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Optical levitation provides a powerful platform for probing the physicochemical properties of nano- and
microparticles. In optical levitation experiments involving nonreacting droplets, metastable states, or
so-called “thermally locked” states, can emerge. However, there has been no report on thermal locking
induced by chemical reactions or the impact of thermal locking on the reaction mechanisms or rates.
Herein, we investigate the growth of optically levitated aqueous droplets in which sulfate forms through the
S0,-NO, and the SO,-Mn?**-0, heterogeneous reactions—2 environmentally important sulfate formation
pathways. We observe (semi-)discrete droplet growth occurring via consecutive thermally locked states,
which result from the competition between water vapor condensation driven by sulfate formation and
evaporation driven by droplet heating through resonant absorption of the trapping laser. By combining
Mie theory-based analysis of the stimulated Raman scattering and droplet thermodynamics, we develop
an approach to retrieve the key properties (e.g., temperature, pH, and molality) of thermally locked
droplets and demonstrate that chemistry-driven thermal locking results in a signature particle growth
pattern. Comparison of sulfate formation rates in locked versus unlocked droplets further reveals that
thermal locking can accelerate chemical reactions or even change the dominant mechanism by promoting
photoinduced reaction pathways. As light intensity enhancement within the droplet is localized near the
droplet surface, the photoinduced reactions lead to droplet growth patterns similar to those driven by
surface reactions. This work uncovers a novel phenomenon emerging from light-droplet interactions,
offering a mechanistic framework for leveraging thermal locking to probe droplet properties and study
chemical reactions under resonant conditions.
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When resonant with the trapping laser, AOT-suspended

The interaction between light and droplets or aerosol particles
plays a crucial role in Earth’s radiation balance and underpins
various particle characterization techniques across scientific
disciplines. Due to their small size, nano- and microparticles
can exhibit phenomena distinct from bulk materials when irra-
diated, including quantum confinement [1], localized surface
plasmon resonance [2], whispering gallery modes (WGMs) [3],
optical trapping or binding [4], and light-driven propulsion
[5]. Utilizing the balance of optical forces, aerosol optical twee-
zers (AOTs) have emerged as a powerful technique to charac-
terize aerosol particles and droplets. By creating an optical
potential well through focused laser beams, AOTs can effec-
tively levitate single or multiple nano- to micro-sized droplets
in a gas for extended periods of time [4,6]. This unique feature
empowers researchers to explore droplet physicochemical
properties at the single-droplet level under precisely controlled
conditions [7-13].
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droplets can exhibit a distinctive form of metastability known
as “thermal locking” [14]. The term “lock” signifies that the
droplet size remains nearly constant despite external triggers
for size change, e.g., variations of ambient relative humidity (RH)
or trapping laser power. This phenomenon has been docu-
mented in investigations involving aqueous salt-containing
droplets [9,12,14-16], where the droplet size exhibited intermit-
tent stages of continuous shifts and near stationarity. Thermal
locking occurs when the trapping laser wavelength is com-
mensurate with a WGM of the droplet. The droplet acts as a
high-quality resonant cavity that markedly extends the optical
pathlength of the incident light within the droplet, leading to
palpable droplet heating despite low droplet absorbance at the
laser wavelength. Droplet heating elevates the water evapora-
tion rates and counteracts triggers for droplet growth, e.g., a
rising RH in the environment. Consequently, the net transfer
rate of water to or from the droplet is slow and the droplet stays
at a near-constant size [15-17].
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To date, the thermal locking phenomenon has been induced
solely by physical factors, such as variations in RH or laser
power, for nonreacting droplets. By modulating droplet size
through solute formation or depletion, it is plausible that chem-
ical reactions could also tune droplets into resonance with the
trapping laser, resulting in a thermally locked state. As the driv-
ing force for resonance shifts to chemical reactions, the droplets
may exhibit growth characteristics distinct from those of non-
reacting droplets. Importantly, once thermal locking occurs,
the light intensity within the droplets should be significantly
amplified, which may, in turn, influence the chemical reaction
that initially induced thermal locking, as many key reactions
are sensitive to irradiation effects.

With the goal to probe how a chemically reacting droplet
interacts with a trapping laser, we designed AOT experiments
in which single aqueous droplets were levitated by a dual beam
counter propagating optical trap. The growth of the droplet was
driven by environmentally important sulfate formation mecha-
nisms, including (a) heterogeneous oxidation of SO, by NO,
[18-21] and (b) SO, oxidation by O, with Mn** as a catalyst
[22-24]. In experiments conducted under a range of different
conditions, we observed resonance-driven discrete or semi-
discrete droplet growth despite continuous sulfate formation.
This growth exhibited a distinctive pattern, different from ther-
mal locking induced by physical factors. Furthermore, we dem-
onstrate that resonance with the trapping laser enhances
droplet reactivity by accelerating photoinduced reaction path-
ways, with this effect being most pronounced near the droplet
surface.

Results and Discussion

Discrete droplet growth

Figure 1A shows the evolution of the Raman spectra of a levi-
tated, aqueous ammonium sulfate (AS) droplet exposed to SO,,
NO,, and NH; in the wavelength range of 628.0 to 662.0 nm,
where the spontaneous Raman peak corresponding to OH
stretching is located. The spontaneous Raman scattering is
weak but can resonate with the droplet by total internal reflec-
tion to further stimulate Raman scattering at wavelengths com-
mensurate with the WGMs. The stimulated Raman scattering
(or WGMs) is visible as bright stripes in Fig. 1A and exhibits
periods of stable positions followed by sudden transitions to
new positions. From fitting the WGM peak positions using the
Mie Resonance Fitting (MRFIT) program [25], we obtained
the droplet radius 7, and the real part of the refractive index
m, at 645 nm. The droplet radius (blue trace in Fig. 1B) shows
an overall growing trend, consistent with droplet growth driven
by sulfate formation through the SO,-NO, heterogenous reac-
tion [18,26]. Akin to the WGM peaks, the droplet size under-
goes relatively stable periods followed by abrupt shifts. This
pattern contrasts with experimental observations where droplet
size changes continuously [8,27], but is similar to the “thermal
locking” phenomena observed in previous AOT experiments
when the ambient RH or the trapping laser power was varied
[14,15]. As the droplet enters a thermally locked state, the drop-
let temperature increases due to resonant absorption of the
trapping laser beam, which enhances water evaporation rates
and inhibits droplet growth. When the droplet escapes a locked
state, it cools down and quickly grows to a larger size by absorb-
ing ambient water vapor, leading to the apparent discrete
growth of the droplet. An amplified view of the droplet size
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Fig. 1. (A) Raman spectra from a representative experiment at RH = 75.7%+2.0%,
[SO,]1=0.3 ppm, [NO,]=0.5 ppm, [NH;]=7.6 ppm and an ambient temperature
of 24 °C. The x-axis shows the time since the start of the measurement, but only the
spectra after the RH is completely stabilized are shown to rule out the interference
from RH variation. The bright yellow lines correspond to the positions of the whispering
gallery modes (WGMSs). The signal intensity is normalized to its maximum value in
each individual spectrum. (B) The droplet radius r,, (blue trace) and the real part of
the refractive index m, (red trace) derived from the WGM positions. The inset figure
shows azoomed-in view of the evolution of the droplet radius within a thermally locked
state. (C) The increasing WGM peak intensities within a thermally locked state. The
peaks are labeled by the mode order (superscript), mode number (subscript), and
polarization (TE or TM).

during a thermally locked state (inset plot in Fig. 1B) reveals a
decrease in droplet radius by a few nanometers. This decrease
seems counterintuitive at first sight and is in stark contrast to
the slight droplet size increase during thermally locked states
observed previously [14,15]. We shall discuss the underlying
mechanism for this gradual decrease in the following sections.
(Note that “thermal locking” is conventionally defined as con-
stant droplet size [14]. Here, we use this term in a slightly
broader sense to refer to a droplet locked in the same resonant
mode with the trapping laser.)

In contrast to the droplet size, the refractive index m, (red
trace in Fig. 1B) shows an oscillatory pattern as the droplet
goes in and out of thermal locking: m, increases in each of
the thermally locked states but drops to a lower value when
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state transition occurs. Since the sulfate concentration is
positively correlated with m,, the increase of m, during
thermally locked states reflects continued sulfate formation
through the SO,-NO, heterogenous reaction (m, of pure water
is 1.331). Once the droplet escapes from a thermally locked
state, water absorption decreases the sulfate concentration
and m, drops again.

Zooming in on the WGM peaks in a thermally locked state
(Fig. 1C), we observe that the intensities of the WGM peaks
increase with time. As a thermally locked state evolves, more
trapping laser power is coupled into the droplet, inducing pro-
gressively stronger stimulated Raman scattering at WGM-
commensurate wavelengths [15,16,28]. The implication of
power coupling for chemical reactions shall be discussed in the
following sections.

Retrieving droplet properties during thermally
locked states

As discussed above, both the droplet temperature and sulfate
concentration vary during thermally locked states; to obtain
these 2 quantities, we developed a droplet mass balance model
that considers salt formation and transfer of water between the
droplet and the gas phase (Section S3). An order-of-magnitude
analysis for representative experimental parameters reveals that
for thermal locking to occur, the water vapor concentration at
the droplet surface (1, ; ) must approximately equal the ambient

In other words, water evaporation has to proceed at close to
equilibrium so that mass transfer of water between the droplet
and the gas is slow during a thermally locked state.

The water vapor concentration at the droplet surface n,, ¢ is
a function of both sulfate concentration and droplet tempera-
ture. As no detectable nitrate accumulation in the droplet was
observed in our experiment (Section S4), we calculated n,,
using Extended Aerosol Inorganics Model (E-AIM) IV [29]
assuming that the droplet is an aqueous solution of AS. The
contour lines of n,, ; thus obtained are shown in Fig. 2A. Since
Ny.co T€Mains constant during each experiment, Eq. 1 implies
that n,, ;must also remain constant within any thermally locked
state. In other words, the AS concentration and the droplet
temperature are constrained to evolve along one of the contour
lines in Fig. 2A. In addition to n,,, the relationship between
droplet temperature and sulfate concentration is further con-
strained by m, (Fig. 1B). Building on a previous work [30], we
derived a quantitative relationship between m,, the droplet
temperature, and the AS molality (Section S5). With the n,
constraint and the m, constraint, we solved for the droplet tem-
perature and salt concentration during thermally locked states,
as illustrated in Fig. 2B and C. Both the droplet temperature
and AS concentration exhibit oscillatory patterns similar to the
refractive index m,. Based on these results, we further calcu-
lated the AS mass in the droplet and the droplet pH with the
aid of the E-AIM model. As shown in Fig. S4, the AS mass in

water vapor concentration (1, ., determined by the RH): the droplet increases in each of the locked states, consistent
e with continued sulfate formation by the SO,-NO, reaction
n o~ despite thermal locking. Although our model explains most of
ws ™ w0 (D the AS formation, there are slight AS mass discontinuities
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Fig. 2. (A) Contour plot of the number density of gas phase water molecules at the droplet surface (n,, s in m~3) as a function of AS molality and droplet temperature T,.The
droplet (blue circle) moves along one of the contour lines during a thermally locked state since the ambient water vapor concentration n,,  is fixed (Eq.1). (B) The difference
between the droplet temperature T, and the ambient temperature T (C) The AS molality of the droplet. (D) The droplet pH. The shaded areas in (B) to (D) correspond to an
RH uncertainty of + 2.0 % and a T, uncertainty of + 0.5 K. The uncertainty of AS molality is only +0.02 mol/kg and is barely visible in (C).

Zhang et al. 2025 | https://doi.org/10.34133/research.0813


https://doi.org/10.34133/research.0813

Research

between consecutive thermally locked states. This deviation
from perfect mass closure might be caused by both measure-
ment uncertainties and the inaccuracies of the parametrizations
we used in this study (e.g., the m,~AS molality relation). Further
corroboration of the calculated AS molality can potentially be
achieved using the ratio-metric method based on spontaneous
Raman signals [31-33]. In contrast to droplet temperature and
AS molality, Fig. 2D shows that the droplet pH decreases in
each locked state, mainly because of the negative correlation
between pH and AS concentration. For a droplet, the salt con-
centration, temperature, and pH are key variables that affect its
reactivity [34,35]. In our example experiment, their variations
through a thermally locked state are about 1 mol/kg, 1 K, and
0.1, respectively.

Droplet trajectory in the r,—m, space

We next investigate the cause for the gradual reduction of droplet
size (inset figure in Fig. 1B) within thermally locked states, which
seems counterintuitive since sulfate is continuously being pro-
duced in the droplet. Let us consider the droplet trajectory in
the size-refractive index (r,~m,) space. To do so, we first applied
a parametrized salt concentration-dependent dispersion rela-
tion [36] to calculate the droplet refractive index at 532 nm
(my55,) from m, at 645 nm (see Fig. 1B). The droplets r,,-m 55,
trajectory during the experiment is then superimposed onto a
2-dimensional heatmap (Fig. 3A) of the droplet absorption
cross-section Cy; at 532 nm (the trapping laser wavelength),
which is calculated with the generalized Lorentz Mie theory to
account for the Gaussian shape of the trapping laser [37,38].
Figure 3A shows 2 types of absorption bands. The first type is

very narrow with high C,,  maxima (bright purple lines with full
width at half maximum on the order of 0.001 nm, referred to as
HC band hereafter) and the second type is broader with low C,,
maxima (darker purple lines with full width at half maximum
on the order of 1 nm, referred to as LC band hereafter). The
peak heights for the 2 types of bands differ by more than 2 orders
of magnitude, as illustrated by a plot of C,,, at m, = 1.4140 (Fig.
3B). Additionally, both the HC and LC bands tilt downwards
(toward lower r,,) as m, 53, increases.

Figure 3A shows that the r,-m, <3, data points derived from
the WGMs (orange triangles) align closely with the HC bands,
suggesting that (a) the absorption of the trapping laser causes
thermal locking, and (b) the LC bands are not strong enough
to thermally lock the droplet. In the following, we focus on the
HC bands and their role in the droplet’s thermally locked state
(e.g., the star symbol in Fig. 3A). As sulfate forms through the
SO,-NO, reaction in the droplet, ,, ; decreases because of the
increasing sulfate concentration (salt effect). The droplet has
the tendency to increase in size by absorbing ambient water
vapor to re-equilibrate with the environment. However, the HC
band acts as a thermal barrier for water absorption by heating
the droplet and enhancing water evaporation, disallowing upward
movement of the droplet in the r,, direction. Consequently, sulfate
formation only increases m, but not r,, causing the droplet to
move along the HC band (the black dashed arrow in state 2 in
Fig. 3A).

As the thermally locked droplet moves along just below the
HC bands (e.g., states 1 to 3 in Fig. 3A), Fig. 3C shows that the
gap Ar, (measured along the r, axis) between the droplet trajec-

tory and the HC band maximum gradually decreases by about
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Fig. 3. (A) The droplet trajectory in the 2-dimensional droplet size-refractive index space. The heatmap shows the logl0 values of the droplet absorption cross-section C,,
calculated with the GMLT assuming that the imaginary part of the droplet refractive index is 10~8. The orange triangles correspond to the experimental data. Two absorption
bands and several thermally locked states are labeled to facilitate further discussion. The white dashed lines are simulated droplet trajectories when state transition occurs.
Simulation details of the “short transition” and the “long transition” are shown in Fig. S6. (B) The droplet absorption cross-section at m, = 1.414. Two C,,, peaks corresponding
to the “HC band” and “LC band" are labeled in (A) and (B). (C) Distance in terms of r, between the droplet trajectory and the nearest HC band maximum (Ar,) as a function
of time after the droplet becomes locked. The distance is shown for 3 thermally locked states labeled as “state 1", “state 2" and “state 3"in (A).
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1 nm within approximately 50 min. As one of the droplet’s
WGMs gets closer to the trapping laser wavelength, more
power couples into the droplet, which, in turn, causes its tem-
perature to rise. As shown in Fig. S5, the temperature elevation
indeed increases with the decreasing gap. We note that Ar,
shown in Fig. 3C is much larger than the width of the HC bands
(a few thousandths of nanometers in terms of r,) but is similar
to previously reported values [14,15]. The large difference might
be caused by droplet deformation or uncertainties in ,, and m,
retrieval from the Raman spectra.

As the droplet escapes a thermally locked state, its temperature
drops by conduction and it starts to absorb water so that 11,
decreases and its 7,, increases. We applied a droplet growth model
to simulate this dynamic process, which considers water vapor
mass transfer, condensational heating, and heat conduction
between the droplet and gas phase (Section S7). The simulation
reveals that the time scale for the transition between the states is
on the order of 10 ms, which is much shorter than the time for
Raman spectra collection (2 to 3 s) and indicates that high time
resolution spectroscopic methods, e.g., broadband light scattering
[11], would be required to capture this dynamic transition pro-
cess. The modeled trajectories during state transition are shown
in Fig. 3A by the white dashed lines. The calculated trajectories
roughly connect the end points of one state to the start of the next
state, although this connection is not perfect due to uncertainties
in the retrieved m, and r, values (see Section S2).

The trajectory in the r,—m, space also shows that the ther-
mally locked states are of different “length” along the 1, dimen-
sion (a “long” state and a “short” state are labeled in Fig. 3A).
Short states take place in between long states, and vice versa.
The length of a given state might be determined by the m, value
where droplet heating induced by light absorption is maximal.
However, our data do not show a clear correlation between the
state lengths and the C,; peak values of the corresponding HC
bands. Instead, in the example case, the state lengths seem to
be related to the distance (in terms of r,) between neighboring
HC bands. The distance between HC bands is positively cor-
related to the degree of droplet property relaxation when the
droplet transitions between the corresponding thermally locked
states. Figure S6 shows two of these relaxation processes (cor-
responding to the “short transition” and “long transition” in
Fig. 3A) and demonstrates that if a thermally locked state is
preceded by a longer transition process, droplets in this state
will likely start at a low 1, value and cover a longer distance in
m, before escaping. Although the example experiment shows
that the droplet is consecutively captured by the high HC bands,
we note that some thermally locked states are short-lived.
Therefore, there is a possibility that the droplet may jump over
some HC bands without being captured, particularly if the
maximum droplet absorption cross-section is changed by, e.g.,
the degree of laser beam focusing [16].

Previous works exploited physical parameters, e.g., increasing
RH or reducing the trapping laser power [12,15,16], to trigger
thermal locking of levitated droplets. In these experiments,
contrary to Fig. 1B, r, stays nearly constant during thermally
locked states, suggesting different locking mechanisms from
the chemistry-driven case observed here (see Section S8 for an
explanation). Our analysis clearly demonstrates that the reduc-
tion of r, by thermally locked droplets contains information
about solute concentration and can be considered as a signa-
ture/identifier of droplets going through chemical reactions
under laser irradiation.
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Accelerated sulfate formation in thermally
locked droplets

We next examine the influence of thermal locking on chemical
reaction rates. Toward this end, we analyze the Raman spectra
that exhibit intermittent continuous and discrete shifts of the
WGMs (e.g., Fig. 4A). Such “semi-discrete” WGM shifts indicate
that particles consecutively experience continuous size growth
and thermal locking. These phenomena are occasionally observed
in SO,-NO, experiments (none or only a few in experiments that
typicallzf last for more than 10 h) but occur in nearly all the SO,-
0,-Mn"" experiments. Although the underlying cause for differ-
ent particle growth patterns (fully discrete vs. semi-discrete) is
still under investigation, the data analysis method presented in
preceding sections applies to all thermally locked droplets. More
importantly, a comparison of the sulfate formation rate in con-
tinuously growing and locked droplets unveils the effect of ther-
mal locking on the investigated reactions.

Since reliable retrieval of the droplet size of unlocked droplets
is compromised due to low WGM signal intensities, we employ
the following method for the comparison of sulfate formation
rates. Figure 4A indicates that within a continuous growth
period, the mode wavelength is close to a linear function of time
and its rate of change can be approximated by A, / Ateone-
This wavelength shifting rate is proportional to sulfate formation
rate in the particle [28] (see proof in Section S9). During thermal
locking, however, the WGM positions are fixed and their shifts
cannot be directly used to indicate sulfate formation. Instead,
the wavelength jump A 4,4 (i-e., the difference in wavelength
of a WGM before and after thermal locking) is still proportional
to changes in droplet size (and hence sulfate content in the drop-
let) before and right after thermal locking. With these relations,
sulfate formation rate during thermal locking can be represented
by A Ajgek / Aok Based on the above analysis, we calculate an
acceleration factor (AF) with:

sulfate formation rate in a thermally locked state

" sulfate formation rate in a preceding continuous growth period
_ Ailock/ Atlock

a AACOH(/AtCODt (2)

The variables in Eq. 2 are illustrated in Fig. 4A and a detailed
proof of Eq. 2 is given in Section S9.

Figure 4B shows the AF for the SO,-NO, reaction conducted
at a variety of conditions. AF quantifies to what extent reso-
nance promotes the droplet reactivity and has an average value
of 2.6. AF does not show a clear dependence on droplet pH or
ionic strength (indicated by color). Rate acceleration during
thermal locking could be caused by either a rise in droplet
temperature or photoinduced reactions, which can be signifi-
cantly enhanced at resonance conditions. To address this, we
conducted experiments with fixed concentrations of gas phase
reactants but varied temperature by about 6 K in the reaction
cell (for reference, thermal locking usually increases the droplet
temperature by no more than 2 to 3 K in our experiments,
estimated with the method described in Section S5). This set
of experiments (Fig. S8) demonstrates that temperature rise
does not increase the apparent SO,-NO, reaction rate, suggest-
ing that although higher temperature may increase the rate
constants between SO, (more specifically, HSO,™ and SO,”")
and NO,, the decreased effective solubility of SO, and NO, have
slightly more pronounced effects to slow down sulfate forma-
tion [39]. The weak dependence of droplet growth rate on
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Fig. 4. (A) An example Raman spectrum showing the intermittent continuous and discrete change of the WGM observed during an $O,-0,-Mn®* experiment. A Aocke Atiocks
A Agonty and At a@s in Eq. 2 are illustrated in the figure. (B) The acceleration factor AF in the SO,-NO, experiments as a function of droplet pH and ionic strength (indicated
by color). (C) The measured AF at 3 combinations of SO,, Mn?* concentrations as a function of droplet pH. The color bar indicates the ionic strength of the droplets. (D) The
corrected droplet growth rate RC in the SOz—MnZ+—O2 experiments at different temperatures. The color bar indicates the droplet pH.

temperature leaves enhanced photoinduced reactions as the
explanation for the accelerated sulfate formation. Such reac-
tions may be initiated by photons activating NO, molecules to
an excited state with higher reactivity [40].

We next examine the AF values for the SO,-Mn*"-O, experi-
ments. Figure 4C shows AF as functions of droplet pH and ionic
strength (indicated by the color) at 3 reaction conditions. At
both [SO,] = 222 parts per billion (ppb), [Mn**] = 0.01% and
[SO,] = 222 ppb, [Mn**] = 0.001%, AF have values greater
than 1 regardless of the Mn>" concentration [note that Mn**
concentration is indicated by its percentage of the (NH,),SO,
concentration at the onset of an experiment]. Experiments
at [Mn**] = 0.01% even yield a slightly lower average AF
compared to those with [Mn**] = 0.001% (1.72 vs. 2.38), indi-
cating that lower Mn** concentration is not a limiting factor
for reaction rate acceleration. In contrast, experiments with
[SO,] = 22 ppb have reduced AFs with values even slightly
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below 1, suggesting that SO, availability may constrain rate
acceleration. To further test this hypothesis, a set of experi-
ments was conducted with increasing SO, concentrations (Fig.
S9). These results indicate that AF increases with SO, concen-
tration, confirming that rate acceleration during thermal lock-
ing requires abundant SO,.

To further investigate whether the reaction rate acceleration
in the SO,-Mn®"-Q, system is driven by temperature or light
enhancement effects, we measured the droplet growth rate
under both a high AF condition (0.001% Mn®*, [SO,] = 222 ppb)
and a low AF condition (0.01% Mn**, [SO,] = 22 ppb) in the
temperature range of 295 to 303 K. Figure 4D presents the
droplet growth rate R, at different temperatures. This growth
rate is corrected for the dilution of Mn** as the droplets grow
and also excludes the influence of thermal locking on droplet
temperature (see details in Section S12); hence, it well repre-
sents the temperature effect on sulfate formation rates. Figure
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4E reveals that R. and the droplet pH (calculated using the
EAIM model IV) both decrease as temperature increases. This
indicates that, while the reaction rate constants for the SO,-
Mn?*-0, system may increase with temperature, the reduced
pH at elevated droplet temperatures overwhelms to slow down
droplet growth—possibly by decreasing the effective Henry’s
constant of SO,. The negative impact of temperature on droplet
growth implies that the heightened light intensity during ther-
mal locking is indeed responsible for the observed reaction rate
acceleration. Additional experiments were also conducted in
which the laser power is increased from 200 to 500 mW. These
experiments confirm that higher light intensity within the
droplets promotes sulfate formation (Fig. S11).

Our experiment results provide some clue on the SO, oxida-
tion mechanism in the SO,-Mn**-O, system under intense
laser illumination. Previous studies [23,41] and our analysis
above suggest that sulfate formation proceeds simultaneously
via photoinduced and dark reaction pathways, with the pho-
toinduced reaction playing a dominant role at high AF condi-
tions. Building on prior works [41,42], we hypothesize that the
photoinduced reaction initiates with photoexcitation of Mn™*
to *Mn’". A plausible subsequent step involves a single elec-
tron transfer from HSO; to *Mn’", resulting in the formation
of the SOJ radical:

Mn** + hy - *Mn** (R1)

*Mn** + HSO; — Mn** + SOy + HY (R2)

The SO radical further reacts with oxygen to form SOZ~,
which oxidizes Mn?* to regenerate Mn>*and produces sulfate
[41]. We note that Mn** may exist in the form of Mn(OH)i_",

while HSO3 could form a complex with Mn** as Mn (HSO;) ”
At our experimental pH, SO%' may also participate in the redox
reaction. Reaction R2 supports our observation that low SO,
concentration limits photoinduced rate enhancement (Fig. 4C
and Fig. S11). It also aligns with the strong increase of droplet
growth rate with droplet pH (Fig. S12), since higher pH leads
to enhanced SO, dissolution and increases HSOJ concentra-
tion. Furthermore, a close inspection of Fig. 4C indicates that
higher ionic strength overall reduces AF (compare data points

with different colors), likely due to the interference of high
concentrations of NH; and SOi‘, which hinder the interaction
between Mn3* and HSO;3. Although R1 and R2 qualitatively
explain our observations, we acknowledge that a comprehen-
sive understanding of the photoinduced reaction will require
experiments across a broader parameter space (including drop-
let pH, SO,, and Mn** concentrations) and validation through
quantum chemical calculations.

Locale of photoinduced reactions at

resonance conditions
Our observation of droplet growth is consistent with a droplet
growth pattern driven by surface reactions (i.e., reactions at the
droplet-gas interface) or reactions occurring in a thin layer
beneath the surface, which is manifested by the size indepen-
dence of the droplet growth rate [8] (Fig. S10). Using an AOT,
Cao et al. [22] have shown that without thermal locking, the
SO,-Mn**-Q, reaction occurs on the droplet surface. In our
experiment, the size independence of droplet growth rate
remains despite thermal locking and high AF values, suggesting
that the photoinduced reactions also occur on or in a layer close
to the droplet surface. To understand this phenomenon from
the perspective of light resonance, we calculated the light inten-
sity enhancement factor (1) within a nonabsorbing droplet.
€1 is defined as the ratio of the light intensity within the droplets
and the incoming laser. As light intensity is proportional to
photon flux, ; also represents the photon flux enhancement.
Figure 5A and B show an example calculation of £ in the X-Z
and the Y-Z plane, respectively, for an incoming plane wave
(at 532 nm) polarized in the X direction. The droplet radius
and refractive index are 3,407.37 nm and 1.41, respectively, and
the resonance mode is TM;O. In the X-Z plane, ¢; is substan-
tially elevated within a few hundred nanometers to the droplet
surface, reaching above 10, while in the Y-Z plane, £; is much
lower except at regions where it intercepts the X-Z plane. As
shown in Fig. S13, when the TE;0 mode resonates, it is in the
Y-Z plane that light intensity is considerably enhanced.
Figure 5C further shows the radial dependence of €; (aver-
aged over angles) for the 2 planes as well as their mean value,
which is a rough indicator for radial dependence of ¢ for the
whole droplet. The radial variation of £ suggests that at

A X-Zplane v &, B Y-Zplane
X
-3,000 l_' o
-1,500 |
0 10
1,500
3,000

3,000 -1,500 0 1,500 3,000 (nm)

-3,000 -1,500 0

g C Radial dependence
. 10,000 - —XZ-plane
10 —YZ-plane
8,000 -—mean value
102,316,000
%)
4,000 |
10°
2,000 -
0
1072 0 1,000 2,000 3,000

1,500 3,000 . .
(nm) Radial distance to center (nm)

Fig. 5. (A and B) The light intensity enhancement factor ¢ in the X-Z and Y-Z plane. The incoming light is in the positive Z direction and polarized in the X direction. The
droplet size is 3,407.37 nm in radius and the refractive index is 1.41. The software used for this calculation is PyMieLab_V1.0 [49]. The resonance mode is TM%50 and its quality
factor is 5.3 x 10° based on Mie theory. (C) Angularly averaged ¢, as a function of distance from the droplet center in the X-Z plane, in the Y-Z plane, and their mean value.
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resonance conditions, photoinduced reactions proceed at con-
siderably faster rates close to the droplet surface and can cause
the droplet to exhibit surface reaction characteristics. We note
that although elevated £ is localized near the droplet surface
on a particular plane, it leads to an overall sulfate content
increase throughout the droplet rather than only at the g
hotspots: on the one hand, the diffusion time scale for the
micro-sized, liquid droplets is in the submillisecond range,
which is much shorter than the time scale for the micro-sized
droplet to increase by 1 nm (which takes at least several seconds
in our experiment); on the other hand, the trapped droplet may
rotate, leading to a spatial averaging of the light enhancement
[43].

Volume integration of light intensity (Fig. S14) reveals that
even the droplet-averaged £; can reach several hundred under
resonance conditions (626 for the case shown in Fig. 5C). At
first glance, this high value appears to contradict our experi-
mental observation that increasing laser power by only a factor
of 2.5 noticeably enhances sulfate formation at some conditions
(Fig. S11C): If the photoinduced sulfate formation rate were
directly proportional to light intensity, one would expect higher
AF under resonance conditions, where light intensity is ampli-
fied by several hundredfold, rather than the observed typical
AF of 2 to 3. This apparent discrepancy likely stems from the
multistep nature of the sulfate formation mechanism [18,41]:
while photons participate in one or a subset of the elementary
reactions (e.g., R1 and R2), their impact on the overall reaction
rate is constrained by other rate-limiting factors. Indeed, Fig.
5C demonstrates that rate acceleration is conditional, with fac-
tors beyond irradiation also playing a critical role in controlling
sulfate formation.

Conclusion

Within droplets and aerosol particles, the rates of a wide range
of chemical reactions accelerate by orders of magnitude com-
pared with their rates in bulk solutions [44]. By stably levitating
single droplets or aerosol particles up to days under well-
controlled conditions, AOTs offer the possibility to examine the
rate enhancement of very slow reactions and correlate the reac-
tion rates with precisely measured droplet size. Compared with
other single droplet techniques, e.g., electrodynamic balance
[45] and acoustic levitation [46], AOT also holds the advantage
of characterizing droplets in the submicron range [11,47].
However, using light for droplet levitation can be both a bless-
ing and a curse. On the one hand, elastic and inelastic scat-
tering of the trapping laser enables precise measurements of
droplet size, refractive index, and (semi-)quantitative mea-
surement of droplet composition [4]. On the other hand, the
intense laser illumination may interfere with chemical reac-
tions or work together with chemical reactions to induce
thermal locking, which can obscure droplet growth and chal-
lenge data interpretation. Here, we have demonstrated that
with a model tailored to our experiment system, it is possible
to retrieve the evolution of the droplet properties despite the
occurrence of thermal locking. This possibility facilitates
wider applications of AOTs to characterize chemically react-
ing droplets.

The interaction between the trapping laser and reacting
droplets exhibits a unique character: while the thermal locking
induced by physical means tend to show minute r, and m,

P
variations within locked states, chemistry-driven thermal
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locking shows comparatively pronounced droplet property
changes. This variation contains information about solute con-
centration and can be considered as a signature/identifier of
droplets going through chemical reactions. To fully understand
the behavior of a reacting droplet, we emphasize that the drop-
let trajectory needs to be analyzed in the 2-dimensional size-
refractive index space as opposed to the one-dimensional size
space. With an in-depth understanding of the underlying
mechanism, it is conceivable to actively utilize thermal lock-
ing as a tool to manipulate droplets or aerosol particles. For
instance, by tuning the droplet into a thermally locked state,
one can use thermal locking to hold the droplet size [12], to
obtain strong stimulated (anti-)Stokes signals for composition
analysis, or study nonlinear optical effects on a single droplet
level (e.g., single droplet lasing [48]).

We have also demonstrated that the substantial increase of
light intensity within thermally locked droplets alters the path
of a chemical reaction, and such effect has a near-surface local-
ization. For both the SO,-NO, and SO,-Mn**-0O, systems, light
illumination at 532 nm may have a negligible influence on sul-
fate formation at atmospheric conditions. However, once irra-
diated by a laser with high photon flux, photoinduced reactions
emerge and can even dominate when the laser resonates with
the droplet, leading to accelerated sulfate formation rates.
Since the WGMs are localized near the droplet surface, the
droplet growth exhibits patterns similar to those driven by
surface reactions. Utilizing the localization of light enhance-
ment, one can potentially compare the stimulated Raman sig-
nals of thermally locked droplets with the spontaneous Raman
signal of nonlocked droplets (which reflects the chemical
composition of the droplet interior) to interrogate the droplet
surface properties.

Methods

Detailed description of the methods and materials can be found
in the Supplementary Materials, including the AOT setup,
droplet generation and gas supply, data processing procedures,
and models for retrieving the properties of thermally locked
droplets.

Acknowledgments

Funding: This research has been supported by the National
Natural Science Foundation of China (grant no. 22206120), the
Natural Science Foundation of Shanghai (grant no. 21ZR1430100),
the State Key Joint Laboratory of Environmental Simulation and
Pollution Control, and the Swiss National Science Foundation
(SNSF project nr. 200020-200306).

Author contributions: C.L. proposed and supervised the proj-
ect. C.L,, H.-Y.X,, K.Z, G.D,, and R.S. constructed the experi-
ment setup. K.Z. conducted the experiments. G.D. performed
the light scattering calculations. K.Z., CL.,R.S., G.D., and Y.Z.
performed data analysis. All authors contributed to the writing
of the paper.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

Research data are available from the corresponding author
upon reasonable request.


https://doi.org/10.34133/research.0813

Research

Supplementary Materials

Figs. §1 to S15
Tables S1 and S2
References [50-53]

References

10.

11.

12.

13.

14.

15.

16.

17.

Efros AL, Brus LE. Nanocrystal quantum dots: From discovery
to modern development. ACS Nano. 2021;15(4):6192-6210.
Mayer KM, Hafner JH. Localized surface plasmon resonance
sensors. Chem Rev. 2011;111:3828-3857.

Toropov N, Cabello G, Serrano MP, Gutha RR, Rafti M,
Vollmer E. Review of biosensing with whispering-gallery mode
lasers. Light Sci Appl. 2021;10(1):42.

Rafferty A, Vennes B, Bain A, Preston TC. Optical trapping
and light scattering in atmospheric aerosol science. Phys Chem
Chem Phys. 2023;25(10):7066-7089.

Zhou D, Zhuang R, Chang X, Li L. Enhanced light-harvesting
efficiency and adaptation: A review on visible-light-driven
micro/Nanomotors. Research. 2020;2020:6821595.

Ashkin A. Acceleration and trapping of particles by radiation
pressure. Phys Rev Lett. 1970;24:156-159.

Dennis-Smither BJ, Hanford KL, Kwamena N-OA, Miles REH,
Reid JP. Phase, morphology, and hygroscopicity of mixed oleic
acid/sodium chloride/water aerosol particles before and after
ozonolysis. Chem A Eur J. 2012;116(24):6159-6168.

Chen Z, Liu P, Wang W, Cao X, Liu YX, Zhang YH, Ge M.
Rapid sulfate formation via uncatalyzed autoxidation of

sulfur dioxide in aerosol microdroplets. Environ Sci Technol.
2022;56(12):7637-7646.

Miles REH, Walker JS, Burnham DR, Reid JP. Retrieval of the
complex refractive index of aerosol droplets from optical tweezers
measurements. Phys Chem Chem Phys. 2012;14(9):3037-3047.
Gorkowski K, Donahue NM, Sullivan RC. Emerging
investigator series: Determination of biphasic core-shell
droplet properties using aerosol optical tweezers. Environ Sci
Process Impacts. 2018;20(11):1512-1523.

Esat K, David G, Poulkas T, Shein M, Signorell R. Phase
transition dynamics of single optically trapped aqueous
potassium carbonate particles. Phys Chem Chem Phys.
2018;20(17):11598-11607.

Rafferty A, Gorkowski K, Zuend A, Preston TC. Optical
deformation of single aerosol particles. Proc Natl Acad Sci
USA. 2019;116(40):19880.

Bzdek BR, Reid JP, Malila J, Prisle NL. The surface tension of
surfactant-containing, finite volume droplets. Proc Natl Acad
Sci USA. 2020;117(15):8335-8343.

Guillon M, Miles REH, Reid JP, McGloin D. Thermo-

optical resonance locking of an optically trapped salt-water
microdroplet. New ] Phys. 2009;11(10):103041.

Miles REH, Guillon M, Mitchem L, McGloin D, Reid JP.

The influence of resonant absorption and heating on the
equilibrium size of aqueous-solute aerosol droplets. Phys Chem
Chem Phys. 2009;11(33):7312-7317.

Rafferty A, Preston TC. Measuring the size and complex
refractive index of an aqueous aerosol particle using
electromagnetic heating and cavity-enhanced Raman
scattering. Phys Chem Chem Phys. 2018;20(25):17038-17047.
Chen Y, Pei X, Liu H, Meng Y, Xu Z, Zhang F, Xiong C,
Preston TC, Wang Z. Influence of acidity on liquid-liquid
phase transitions of mixed secondary organic aerosol

Zhang et al. 2025 | https://doi.org/10.34133/research.0813

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

(SOA) proxy-inorganic aerosol droplets. Atrmos Chem Phys.
2023;23(17):10255-10265.

Liu T, Abbatt JPD. Oxidation of sulfur dioxide by nitrogen
dioxide accelerated at the interface of deliquesced aerosol
particles. Nat Chem. 2021;13:1173-1177.

Cheng Y, Zheng G, Wei C, Mu Q, Zheng B, Wang Z, Gao M,
Zhang Q, He K, Carmichael G, et al. Reactive nitrogen
chemistry in aerosol water as a source of sulfate during haze
events in China. Sci Adv. 2016;2:Article e1601530.

Wang G, Zhang R, Gomez ME, Yang L, Levy Zamora M,

Hu M, Lin Y, Peng J, Guo S, Meng J, et al. Persistent sulfate
formation from London fog to Chinese haze. Proc Natl Acad
Sci USA. 2016;113:13630-13635.

Wang G, Zhang S, Wu C, Zhu T, Xu X, Ge S, Sun H, Sun Z,
Wang ], Ji Y, et al. Atmospheric sulfate aerosol formation
enhanced by interfacial anions. PNAS Nexus. 2025;4(3):
Article pgaf058.

Cao X, Liu YX, Huang Q, Chen Z, Sun J, Sun J, Pang SE Liu P,
Wang W, Zhang YH, et al. Single droplet tweezer revealing
the reaction mechanism of Mn(II)-catalyzed SO, oxidation.
Environ Sci Technol. 2024;58(11):5068-5078.

Wang W, Liu M, Wang T, Song Y, Zhou L, Cao J, Hu J, Tang G,
Chen Z, Li Z, et al. Sulfate formation is dominated by
manganese-catalyzed oxidation of SO, on aerosol surfaces
during haze events. Nat Commun. 2021;12(1):1993.
Deguillaume L, Leriche M, Desboeufs K, Mailhot G, George C,
Chaumerliac N. Transition metals in atmospheric liquid
phases: Sources, reactivity, and sensitive parameters. Chem
Rev. 2005;105:3388-3431.

Preston TC, Reid JP. Determining the size and refractive
index of microspheres using the mode assignments from Mie
resonances. ] Opt Soc Am A. 2015;32:2210-2217.

Tang IN, Munkelwitz HR. Water activities, densities, and
refractive indices of aqueous sulfates and sodium nitrate
droplets of atmospheric importance. ] Geophys Res Atmos.
1994;99:18801-18808.

Gorkowski K, Donahue NM, Sullivan RC. Aerosol optical tweezers
constrain the morphology evolution of liquid-liquid phase-
separated atmospheric particles. Chem. 2020;6(1):204-220.
Symes R, Sayer RM, Reid JP. Cavity enhanced droplet
spectroscopy: Principles, perspectives and prospects. Phys
Chem Chem Phys. 2004;6(3):474-487.

Friese E, Ebel A. Temperature dependent thermodynamic
model of the system H*—NH,*—Na"-S0,"=NO, —cl"—H,0.
J Phys Chem A.2010;114:11595-11631.

Tan C-Y, Huang Y-X. Dependence of refractive index on
concentration and temperature in electrolyte solution, polar
solution, nonpolar solution, and protein solution. ] Chem Eng
Data. 2015;60(10):2827-2833.

Li M, Su H, Zheng G, Kuhn U, Kim N, Li G, Ma N, Poschl U,
Cheng Y. Aerosol pH and ion activities of HSO, and

SO,” in supersaturated single droplets. Environ Sci Technol.
2022;56(18):12863-12872.

Craig RL, Nandy L, Axson JL, Dutcher CS, Ault AP.
Spectroscopic determination of aerosol ph from acid-base
equilibria in inorganic, organic, and mixed systems. ] Phys
Chem A. 2017;121(30):5690-5699.

Boyer HC, Gorkowski K, Sullivan RC. In situ pH
measurements of individual levitated microdroplets using
aerosol optical tweezers. Anal Chem. 2020;92(1):1089-1096.
Pye HOT, Nenes A, Alexander B, Ault AP, Barth MC, Clegg SL,
Collett JL Jr, Fahey KM, Hennigan CJ, Herrmann H, et al. The


https://doi.org/10.34133/research.0813

Research

35.

36.

37.

38.

39.

40.

41.

42.

43.

acidity of atmospheric particles and clouds. Atmos Chem Phys.
2020;20(8):4809-4888.

Liu T, Clegg SL, Abbatt JPD. Fast oxidation of sulfur dioxide by
hydrogen peroxide in deliquesced aerosol particles. Proc Natl
Acad Sci USA. 2020;117(3):1354-1359.

Cotterell MI, Willoughby RE, Bzdek BR, Orr-Ewing AJ, Reid JP.
A complete parameterisation of the relative humidity

and wavelength dependence of the refractive index of
hygroscopic inorganic aerosol particles. Atmos Chem Phys.
2017;17(16):9837-9851.

Lock JA, Gouesbet G. Generalized Lorenz-Mie theory

and applications. ] Quant Spectrosc Radiat Transfer.
2009;110:800-807.

Lock JA, Gouesbet G. Rigorous justification of the localized
approximation to the beam-shape coefficients in generalized
Lorenz—Mie theory. I. On-axis beams. ] Opt Soc Am A.
1994;11(9):2503-2515.

Seinfeld JH, Pandis SN, Atmospheric chemistry and physics:
From air pollution to climate change. John Wiley & Sons; 2016.
Orphal J. A critical review of the absorption cross-sections

of O, and NO, in the ultraviolet and visible. ] Photochem
Photobiol A Chem. 2003;157(2-3):185-209.

Berglund J, Elding LI. Manganese-catalysed autoxidation of
dissolved sulfur dioxide in the atmospheric aqueous phase.
Atmos Environ. 1995;29:1379-1391.

Jamatia R, Mondal A, Srimani D. Visible-light-induced
manganese-catalyzed reactions: Present approach and future
prospects. Adv Synth Catal. 2021;363(12):2969-2995.

Corral Arroyo P, David G, Alpert PA, Parmentier EA,
Ammann M, Signorell R. Amplification of light within aerosol
particles accelerates in-particle photochemistry. Science.
2022;376(6590):293-296.

Zhang et al. 2025 | https://doi.org/10.34133/research.0813

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Wei Z, Li 'Y, Cooks RG, Yan X. Accelerated reaction kinetics in
microdroplets: Overview and recent developments. Annu Rev
Phys Chem. 2020;71:31-51.

Price CL, Bain A, Wallace BJ, Preston TC, Davies JF.
Simultaneous retrieval of the size and refractive index of
suspended droplets in a linear quadrupole electrodynamic
balance. Chem A Eur J. 2020;124(9):1811-1820.

Crawford EA, Esen C, Volmer DA. Real time monitoring of
containerless microreactions in acoustically levitated droplets
via ambient ionization mass spectrometry. Anal Chem.
2016;88:8396-8403.

David G, Esat K, Ritsch I, Signorell R. Ultraviolet broadband
light scattering for optically-trapped submicron-sized aerosol
particles. Phys Chem Chem Phys. 2016;18(7):5477-5485.
McGloin D. Droplet lasers: A review of current progress. Rep
Prog Phys. 2017;80(5):054402.

Ma D, Tuersun P, Cheng L, Zheng Y, Abulaiti R. PyMieLab_V1.0:
A software for calculating the light scattering and absorption of
spherical particles. Heliyon. 2022;8(11):Article e11469.

Paganelli CV, Kurata FK. Diffusion of water vapor in binary
and ternary gas mixtures at increased pressures. Respir Physiol.
1977;30(1-2):15-26.

Finlayson-Pitts BJ, Wingen LM, Sumner AL, Syomin D,
Ramazan KA. The heterogeneous hydrolysis of NO, in laboratory
systems and in outdoor and indoor atmospheres: An integrated
mechanism. Phys Chem Chem Phys. 2003;5(2):223-242.

Urréjola S, Sanchez A, Hervello ME. Refractive indices of
sodium, potassium, and ammonium sulfates in ethanol—water
solutions. ] Chem Eng Data. 2010;55(8):2924-2929.

Vesala T, Kulmala M, Rudolf R, Vrtala A, Wagner PE. Models
for condensational growth and evaporation of binary aerosol
particles. J Aerosol Sci. 1997;28(4):565-598.

10


https://doi.org/10.34133/research.0813

	Resonance-Driven Discrete Growth and Chemical Reactivity of Optically Levitated Droplets
	Introduction
	Results and Discussion
	Discrete droplet growth
	Retrieving droplet properties during thermally locked states
	Droplet trajectory in the rp–m0 space
	Accelerated sulfate formation in thermally locked droplets
	Locale of photoinduced reactions at resonance conditions

	Conclusion
	Methods
	Acknowledgments
	Supplementary Materials
	References


