicki H. Grassian (@ *2

Although agqueous microdroplets have been shown to exhibit enhanced chemical reactivity compared to
bulk solutions, mechanisms for these enhancements are not completely understood. Here we combine
experimental measurements and kinetic modeling to show the strong coupling of interfacial reactions
and gas/droplet partitioning in the condensation reaction of pyruvic acid (PA) to yield zymonic acid
(ZA) in acidic aqueous microdroplets. Experimental analysis of single microdroplets reveals the
substantial influence of evaporation of PA and partitioning of water on the size-, relative humidity
(RH)- and temperature-dependent sigmoidal reaction kinetics for the condensation reaction. A newly
developed diffusion—reaction—partitioning model is used to simulate the complex kinetics observed in
the microdroplets. The model can quantitatively predict the size and compositional changes as the
reaction proceeds under different environmental conditions, and provides insights into how
microdroplet reactivity is controlled by coupled interfacial reactions and the gas-phase partitioning of
PA and water. Importantly, the kinetic model best fits the data when an autocatalytic step is included in
the mechanism, i.e. a reaction step where the product, ZA, catalyzes the interfacial condensation
reaction. Overall, the dynamic nature of aqueous microdroplet chemistry and the coupling of
interfacial chemistry with gas-phase partitioning are demonstrated. Furthermore, autocatalysis of small
organic molecules at the air—water interface for aqueous microdroplets, shown here for the first time,
has implications for several fields including prebiotic chemistry, atmospheric chemistry and chemical
synthesis.

Additionally, besides the high surface-to-volume ratio, micro-
droplets are more highly dynamic systems relative to bulk

Microdroplet chemistry has major implications in a wide range
of fields including atmospheric chemistry, organic synthesis
and the origin of life." An increasingly large number of studies
have shown that aqueous microdroplets can enhance reaction
rates® ™ and initiate reactions that are otherwise limited in bulk
solutions. ™ The unique properties of the air-water interface
have been suggested to be the driving factors for this enhanced
reactivity.>*>* As microdroplets have surface-to-volume ratios
orders of magnitude higher than bulk solutions, interfacial
kinetics and thermodynamics can dominate the reactivity."***”
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systems. They undergo fast gas/droplet partitioning during the
reaction. For example, aqueous microdroplets will change
composition to achieve thermodynamic equilibrium with the
surrounding gas phase, including with water vapor and acidic
gases.”® At a specific relative humidity (RH), differences in
hygroscopicity of reactants and products will alter water content
within microdroplets as the reaction proceeds, leading to shifts
not only in the concentration of reactants and products in the
microdroplet but also in droplet size. Both concentration and
droplet size variations can impact the reaction kinetics in
microdroplets; however, there currently lacks a complete
understanding of the dynamic nature of partitioning and its
impact on microdroplet reactivity.

We recently showed that pyruvic acid (PA), a key molecule in
biochemistry**** and prebiotic chemistry,> undergoes
condensation at the air-water interface in microdroplets but
not in the bulk phase. This reaction leads to the formation of
zymonic acid (ZA).>® It is known that partial solvation of reac-
tants®® and higher acidity®”*® at the air-water interface can
facilitate acid-catalyzed condensation reactions and are highly
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likely the major contributors to interfacial reactivity. The size-
dependent reaction kinetics also exhibit sigmoidal behavior,
i.e., three different time-dependent regimes. These include
induction followed by reaction and then completion, for both
reactant loss and product growth.** Sigmoidal reaction
kinetics have often been suggested as evidence of autocatal-
ysis. Autocatalysis occurs when the product catalyzes its own
formation.>*** Autocatalysis of small organic molecules,
including acid/base autocatalytic reactions*"** and asymmetric
autocatalytic reactions,”™*® holds interesting applications
including in the nonlinear amplification of organic synthesis.
Importantly, autocatalysis of small organic molecules of bio-
logical relevance may play a key role in the construction of
more complex biomolecules in the origin of life.>?*~*°
Sigmoidal kinetic profiles may also arise from other distinct
processes such as autoinduction and catalyst activation in bulk
solutions.***”** Additionally, unlike bulk reactions, the evap-
oration of PA and the partitioning of water caused by both the
evaporation of PA and reaction of PA to less hygroscopic ZA
under RH-controlled condition, can affect the concentration
profile of both PA and ZA in microdroplets. Therefore, the
dynamic nature of the microdroplet composition, size, and
surface reactivity driven in part by the gas/droplet partitioning
gives rise to complex reaction kinetics, and the reaction
mechanism and driving factors behind the sigmoidal kinetics
in microdroplets are difficult to deduce and -currently
unknown.

Here, we show that size-dependent sigmoidal reaction
kinetics of PA condensation in acidic aqueous microdroplets
exhibit RH and temperature dependences as well as micro-
droplet size evolution across the sigmoidal reaction kinetic
profile. In addition, the product ZA dependence in the kinetics
is examined by comparing the kinetics of the reaction of PA
when there is only PA within an aqueous microdroplet to when
ZA and PA are both initially present. In the latter case, no
induction period was observed. Furthermore, experiments were
conducted under equilibrium condition to prevent PA evapo-
ration and the corresponding water loss. It is found that the
reaction is largely reduced, demonstrating the key role of gas/
droplet partitioning in microdroplet chemistry. To disentangle
the driving factors behind the complex kinetics, we have
developed a diffusion-reaction-partitioning model that
combines interfacial reactions, diffusion of PA and ZA, evapo-
ration of PA and partitioning of water under RH-controlled
conditions to quantitatively explain the kinetics observed for
this condensation reaction. Importantly, although sigmoidal
kinetics are observed both in the presence and absence of an
additional autocatalytic step in microdroplets, the model only
fits key features of the data well when the autocatalytic step is
included. Overall, both the model simulation and experiments
demonstrate that evaporation of PA and partitioning of water
driven by PA loss and ZA formation accelerate the reaction, and
the sigmoidal reaction kinetics of PA condensation in micro-
droplet are driven by coupled interfacial reactions, including an
autocatalytic step in the mechanism, and rapid gas/droplet
partitioning.
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Results and discussion

Acid catalyzed PA condensation in aqueous microdroplets:
size-, RH- and temperature-dependent sigmoidal reaction
kinetics and droplet size changes

The reaction of PA in single microdroplets and the size change
of the microdroplets were monitored by confocal Raman spec-
troscopy and optical microscopy, respectively. Aqueous micro-
droplets were prepared from bulk solutions by depositing
microdroplets onto a hydrophobic substrate inside a tempera-
ture- and RH-controlled environmental cell. The RH was
controlled by high-purity N, gas mixtures of wet and dry flows so
that the microdroplet was in equilibrium with water vapor only.
Raman spectra of individual acidic aqueous microdroplets
containing PA were monitored as a function of time as reaction
occurred. In all of these experiments, the initial microdroplet
pH was less than 1. Utilizing the ratiometric method, as dis-
cussed in the Methods Section and in detail in Li et al,*® the
concentration of PA in the microdroplet was determined for
each spectrum and new peaks for ZA were observed that
mirrored the loss of PA (vide infra).

Fig. 1 combines several different experimental results that
show the size dependence of the reaction kinetics at a fixed RH
and temperature, the change in the size of the microdroplet
over time, and the RH and temperature dependencies for a fixed
microdroplet size. As shown in Fig. 1a, the PA concentration
profile (mp,) exhibits a sigmoidal shape and, as discussed
previously, a droplet size-dependent induction time and slope
during the reaction period. Along with the lack of reactivity in
bulk solutions and the absence of gas-phase reaction, this
demonstrates that the reaction occurs at the air-water inter-
face.*® The droplet decreases in size during the induction and
reaction periods, with the size decreasing fastest during the
reaction period (Fig. 1b). The decrease in size is associated with
both the evaporation of PA, equilibration with RH, and reaction
of PA to form ZA, which is less hygroscopic. Moreover, it is
found that a decrease in RH, corresponding to an increase in
mp, and a reduction in water content, accelerates the reaction,
as shown in Fig. 1c. Finally, the influence of temperature on the
sigmoidal reaction kinetics was investigated by comparing the
mpp profile under different temperature conditions. As shown in
Fig. 1d, we observed a shorter induction period and a higher
mpa loss rate with increasing temperature. The accelerated
reaction kinetics at higher temperature can be attributed to
factors including faster diffusion and evaporation, and higher
reaction rate constants. Taken together, the experimental data
for PA condensation in acidic aqueous microdroplets show size-
, RH- and temperature-dependent sigmoidal reaction kinetics
and the droplet size is dynamic due to the evaporation and
reaction of PA and equilibration with RH. To further under-
stand the reaction kinetics, the presence of ZA, the product of
the reaction, on the sigmoidal reaction kinetics is investigated.

The induction period eliminated by the presence of ZA

In bulk solution, when the reaction is autocatalytic, the induc-
tion period of the sigmoidal kinetic profile can be eliminated by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Pyruvic acid (PA) condensation in acidic aqueous microdroplets show size-, RH- and temperature-dependent sigmoidal reaction kinetics
as well as microdroplet size evolution. (a) PA concentration (mpa) changes as a function of time in droplets with different initial radii (R,) at 95%
RH, 295 K. (b) Time evolution of microdroplet radius (R) at 95% RH and 295 K. (c) Time evolution of mpa at different RHs and 295 Kin droplets with
Ro =320 £ 5 um. (d) Time evolution of mpy at different temperatures and 95% RH in droplets with R, = 117 + 5 um. The black trace (R, = 170 pm)
in (a), the black (R, = 151 pm), green (R, = 353 um) and purple (R, = 353 um) trace in (b), and the black (RH = 85%) and blue (RH = 95%) trace in (c)

are reproduced from Li et al.*¢

adding products to the reaction.*****”*° For reaction in micro-
droplet, this is done by comparing the kinetics of the reaction of
PA when there is only PA within an aqueous microdroplet to
when both ZA and PA are present. The droplets initially con-
taining both PA and ZA were produced by adding PA to a reacted
ZA droplet. The experimental scheme is shown in Fig. 2 and the
Raman and optical data are shown.

The analysis of kinetic data for these different experimental
schemes is presented in Fig. 3. A comparison of the data in
Fig. 3a and b shows that there is no induction period for
microdroplets initially containing both PA and ZA, in contrast
to microdroplets with PA only. For ZA formation, a symmetric
kinetic profile is observed with the loss of PA (Fig. 3c and d -
plotted in terms of the peak areas). These results suggest that ZA
accelerates the reaction by eliminating the induction period.
Moreover, in Fig. 3 we also compared the reaction kinetics of
microdroplets initially containing both PA and ZA of different
sizes (Fig. 3b). In addition to comparing droplets with similar
initial mp, (red and blue), we also examined a droplet with
a lower initial mp, (green), corresponding to a higher initial ZA
concentration under RH-controlled condition. Given the varied
initial droplet chemical composition and the identical final
composition, we used the final droplet size at the end of reac-
tion (Ranal) rather than the initial size (R,) when investigating
the size dependence, aiming to eliminate the influence from
composition. As shown in Fig. 3a and b, the reaction kinetics
exhibits a clear dependence on droplet size, as indicated by the

© 2024 The Author(s). Published by the Royal Society of Chemistry

faster loss of mp, for smaller microdroplets. Additionally, the
size dependence of maximum apparent reaction rate obtained
from droplets initially containing both PA and ZA shows good
agreement with that obtained from droplets initially containing
only PA (Fig. S1 in the ESIt). Indeed, when comparing the time
evolution curve of mp, in two microdroplets with identical Rgpa,
one initially containing only PA and the other initially con-
taining both PA and ZA, we observe an excellent overlay of the
reaction profiles between the two curves after shifting one curve
in time (Fig. 3e). This means that the added ZA and ZA formed
during the reaction influence the concentration profile of PA in
a similar way. The purposeful addition of ZA advances the
reaction to the reactive portion of the corresponding sigmoidal
kinetic curve.

If this occurred for a bulk solution, the sigmoidal reaction
kinetics for PA alone and the elimination of the induction
period by the addition of ZA would suggest that the condensa-
tion of PA is autocatalytic. This is because the reaction rate is
proportional to the concentration of product in an autocatalytic
reaction when the initial reactant concentration is constant.*>*°
However, in microdroplets, the presence of ZA decreases the
concentration of PA under RH-controlled condition and moves
the reaction to the reactive stage. The reaction of PA in droplets
initially with both PA and ZA is intrinsically the same as that in
microdroplets initially containing only PA as indicated by the
good overlay in Fig. 3e. Therefore, the elimination of induction
period by the addition of ZA does not necessarily mean the

Chem. Sci., 2024, 15, 13429-13441 | 13431
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Fig. 2 Experimental scheme along with examples of Raman spectra
and optical images. Left: schematic illustrating the general experi-
mental procedure. An acidic aqueous microdroplet initially containing
only PA undergoes condensation, producing mostly ZA, as discussed
in detail previously.*® Subsequently, another PA droplet is combined
through coalescence with the ZA droplet to produce a new droplet
containing both PA and ZA. This droplet is then monitored for the
reaction of PA to form ZA. All of the reaction and coalescence
experiments were performed at 295 K and 95% RH. Center and right:
representative Raman spectra of droplet reactions and coalescence
(center) and the corresponding droplet images (right) obtained from
the bright-field image of the micro-Raman spectroscopy. (a) The black
trace shows the initial Raman spectrum of a 422 um PA droplet. The
peaks from low wavenumber to high wavenumber are »(C-C) at
785 cm ™%, 6(CHs) at 1450 cm ™2, »(C=0) at 1738 cm ™, »(CH3)sym of the
PA keto form at 2931 cm ™, »(CH3)sym of the PA diol form at 2946 cm ™,
and »(CHz)asym at 3007 cm 15152 (b) The red trace shows the Raman
spectrum after reaction. The droplet now contains mainly ZA.52%* (c)
The blue trace shows the Raman spectrum after more PA is added to
the droplet (coalescence). (d) The green trace shows the Raman
spectrum after reaction. The droplet now contains mainly ZA. The
peak at 796 cm ™~ can be assigned to »(C—C) adjacent to the carboxylic
acid group. The peaks at 1660 and 1686 cm™t are from different »(C=
C) of different forms of ZA, and peaks at 1774 and 3108 cm™ originate
from »(C=0) and vinylic »(=C-H) of ZA, respectively.’>>* The peaks
from ZA are labeled in red, the peaks from PA are labeled in black, and
the overlapping peaks from both PA and ZA are labeled in blue.

reaction is autocatalytic in microdroplets. The increasing pres-
ence of the lower volatility product, ZA, changes the partitioning
of water by absorbing water molecules from the gas phase to the
droplet phase. The water absorbed by ZA dilutes PA in the
droplet, leading to a decrease in PA concentration and thereby
eliminating the induction period. This will be discussed more
in the kinetic modelling section (vide infra). Although the
elimination of the induction period does not imply autocatal-
ysis in microdroplets, it demonstrates the key role of droplet
composition and water partitioning on the reaction kinetics of
PA condensation in microdroplets. This is examined more in
the next section by controlling PA concentration in the gas-
phase.

Key role of gas-phase partitioning of PA and water in reaction
kinetics

As already noted, all microdroplet experiments discussed above
were conducted in an RH-controlled environmental cell, with
a continuous flow of humidified N, to maintain the desired RH

13432 | Chem. Sci., 2024, 15, 13429-13441
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since the reaction is RH dependent. In this experimental setup,
gas-phase PA is negligible, and the microdroplet remains
equilibrium with water vapor, i.e., the water activity in the
microdroplet equals RH in the gas phase (Fig. 4a). Since PA is
semi-volatile, PA continuously evaporates from the droplet,
leading to a decrease in PA concentration and thus an increase
in water activity. To reach equilibrium with the gas phase RH,
water partitions from the microdroplet to the gas phase along
with PA evaporation. To further investigate the role of PA
evaporation in the reaction kinetics, the reaction was conducted
under an equilibrium pressure of PA by placing a hydrophobic
substrate with a deposited PA aqueous microdroplet on top of
a PA solution in a sealed container (Fig. 4b). In this case, the
microdroplet and bulk solution have identical PA concentra-
tions and they are in equilibrium with the water vapor as well as
gas-phase PA; therefore, PA does not evaporate. Importantly,
when comparing PA reactivity under these two conditions, we
ensure that the microdroplets have an identical initial chemical
composition in the droplet phase, as indicated by their identical
initial Raman spectra (Fig. 4c and d, gray curves), to avoid any
influence from concentration difference.

Most strikingly, the experimental data show that the reaction
is largely hindered, i.e. without PA evaporation, no significant
reactions take place even after 8 hours in a droplet with an R, of
207 pm. This compares to when PA evaporation occurs, the
reaction completes within 1 hour for a droplet of similar size of
211 pm (Fig. 4c-e, and S2 ESIt), suggesting that the time
evolution of m, is caused by the evaporation of PA, partitioning
of water and the reaction of PA. These results demonstrate that
the evaporation of PA and the corresponding partitioning of
water play a crucial role in the reaction kinetics in micro-
droplets as discussed in more detail below.

Overall, these experimental data clearly show the role of
microdroplet/gas partitioning, i.e., PA evaporation and parti-
tioning of water caused by the evaporation and reaction of PA as
well as the formation/addition of ZA, on the sigmoidal reaction
kinetics of PA condensation at the air-water interface in
microdroplets. These data also highlight the need for a mecha-
nism coupling the interfacial reaction and droplet/gas parti-
tioning to fully understand the sigmoidal kinetics and its size,
RH and temperature dependence.

Kinetic modeling of aqueous microdroplet reactivity and
autocatalysis at the air-water interface

The experimental data provide important insights into the
condensation of PA in acidic aqueous microdroplets including
important dependencies on size, RH, temperature and gas-
phase partitioning, that if quantitatively modeled can provide
rich insights into reactions in aqueous microdroplets. Here we
present a detailed kinetic model of surface reactions, coupled
with evaporation, partitioning and diffusion in a hemispherical
microdroplet. The diffusion-reaction-partitioning model
enables the estimation of reaction rate coefficients through
experimental data fitting and provides insights into the
underlying physical mechanisms governing the induction-
reaction—completion process. Fig. 5a shows the relevant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The presence of ZA eliminates the induction period of the reaction kinetic profile of PA condensation in aqueous microdroplets. (a and b)
Time evolution of mpya in droplets initially containing only PA (a) compared to droplets initially containing both PA and ZA (b). The droplet initially
containing both PA and ZA was produced by the coalescence of a ZA droplet formed from PA reaction and an unreacted PA droplet. (c and d)
Time evolution of the peak area ratio of PA and H>O (Apa/Ap,0) (black) and the peak area ratio of ZA and H,O (Aza/An,0) (red) in droplet initially
containing PA (c) and droplet initially containing both PA and ZA (d). Due to the lack of a standard for ZA, Aza/Ap,0 was used to reflect ZA
concentration. Similarly, Apa/An,0 Was used to reflect PA concentration. The similar shape between the time evolution of Apa/Ap,0 and meain (e),
suggests that the peak area ratio is a good choice to reflect the concentration as discussed previously.*® (e) Comparison of changes in mpa in
microdroplets with identical final size (Rfina = 182 + 2 um) but different initial composition. Black circles represent the droplet initially containing
only PA. Red circles represent the droplet initially containing both PA and ZA. Pink circles correspond to the red data points shifted in time by 165
minutes as indicated by the dashed arrow.
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Representative Raman spectra of PA droplet before (gray) and after reaction (black) in conditions with PA evaporation (c) and without PA
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of PA to form ZA. (b) Proposed mechanism for the autocatalytic PA condensation reaction revealing the role of ZA (red) in catalyzing its own
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formose reaction, where glycolaldehyde formed from the condensation of formaldehyde catalyzes its own formation.>* This is followed by
a cyclization (step 3) and an inverse aldol reaction (step 4). (Note: a more detailed mechanism is presented in the ESI Fig. S5.1) (c—f) The model
(solid lines) fits the experimental data points (c) (e) in the absence autocatalysis, using reaction rate coefficients k¢ = 0.9 kg mol™ s, kg, = 0 kg?
mol™2 s kpy = 0.557%, kpo = 0 kg mol™ s7%, and (d) (f) with autocatalysis using reaction rate coefficients k¢ = 0.25 kg mol™ s7%, k¢, = 0.65 kg?
mol™2 s, kpy = 0.1 57 kyp = 0.08 kg mol™ s%. The time evolution of (c) (d) Mpa at r = R/2 and (e) (f) R were examined at different R,.

processes involved in the kinetic model including evaporation,
diffusion, and reaction (with and without an autocatalytic step).
The detailed equations for the model are provided in the
Methods section and the ESLf

The interfacial reactions at the water surface involve the
reactant PA and the product ZA in the following ways:

k
2PA = ZA (1)
ki
ki ZA
IPA —= ZA @)
ko

where kg and kg, are the forward and backward rate constants
for the first (i = 1) and second (i = 2) reaction respectively. The
sigmoidal kinetics suggest a potential occurrence of a second
interfacial reaction (2), wherein ZA production undergoes self-
enhancement. This reaction is autocatalytic; that is, ZA acts as
a catalyst to catalyze its own formation (see Fig. 5b). The reac-
tion rate constants can be determined via fitting experimental
data (Fig. 5c—f). Fig. 5c and e show that in the absence of
autocatalysis (where ky,, = kp = 0), the model adequately
predicts mp, for small droplets. However, it fails to reproduce
the sigmoidal shape of mp, for droplets with a larger R,. Addi-
tionally, the R exhibits a slower decline rate in the reaction stage
compared to the induction stage, contrary to experimental
observations indicating a steeper slope in the reaction stage.

13434 | Chem. Sci, 2024, 15, 13429-13441

Fig. 5d and f demonstrate the improved prediction of the model
for both mp, and R with autocatalysis, across a wider range of
R,. This model also quantitatively predicts the RH dependence
of the kinetics of microdroplets (ESI Fig. S3t), as well as
temperature dependence using temperature-dependent reac-
tion rate constants (ESI Table S1 and Fig. S4t). The results
shown in Fig. 5 indicate that sigmoidal kinetics can arise from
both the dynamics of microdroplets, such as evaporation and
partitioning, and autocatalytic reactions. However, the model
suggests that autocatalytic reactions are essential to induce
sigmoidal kinetics across all droplet sizes. Detailed discussions
on the underlying mechanisms will follow.

To understand the interplay among diffusion, evaporation,
and reactions, we first examine the influence of diffusion.
Experimental findings (ESI Fig. S6T) and modeling computa-
tions (ESI Fig. S71) demonstrate negligible PA concentration
gradients along the radius. This indicates that rapid diffusion
significantly diminishes the formation of concentration gradi-
ents resulting from surface reactions and evaporation.
Furthermore, the Damkohler number (D,), measuring the ratio
of reaction rate to diffusion rate, can be approximated by (Dpa/
R?)/(keym3,) for the first reaction and (Dpa/R%)/(keymianizs) for
the second reaction, with values ranging from 100 to 1000. The
minimal concentration gradient and high D, both indicate that
diffusion is not the dominant process in the system compared
to reaction and evaporation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Evaporation is driven by the differences in PA concentration
at the droplet surface and in the surrounding gas phase. The
reaction and evaporation (or droplet size change) are coupled
through the concentrations of PA and ZA. Alongside PA evapo-
ration, changes in droplet sizes also arise from PA and ZA
volume change due to reactions, and water exchange due to PA
and ZA concentration variation. Under controlled RH condi-
tions, water content depends on the amount of PA and ZA. Loss
of one mole of PA through reactions or evaporation result in kps
moles of water evaporation, while production of one mole of ZA
from reactions leads to corresponding k;, moles of water
condensation. Since the concentration gradient along the
radius is negligible due to rapid diffusion, mp, at r = R/2 can be
approximated by the mean PA concentration 7ps

nipa (V = 5) = Mmpp = Fw
Npao — ANpa
My, — ANppkpamw + ANzakzamy

(3)

where Np, is the total number of moles of PA, and My is the
total mass of water in the droplet. Np, equals the initial moles of
PA (Npa o) minus the reduced moles of PA (ANp,) due to reaction
and evaporation. My, equals the initial total mass of water
(Mw,,) minus the reduction in water mass due to the loss of
moles of PA (ANpakpamiw), plus the increase in water mass due
to the generation of moles of ZA (AN kzamyw). Here, myy is the
molar mass of water.

The loss of PA due to both reaction consumption and evap-
oration results in corresponding water loss but does not change
mpa. Thus, when neglecting water absorption by ZA, mp, remains
constant at its initial value: mps = (Npa,o —ANpa)/(Mw,o — ANpa-
kpamw) = 4.5 mol kg™, with this (3) can be reformulated as

1
ANzakzamw 4)
Npao — ANpa

mpa = 1

4.5 *

Eqn (4) indicates that mp, depends on the ratio of ZA
production rate to PA depletion rate, meaning that mp, is
influenced by the extent to which water absorbed by ZA dilutes
the current Np,. The interplay between reaction and evaporation
at each stage of induction-reaction-completion can be eluci-
dated by (4). During the induction stage at early times, minimal
ZA is formed, ANz, is low. Water absorption by a limited
quantity of ZA does not significantly influence PA and mps
remains approximately 4.5 mol kg~ ". The primary process is PA
and water evaporation. Over time, as more PA transforms to ZA
and PA evaporates, the increase in AN, and ANp, reduces mipy,
signifying the transition into the reaction phase. The height-
ened presence of ZA absorbs more water, which dilutes PA and
consequently lowers mp,, even in the absence of autocatalytic
reaction (consistent with the numerical results shown in Fig. 5).
A detailed discussion on the role of evaporation of PA and
partitioning of water is presented in the ESI.{ Moreover, during
the induction and reaction stage, the PA consumed by reaction
is 40% less than that lost by evaporation (ESI Fig. S87). Until mp,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approaches zero, the PA evaporation slows down, while ZA
maintains a concentration that equalizes the water fraction
between the surface and gas phase. Both reactions and evapo-
ration reach completion with minimal temporal variation.

Additionally, both the experimental data and modeling
shows that all of the droplets exhibit a similar ratio of ~0.8
between the size at the end of the induction period and R, and
a ratio of ~0.45 between the size at the end of reaction period
and R, (Fig. 5f). This uniformity in ratios across droplets of
varying sizes arises because the relative time scale of PA evap-
oration to reaction remains constant at identical mp,. This
temporal relationship dictates the extent of droplet evaporation
or size reduction until sufficient ZA is generated, marking the
conclusion of either the induction or reaction stage.

A key advantage of modeling is the ability to disentangle the
effects of reaction and evaporation, providing a clearer under-
standing of their individual contributions to mp,. Fig. 6a and
b present a comparison of mp, and R evolution across various
scenarios: initially addition of ZA, no reaction (k¢; = kp,; = 0), and
no PA evaporation. In the presence of ZA within the initial
droplet composition, the induction stage is absent, as a greater
quantity of ZA begins to absorb water and dilute PA immedi-
ately, consistent with experimental results shown in Fig. 3b.
Completion occurs more rapidly and results in significantly
larger final droplet radii.

In the absence of reaction, the departure of PA and water
from the droplet occurs at a consistent ratio, thereby main-
taining a constant mp, until complete liquid evaporation occurs
(Fig. 6a and b). Initially, the reaction accelerates evaporation by
promoting water departure through the consumption of PA but
later slows down the reduction in R as water is absorbed by ZA.
Autocatalysis can amplify ZA generation and corresponding
water absorption, resulting in a noticeable acceleration of the
slope for both R and mp, during the reaction phase. Conversely,
such augmentation is less pronounced in the absence of auto-
catalysis, as illustrated in Fig. 5. Note that, Fig. 6b also shows
that during the induction period when reactions are minimal,
the rate of change in R is insignificant.

In the absence of PA evaporation, the decline in mp, exhibits
a notably slower rate as shown in Fig. 6a, aligning with experi-
mental results shown in Fig. 4e. PA evaporation accelerates the
reduction in mp, through two mechanisms: Firstly, PA evapo-
ration reduces the total number of moles of PA (Np,), leading to
stronger dilution of PA with the same absorbed water by ZA.
This is evident in (4), where mp, decreases with decreasing Np,
= Npao — ANpa. Secondly, PA evaporation concentrates ZA,
accelerating autocatalytic reaction.

The preceding analysis demonstrates a mutual reinforce-
ment between PA evaporation and reaction, particularly evident
in the presence of autocatalytic reactions. Note that Fig. 5
indicates the autocatalysis reaction plays a more significant role
in achieving precise predictions for droplets with larger R,, thus
prompting further investigation into the influence of R, on
microdroplet kinetics. Fig. 6¢ and d compare the kinetics of
microdroplets with R, = 200 um and 400 um. To elucidate the
results, we estimate m , by dividing the total number of moles
of ZA generated by surface reaction by the total mass of water:

Chem. Sci., 2024, 15, 13429-13441 | 13435
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Fig. 6 Kinetic modeling revealing the driving factors for the autocatalytic condensation reaction of PA in aqueous microdroplets. (a and b) Time
evolution of (a) mpa and (b) R is examined under different conditions: using parameters fitted from experiments, in the absence of PA evaporation,
with initial inclusion of 4 mol kg*1 ZA in droplets, and when no reactions occur (kg = ky,; = 0). (c and d) Time evolution of (c) mpa (indicated by
black lines with left axis) and ZA concentration (mza, indicated by red lines with right axis) and (d) R is examined for droplets with R, of 200 um
(solid lines) and 400 um (dashed lines). The reaction rate constants used here are the same as those in Fig. 5d and f.

m 27tR26AtJZAanOC 1 (5)
A 2nR® My R

37

where 2wR?6 denotes the volume of reaction surface, with § =
1 nm being the thickness of the surface. Ajza «n represents the
total moles of ZA generated per cubic meter during time At, as
detailed in the Methods section. My,/V signifies the ratio of total
water mass to total droplet volume, which remains relatively
constant during the initial stages. From (5), m, is proportional
to the surface-to-volume ratio (R™'). This relationship arises
because ZA produced by surface reactions uniformly diffuses
throughout the entire droplet. Consequently, larger droplets
exhibit a slower increase in mz,, resulting in prolonged induc-
tion periods and slower declines in mp,. Furthermore, larger
droplets with lower my, require autocatalytic reactions to ach-
ieve both a reasonable induction period and a rapid accelera-
tion in the reduction of both R and mp, during the reaction
stage. Thus kg, = 0 hinders precise fitting for larger droplets.

Conclusions

Here we show that PA condensation at the air-water interface in
microdroplets exhibits size-, RH- and temperature-dependent
sigmoidal reaction kinetics as well as microdroplet size evolu-
tion. Moreover, it is found that the presence of ZA, evaporation
of PA and the corresponding partitioning of water under RH-
controlled condition have strong effects on the reaction
kinetics. We develop a kinetic model combining the interfacial
reaction with diffusion, evaporation and partitioning to

13436 | Chem. Sci, 2024, 15, 13429-13441

simulate the complex reaction kinetics in microdroplets.
Combining experimental measurements and kinetic model
analysis demonstrate that the strong coupling of interfacial
reactions and gas/droplet partitioning drives PA condensation
kinetics in aqueous microdroplets. Overall, we show interfacial
processes drive the chemistry of microdroplets. These processes
include interfacial reactions and partitioning which explain the
size-dependent sigmoidal kinetics in a quantitative way as well
as the dependence on RH, temperature, and dynamic changes
in microdroplet size as the reaction proceeds. Furthermore,
these findings may provide new insights into autocatalytic
reactions, a class of reactions that have been discussed in great
detail given their proposed role in prebiotic chemistry.

Methods

Experimental methods

The generation of microdroplets, in situ micro-Raman spec-
troscopy analysis and kinetics analysis have been previously
described in detail.*® Briefly, a single aqueous microdroplet is
deposited on a hydrophobic coverslip using a micropipette, and
the coverslip is placed inside an RH- and temperature-
controlled environmental cell (Linkam, LTS 120). The micro-
droplet was generated using a micropipette and within less than
10 seconds it was deposited on the substrate. After this step, the
focus of the laser was adjusted on the droplet and a spectrum
was collected within another ~1.5 minutes. All experiments,
except for those investigating the influence of temperature and
RH, were performed at 95% RH and 295 K under dark condi-
tions. The RH was controlled by high-purity N, gas mixtures of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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wet and dry flows with a total flow rate of 1 L min~". A confocal
Raman microscope (Horiba, LabRamn HR evolution) is used to
collect optical images and Raman spectra utilizing a 532 nm
laser during the microdroplet reaction. As already noted, the
concentration of PA in microdroplets was determined using
a ratiometric calibration method which correlates the Raman
peak area ratio of PA and water to PA concentration. For the
droplet coalescence experiments, a microdroplet containing PA
was placed on the coverslip and allowed to react to completion
to form ZA. Following the reaction, additional PA was added to
the reacted droplet to produce a new droplet with PA and ZA.
The kinetics of PA to form ZA was then monitored. The PA bulk
solution used to generate droplets had a concentration of
4.5 mol kg™, corresponding to the PA concentration in aqueous
microdroplets in equilibrium with 95% RH within the envi-
ronmental cell. A discussion on the influence of non-
equilibrium water loss following the sample preparation on
size and concentration changes is present in the ESI.{ Although
the bulk solution was 4.5 mol kg™, it is worth noting that the
droplet concentration did not remain precisely at 4.5 mol kg,
instead, the concentration when equilibrated at 95% RH was in
the range of range of 4 to 5 mol kg™, due to small fluctuations
of the RH (+1%) inside the environmental cell. For reactions
under conditions without PA evaporation, a single microdroplet
deposited on a hydrophobic coverslip was placed on the top of
a PA solution with a concentration of 4.5 mol kg™ " in a Petri dish
with an inner diameter of 22 mm and a height of 7 mm. The
Petri dish was covered by a coverslip to allow for the equilibrium
between the bulk solution, microdroplet and gas-phase water
and PA.

Kinetic model

The model characterizes a hemispherical droplet with a radius
R containing solutes PA and ZA, both of which undergo surface
reactions (1) and (2). The choice of hemispherical geometry is
based on experimental observations indicating that the droplet
shape closely resembles a hemisphere with a contact angle of 94
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(moles per kilogram of water) for comparison with experimental
data. The primary nomenclature used in the derivation is listed
in Table 1. In the droplet (0 < r < R(t)), the bulk concentration is
governed by diffusion equations:
ad Dx, 9 aC:

C x1 0 (r2 x)

= o (6)

a X" 12 o

The diffusion coefficient Dx; of substance X in the liquid
phase is provided in Table 2, along with other parameters used
in the governing equations. At r = 0, there is no-flux boundary
condition:

ICx
o 0 @

At r = R, the boundary conditions come from the conserva-
tion of mass, for PA:

d R0 2w R 1 (dVea
& JO CPAd <?V ) =21TR 6JPA.rxn + E < a )evp (8)

The left-hand side of (8) is the rate of change of the total moles
of PA in the droplet. On the right-hand side, the first term is the
moles of PA consumed at the interface per unit time through
reaction. ¢ is the thickness of reaction surface, and we set 6 =
1 nm, similar to the studies of Wilson and coworkers.>***” The
rate change of Cps (r = R) due to reaction is denoted by Jpa rxn.
The second term is the moles of PA leaving droplet per unit time
via evaporation (this term will be given in (14)), where vp, is the
molar volume of PA, denoting the volume of PA per mole.
Similarly, for nonvolatile ZA, the mass conservation equation is:

d R(1) 2
E J CZAd (Twr3> = 2'TERzéJZA,rxn (9)
0

Table 2 Values of quantities used in the kinetic model at 295 K and
95% RH. The estimations for Dy, Dpag and Pga.pa are detailed in the

+ 4°%° Here we neglect specific adsorption/desorption ESI. Dy, and Dpa 4 at different temperatures and 95% RH are provided in
processes within the microdroplets, so PA and ZA will not ESI Table S3. Dy at different RHs and 295 K is provided in ESI-Table S4
eXhlbllt surfactant propertles in the model. PA,. a.long with watér, Parameter Value Units
experiences evaporation, whereas ZA exhibits non-volatile
behavior. Given the symmetry in both polar and azimuthal Dpay 2.5 x 107 m>s™!
directions, the problem is confined to the radial coordinate r Dzai 1.8 x 10:20 mz S:
and time t. PA and ZA have bulk concentrations Cx(r,t), where gp"'g ?g;x 10 g; s

. sat,PA
the subscript X can be PA or ZA. Note that here we employ molar Von 20 % 10-° m? mol
concentration Cyx (moles per cubic meter of solution) in the ,,, 1.3 x 107* m® mol™*
following derivations, the result will later be converted to myx vw 1.8 x 107° m® mol ™!
Table 1 Primary nomenclature in derivation. The subscript X can be PA and ZA or W (water)
Parameter Nomenclature Units
Cx Ratio of mole of solute to the volume of solvent mol m™
myx Ratio of mole of solute to per kilogram water mol kg "
Vx Volume m?
Vx Molar volume m® mol !

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where the rate change of Cx (r = R) due to reaction Jx ,x, can be
calculated from (1) and (2):
Jparn = 2 (k;l Coa” + k;~2 Coa’Cza — ki,l Cza — k{ﬁ CZA2> ’

(10)

JzA 0 = (k;l Coa” + k;z Cpa*Cza — ki,l Cza — ki,z CZA2> LR (11)

Note that k'fi and k;al. are reaction rate coefficients associated
with molar concentration.

Using Leibniz's rule and substituting (6) into (8) and (9)
yields boundary conditions at r = R:

dCpa dR dVpaevp 1
Dpp——— = 0Jparxn — /—C — s 12
Pag, | T e = g Coat =4 s (12)
aC, dR
DZAITZA o = 6JZA,rxn - ECZA (13)

The diffusion eqn (6) is subject to mass-conservation
conditions (12) and (13) at the moving boundary r = R(¢). The
following size-changing model is developed to derive the
expression for R(¢), which can be influenced by PA evaporation,
PA and ZA reactions, and water partitioning. For diffusion-
controlled evaporation in a hemispherical droplet, the volume
change due to the evaporation of PA can be calculated by inte-
grating evaporative flux —Dpy, ACpavpalr* over the hemi-
spherical surface:**>°

dVpaey
Dorss 2Ry, Ao gtrnken

(14)
where Dp, ¢ is the diffusivity of PA in the gas phase and ACp, ¢ is
the difference in vapor concentration at and far from the
surface. From ideal gas law, ACpa g = APpa /R, T, Where APp, ¢ is
the corresponding difference in vapor pressures at and far from
the surface, R, is the universal gas constant, and T is tempera-
ture. According to the Raoult's law, APpy ¢ = XpaPsac,pa — Pos pa,
where Pg, pa is saturation vapor pressure, Py, py = 0, and xp, is
mole fraction of PA at surface, so ACp, ¢ can be written as:

Cra
Cra + Cza + vw(l — Cpavpa — Czavza) |,z

(15)

Psal,PA
R,T

AC‘PA.g =

The dimensionless constant correction k., in (14) quantifies
the relative difference in evaporation rates between the model
and experimental data, and in this work, it is a fitting param-
eter. This disparity may arise from the non-ideal mixing of the
microdroplet, neglected adsorption and desorption processes
within the droplet, and the perfect hemisphere assumption. In
particular, since the activity coefficient of PA and the impact of
other non-ideal factors on the evaporation rate are unknown,
kevp needs to be determined through fitting from the induction
period. The induction period can be used to parameterize this
difference in how evaporation is captured, because during this
period, the reaction is minimal, and the droplet size evolution is
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dominated by evaporation PA and water. In all the results pre-
sented above, ke, = 0.6.
The change in volume of X resulting from reactions are:

d VX.rxn

ds = 27TR25JX.1‘XHVX

(16)

Under RH-controlled conditions, the water partitioning in
microdroplets is determined by the content of PA and ZA
according to the Zdanovskii-Stokes-Robinson mixing rule.”” As
discussed in the Results and discussion section, at a given RH,
the change of one mole of X corresponds to a change of kx moles
of water, leading to the relation dVi/dVx = kxvw/vx. kx is RH
dependent. Here at RH = 95%, we have kpy = 12.4 and k, = 4.2
calculated from the molality of pure PA and pure ZA at 95% RH,
respectively. PA molality is obtained from the mp, during the
induction period and has a value of 4.5 mol kg~ " under 95% RH.
ZA molality is estimated to 13.3 mol kg™ " under 95% RH using
the Aerosol Inorganic-Organic Mixtures Functional groups
Activity ~ Coefficients =~ (AIOMFAC) model®®  (aiomfa-
c.lab.mcgill.ca). The molality of pure PA and pure ZA at different
RHs is provided in ESI Table S2.f Consequently, the water
content change resulting from X content change is:

dVw  dVx kxv
dr — dr wx

(17)

with (14-17), the total volume change of the droplet can be
expressed as:

27'CR2 % _ d VPA‘eVp (1 + kPAVW) + d VPA,rxn (1 + kPAVw)
dr dr VpA dr VpA
dVZA rxn kZAVw
: 1 1
+ dt ( + VzA ) ( 8)

The diffusion-reaction-partitioning process in the droplet is
described by coupled governing eqn (18), (6, 7), and (12, 13). To
solve this moving boundary problem, a coordinate trans-
formation (7, t) — (n,7) is performed with the relations:

ro ot

n
Here, 1 is a scaled radial coordinate, and 7 is the transformed
time coordinate. After coordinate transformation, the boundary
at 7 = 1 remains constant, but the governing equations are
more complex due to the derivative transformation:

9y 19 99 20)
 Ron a ot

After applying transformation (19, 20) to (6, 7) and (12, 13),
the centered second-order finite-difference method is used for
the discretization of the spatial domain of the resulting gov-
erning equations on the constant domain n € (0,1). Time
stepping is performed using the ode15s solver in MATLAB. The
convergence analysis indicates that employing 100 grid points
in the spatial domain was more than sufficient. It should be
noted that our model disregards the deviations from ideal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hemispherical droplet shapes and potential variations in the
molecular forms of PA and ZA. Our objective is to develop
a simplified model to characterize the kinetics in the sessile
microdroplets and predict experimental results quantitatively.
The optimal values of reaction rate constants were obtained
based on fitting the experimental data.
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