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Role of evaporation of pyruvic acid (PA) and partitioning of water
The key role of PA evaporation and water partitioning in the time evolution PA concentration
(Mmpy, in the unit of mol kg™") can be explained by the following equation (same as equation (4)

in the main text)

1
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Where Np,, is the initial moles of PA, ANp, is the reduced moles of PA, ANy, is the
generated moles of zymonic acid (ZA), k;, represents the change of one mole of ZA

mPA = (ESI-I)

corresponds to a change of k5, moles of water, and my, is the molar mass of water. The term
ANz k7,my, is the increase in water mass due to the formation of ZA. PA evaporation
increases ANp, and water partitioning (absorbed by ZA) increases AN;4kz,my, . Therefore,
both PA evaporation and water partitioning accelerate the reduction rate of mpy,.

Since ZA is less hygroscopic than PA, the reaction of PA results in a greater water loss than
the water absorption caused by the formation of ZA. This leads to a lower water content in
microdroplets, compared to bulk solutions with identical initial PA concentration but lacking
water partitioning. Consequently, the equilibrium of the condensation reaction shifts towards
the product side (Figure S5) during the reaction in microdroplets relative to the corresponding
bulk solution, as water is eliminated in the reaction.

Influence of non-equilibrium water loss following the sample preparation on size and
concentration changes

Non-equilibrium water loss following the sample preparation is not expected to be significant,
as the concentration of the bulk solution was purposefully made the same as the corresponding
equilibrium droplet concentration at a given relative humidity (RH). For example, for
experiments at 95% RH, the PA bulk solution used to generation droplets had a concentration
of 4.5 mol kg™, identical to the PA concentration in aqueous microdroplets in equilibrium with
95% RH within the environmental cell. This is confirmed by the stable concentration during
the induction period at a given RH, since non-equilibrium water loss would change the PA
concentration. For instance, if the initial droplet concentration is lower than the corresponding
equilibrium concentration, the droplet would lose water, resulting in an increase in PA
concentration, which is not the case in our study. The stable PA concentration in the induction
period at each of the RH conditions demonstrates that the droplet had already reached
equilibrium with the surrounding RH by the time the first spectrum was collected. Therefore,
the influence of non-equilibrium water loss on droplet size and concentration changes is

negligible.

Determination of diffusion coefficients.
The diffusivities of PA and ZA in aqueous microdroplets are estimated by the semiempirical
relationship developed by Bidstrup and Geankoplis for aqueous diffusivities of carboxylic acid'

6.6x10~8(XxM)1/2T

D = nVo.s

(ESI-2)

Here, D is the diffusivity (cm? s'l) of solute, X is a constant of 2.6 for water, M is the
molecular weight of solvent (18 g mol™ for water), T is the absolute temperature (K), 7 is the
viscosity (centipoises) of solution and is estimated using the Aerosol Inorganic—Organic
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Mixtures Functional groups Activity Coefficients (AIOMFAC) model® (aiomfac.lab.mcgill.ca)
and the experiment RH and temperature.  was assumed to be unchanged during the droplet
reaction and is determined with a mole ratio of 1:1 for PA and ZA. V is molar volume of solute
at normal boiling point (cm® g mole™) and is estimated by the method of LeBas.?
The diffusivities of PA in N; is determined by the equation developed by Fuller et al.* for
binary gas-phase diffusion coefficients
—3m1. 1,11
Dip = — T gt (ESI-3)
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Here, A and B represent PA and N, respectively. Dyp is the binary diffusion coefficient (cm?

s'), T is the absolute temperature (K), M, and My are the molecular weight (g mol™), p is
the pressure (atm), Y., v; is the diffusion volumes to be summed over atoms of PA, and )5 v;
is the diffusion volumes of N, (17.9). The diffusivity of PA and ZA in aqueous droplets as well
as PA in N in the gas phase under different temperatures and 95% RH are shown in Table S3.
The diffusivities of PA and ZA in aqueous droplets at different RHs and 295 K are shown in
Table S4.
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Figure S1. Comparison of the maximum apparent reaction rate (R, ) of PA versus the inverse
of the final droplet size at the end of reaction (1/Rf;nq;) obtained from droplets initially
containing only PA (black square) and droplets initially containing both PA and ZA (red circle).
Rmax Was determined from the maximum slop of the PA concentration evolution curve in

Figure 3a and 3b in the main text.

0.008
':, With PA evaporation
0.006
Q .
Fooo4! |
< 0002{
.y  Without PA evaporation
0000{ &fe ° o o o o ° ¢

0 100 200 300 400 500

Time (min)
Figure S2. Comparison of the time evolution of the peak area ratio of ZA (at 796 cm™) and
H,O (from 3180 to 3750 cm™) (Aza /Awu,0) in droplets with PA evaporation (red) and without
PA evaporation (blue). The droplets correspond to those shown in Figure 4 in the main text,
with the respective initial radius (R,) of 211 um and 207 pm under conditions with and

without PA evaporation.
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Figure S3. RH dependence of the autocatalytic PA condensation reaction. Time evolution of (a)
PA concentration (mp,) and (b) Droplet radius (R) in droplets with R, of 320 + 5 um and at
T=295 K. The dots present experimental data, and the lines are the modelling results. The
reaction rate constants used here are the same as those in Figures 5d and 5f. The diffusivities of
PA and ZA at various RHs are listed in Table S4.

(a) | | (b)

120
100

80

R (um)

60

40

20

0 50 100 150 0 50 100 150
Time (min) Time (min)

Figure S4. Temperature dependence of the autocatalytic PA condensation reaction. Time
evolution of (a) mp, and (b) R at various temperatures (T) with R,=117 £5 pm and RH =
95%. The dots present experimental data, and the lines are the modelling results. The
temperature-dependent reaction rate constants kf; and evaporation rate constants k,,,, are
listed in Table S1. Here, the saturation pressure of PA at T is calculated by Pgarps =
exp((276.11 —70191.42/T — 55.8 ln(T/298.15)/Rg).5 The diffusivities of PA and ZA at

various T are listed in Table S3.
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Figure S5: (a) Mechanism for the acid-catalyzed PA condensation reaction to form ZA.® (b)
Proposed mechanism for the interfacial autocatalytic PA condensation reaction to form ZA in
acidic aqueous microdroplets.
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Figure S6. (a) Schematic illustrating the approximate sampling location. Note this is not drawn
to scale. P1 to P4 may not be evenly spaced. (b) The normalized spectra obtained from different
Z depth inside droplet with R, =444 um (P4 to P1). These Raman spectra of the microdroplet
were collected from the droplet center to near the surface during the formation of product. The
time interval between two adjacent spectra was 1 minute. The nearly identical normalized
spectra demonstrate that no significant concentration gradient of reactant and product can be
detected under our experimental conditions (95% RH and 295 K), showing that the diffusion
of product and reactant is faster compared to spectrum acquisition (1 min).
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Figure S7. Kinetic modeling of autocatalytic condensation reaction of PA in aqueous
microdroplets. (a) Time evolution of mp, and R, and (b) mp, versus radial positions (») at
four different times for a droplet with initial radii R, =300 pum. The reaction rate constants used
here are the same as those in Figures 5d and 5f.

(a) -10 (b) -10
5 X 10 ‘ 5 X 10
0 ’_/ 0
"c g 57
S S
© o.
e £ 10
—Evaporation | -15 —Evaporation
—Reaction —Reaction
. -20 .
100 200 300 0 100 200 300
Time (min) Time (min)

Figure S8. The number of moles of PA consumed through PA evaporation (black line) and
through reactions (blue line) per minute for a droplet with R, of 200 um (a) and 400 pm (b).
A negative value indicates that PA is consumed, while a positive value signifies that PA is
generated (by backward reactions). In the equilibrium stage, the high my, increases backward
reaction rates, causing PA production to exceed its consumption. The produced PA matches the
PA lost to evaporation, maintaining a constant mp,4. Note that the area enclosed by the lines
over a given time period represents the total moles of PA consumed. The parameters used here
are the same as those in Figures 6¢-6d.
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Electronic Supplementary Tables

Table S1. Reaction rate constants and evaporation rate constants at various temperatures used
in Figure S4.

ksq ks, kevp
(kg mol~1s™1) (kg? mol~2s71)
295K 0.25 0.65 0.6
290 K 0.23 0.62 0.45
285K 0.2 0.58 0.45
280 K 0.18 0.54 0.3
Table S2. Molality of pure PA and pure ZA at different RHs.
Mpy Mmza
(mol kg™1) (mol kg™)
95% RH 4.5 13.3
90% RH 7.7 18.7
85% RH 10.8 23.6

Table S3. Diffusivities of PA and ZA in aqueous droplets as well as PA in the gas phase (in
N>) at different temperatures and 95% RH.

Dpayi Dza, Dpyg
(m?s~1) (m?s~1) (m?s~1)
295K 1.8 x 10710 1.3 x 10710 9.8 x 107
290K 1.3 x 10710 0.99 x 10710 9.5x 107
285K 098 x 1071 0.71 x 10710 9.2x 107
280K 0.68 x 1071 0.50 x 10710 9.0 x 107

Table S4. Diffusivities of PA and ZA in aqueous droplets at different RHs and 295 K.

DPA,l DZA,l
(m?s™) (m?s™)
95% RH 1.8 x 10710 1.3x 10710
90% RH 0.69 x 10710 0.5 x 10710
85% RH 0.33 x 10710 0.24 x 10710
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