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1 Introduction

Photochemical transformation of weakly
absorbing organics by visible light
in microdroplets

Alexander Logozzo® and Thomas C. Preston () *2°

Microdroplets provide a solute environment where concentrations readily surpass bulk saturation limits.
How this persistent supersaturation influences reaction rates and photochemical pathways remains
largely unexplored. Here, we investigate photochemical transformations of six “non-absorbing” organic
molecules (glycine, proline, serine, glucose, ribose, and deoxyribose) in single aqueous microdroplets
using optical trapping at two different laser wavelengths (473 and 532 nm). The contact-free
environment allows for the suspension of supersaturated microdroplets, similar to those observed in
natural aerosol particles in the atmosphere. In microdroplets containing water and the organic species,
we observed photochemical transformations at optical wavelengths for all solutes. The organic
molecules considered here are typically known to absorb light in the UV range, specifically at
wavelengths no longer than 200 nm. The observed timescales for these photochemical reactions scale
with the droplet radius-squared. We expand upon a photochemical adaptation of the Finke—Watzky
model to demonstrate that in all cases, volume-dependent photochemical reactions occur. Through
systematic elimination of confounding factors, we establish that weak visible absorption in the low-
energy tail of UV bands drives photochemistry across all of these organic solutes, demonstrating that
extremely weak molar absorptivities can facilitate significant photochemical transformations in the
confined environment of a microdroplet.

production of sugar phosphates and nucleosides within
microdroplets,”® and related droplet studies have achieved

Photochemistry is a fundamental driving force in both atmo-
spheric chemistry and prebiotic chemical evolution."” In
Earth’s atmosphere, UV-driven formation of ozone and hydro-
xyl radicals shapes key oxidative pathways.>* On early Earth,
sunlight-enabled reactions likely contributed to the abiotic
synthesis of essential biomolecular precursors.” Sutherland
and co-workers demonstrated that UV irradiation can generate
sugars, nucleotides, and lipid precursors from simple feed-
stocks under plausible prebiotic conditions.>® In the field of
prebiotic chemistry, aerosol microdroplets have long attracted
attention as potential microreactors where such syntheses
could proceed efficiently.” " Vaida and collaborators first
proposed that atmospheric aerosols could enable the accumu-
lation of life’s building blocks while mitigating the effects of
bulk aqueous hydrolysis at the air-water interface.”’® Support-
ing this hypothesis, Nam et al. demonstrated the abiotic
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peptide formation from free amino acids.’"'* However, recent
work has shown that gas-phase processes are responsible for
sugar phosphate yields in electrospray ionization microdroplet
experiments, demonstrating the need to carefully examine
reaction acceleration mechanisms.'> Despite this progress,
condensed-phase photochemistry, especially in microcompart-
mentalized environments such as aerosol droplets, remains
less understood than its gas-phase counterpart. While it is
known that droplets exhibit unique photochemical behavior
distinct from that of bulk solutions, their mechanistic origins
remain elusive.'®™*®

Aerosol microdroplets offer physical conditions that strongly
enhance reaction rates and alter reaction pathways.'®">* Their
high surface-to-volume ratios facilitate efficient molecular
interactions at air-water interfaces, while rapid evaporation
allows solute concentrations to significantly exceed bulk solubi-
lity limits.>**® Such conditions can accelerate chemical transfor-
mations by several orders of magnitude compared to bulk
solutions.>*>* Moreover, aerosol droplets can act as microscopic
optical cavities, intensifying the local electromagnetic field and
amplifying incident light.>>>° Signorell and co-workers have
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demonstrated, for example, that nanofocusing effects in droplets,
markedly increasing photochemical reaction rates.*®?° Despite
substantial experimental results, fundamental questions remain
about the mechanisms underlying droplet-accelerated photo-
chemistry, especially for compounds with negligible visible-light
absorption in dilute solutions.

Our recent studies demonstrated that visible irradiation of
supersaturated droplets containing dicyandiamide promoted
amide bond formation, a process strongly dependent on dro-
plet size.”* However, the precise mechanisms governing this
behavior were unclear. Motivated by these findings, here we
systematically investigate photochemistry in aqueous micro-
droplets containing biologically relevant, weakly absorbing
organic solutes (glycine, proline, serine, glucose, ribose, and
deoxyribose) at concentrations of 5 to 12 M under visible-light
illumination (473 and 532 nm; peak focal intensity I, ~ 32 MW
cm~” in most experiments). We employ optical trapping com-
bined with cavity-enhanced Raman spectroscopy to probe
chemical transformations in situ. Remarkably, all of the inves-
tigated solutes undergo visible-light-driven reactions, exhibit-
ing droplet-size-dependent kinetics indicative of autocatalytic
processes. Through a systematic study of photochemical reac-
tions in confined droplet environments, we demonstrate that
weak visible light absorption in the low-energy tail of UV bands
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can drive significant photochemistry in organic solutes. By
eliminating potential confounding factors including trace con-
taminants, laser-induced nucleation, multiphoton processes,
dissolved oxygen effects, and dipole-dipole interactions, we
establish that even extremely weak molar absorptivities
(«10M ™' em™) can facilitate observable photochemical trans-
formations when combined with intense visible irradiation and
high solute concentrations, revealing a mechanism for droplet
photochemistry that is possible across a wide range of organic
systems.

2 Results and discussion
2.1 Photochemical reactions in microdroplets

The photochemistry of aqueous microdroplets was studied
using the setup depicted in Fig. 1a and described in the
Materials and methods (Section 4.1). Single aqueous microdro-
plets are optically held using either a 4 =473 or 532 nm laser in
a cell with a fixed relative humidity (RH). Raman scattering
measurements provide both chemical information, via vibra-
tional bands, and physical properties of the droplet through
sharp morphology-dependent resonance (MDR) peaks (Fig. 1b
and c). When MDR peaks are fitted using resonance positions

Raman Shift (cm'1)
1500 2500 3500 4500
20 1 1 | 1 |
] ™, T'\f@s
15
10
57
0 : T 4 T T T T T T T T T
500 520 540 560 580 600

Wavelength (nm)

1.48

T
—
N
N

T
.3
[0)}
WU QS 1B Xopul SAIOB.IOH

T
=
D
[$)}

— 1.44
1600 2000 2400

— T T T T T

0 400 800

1200
Time (s)

— T T T

(a) Schematic of the optical setup for suspending single aerosol droplets. (b) Representative Raman spectrum of an aqueous proline droplet.

Transverse electric (TE) and transverse magnetic (TM) morphology-dependent resonances (MDRs) are labeled with mode orders and numbers identified
using MRFIT.*2 (c) Temporal evolution of MDR peak positions for the droplet shown in (b) as its size decreases. (d) Droplet radius (red) and refractive index
at 589 nm (blue) extracted over time from fitting the mode positions in (c) using MRFIT.
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from Mie theory, droplet size and refractive index can be
simultaneously retrieved with low uncertainty (+1 nm and
4+0.0005, respectively).> Fig. 1d shows the fitted size and
refractive index determined using the MDRs in Fig. 1c.

The type of physical behavior observed in Fig. 1d for aqu-
eous proline is representative of all the aqueous organic
systems studied in this work: for most of the measurement,
the radius of the droplet decreases while its refractive index
increases at a nearly linear rate. Near the end of the measure-
ment, however, these changes deviate from the earlier linearity
and begin to accelerate, leading to the droplet becoming
unstable and eventually falling out of the optical trap.

Prior to a more detailed analysis, we first emphasize that the
observed changes in Fig. 1d cannot be solely attributed to
evaporation. In an aqueous droplet containing a single solute
in equilibrium with the gas phase at a fixed RH, if the solute
evaporates, water must also evaporate to maintain equilibrium
with the surrounding RH. This scenario would lead to a
constant refractive index over time, as the solute concentration
remains unchanged. For instance, Fig. S1 and S2 show typical
examples of radius and refractive index measurements
obtained from MDR analysis of optically trapped droplets in a
fixed-RH environment, involving aqueous droplets containing
non-volatile (LiCl) and volatile (1,2,6-hexanetriol) solutes,
respectively, where no chemical reaction occurs. In these two
examples, the refractive index remains constant throughout the
measurements. However, in the case of Fig. S2, the hexanetriol
evaporates so the droplet size decreases over time. Neither
behavior is observed for the aqueous organic droplet in
Fig. 1d, indicating that additional processes, such as chemical
reactions or phase transitions, must be contributing to the
changing refractive index and size. Here, we argue that, in fact,
both processes are occurring: a photochemical reaction yields a
product with a hygroscopicity that is significantly lower than that
of the reactant, leading to water loss. Product formation even-
tually leads to a phase transition (precipitation), causing the
droplet to fall out of the trap. Water loss can also be confirmed
by examining the decrease in intensity of the OH stretching band
of water during the measurement (Fig. S3 and S4).

In Section 4.2, we present a model to determine solute
concentration from refractive index measurements. This model
is based on the assumption that the aqueous droplet is always
in equilibrium with its surrounding RH and contains two
solutes: the reactant and the product. The hygroscopicity of
both solutes is determined using x-Kohler theory. Refractive
index is used to determine concentration here rather than
Raman intensity because (i) the supersaturation of all droplets
makes it difficult to obtain an accurate calibration curve, and
(ii) Mie scattering affects Raman intensity, complicating quan-
titative analysis. Examples of (ii) are shown in Fig. S5.

Fig. 2 and 3 show the time-dependent radii and reactant
concentrations for aqueous solutions of amino acids and
sugars, respectively. Each measurement was performed at
several different initial droplet radii. In all cases, we observe
an initial induction period with only small changes in reactant
concentration or droplet size, followed by a shorter period of
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reaction acceleration in which both concentration and droplet
size decrease sharply. During this second period, the droplets
become unstable and eventually fall out of the optical trap. At
this time, the measurements end.

The kinetics observed here, which consist of an induction
period followed by rapid reaction acceleration, are character-
istic of autocatalysis (i.e., prior to droplet loss, the concen-
tration measurements show sigmoidal or S-shaped curve
behavior). In Section 2.2 we explore such a model and its
predictions regarding the effects of varying droplet size, laser
power, and reactant concentration. Prior to that, we first
consider an alternative explanation: the low hygroscopicity of
the photoproduct leads to water loss from the droplets, result-
ing in an increased reactant concentration as the droplet size
decreases. As more photoproduct forms, additional water is lost,
causing the droplet size to decrease more rapidly and further
concentrating the reactant. This process, in turn, accelerates the
rate of photoproduct formation. This hypothesis is not plausible
and can be rejected. First, as the reactant is consumed during
droplet size reduction, the extent to which its concentration can
increase is limited. Second, thermodynamic calculations show
that the initial reactant concentrations (5 to 12 M) are all super-
saturated, which limits any further increase in concentration
during the reaction. Therefore, while the concentrating effect
due to droplet size reduction may contribute to a slight increase
in the reaction rate, it is not the primary mechanism driving the
kinetics. To better explain the observed behavior, we explore a
model that incorporates autocatalysis.

2.2 Photochemical reaction mechanism and kinetic modeling

We model the kinetics the observed photochemical reactions
with the following set of chemical equations

A+h 2L A (1)
A L A, (1b)

A+ L B, (1c)
A"+ B2 A 4B, (1d)
A" +B -2 BB, (1e)

where A is the reactant, A* is its excited state, B is the
photoproduct, g, is the molecular absorption cross-section of
species A, and I is the intensity of light (in photons per area per
time). The rate constants are defined as follows: k., is for the
deactivation of A*, k, is for the transformation of A* to B, ke is
the deactivation of A* by B to its ground state, and k, is for the
reaction between A* and B to further produce B.

The reaction mechanism described above can be viewed as a
photochemical adaptation of the Finke-Watzky model,** which
is widely used to describe autocatalytic processes in chemical
kinetics.***> Autocatalysis is evident in reaction (1e), where the
product B accelerates its own formation by interacting with the
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Fig. 2 Droplet radius (left column) and solute concentration (right column) as a function of time for aqueous solutions of glycine, proline, and serine at
different initial droplet radii. At t = 0, all droplets are a binary solution of water and the listed solute. Panels (a) and (b) show data for glycine, panels (c) and
(d) for proline, and panels (e) and (f) for serine. Concentrations were determined using refractive index measurements and methodology described in
Section 4.2. Data points correspond to experimental measurements and the solid lines represent model fits using eqn (2) with the parameters in egn (3).
The two parameters of best-fit for each solute, ¢,/¢1 and oado, are listed in Table S2. The initial radii used in the model calculations are indicated next to
each corresponding line. The RH during the experiments was 68 + 1% for glycine, 66 + 1% for proline, and 63 + 1% for serine. All measurements were

performed using a 4 = 473 nm laser at 500 mW.

excited reactant A*. The steps outlined are pseudo-elementary
steps, meaning they are simplified representations of more
complex underlying processes.”> This simplification allows for
effective kinetic modeling by focusing on the key transformations
and interactions without detailing every elementary reaction. While
some mechanistic details are condensed or omitted, this approach
enables us to define effective quantum yields and capture the
essential kinetics governing the photochemical system.

In Section 4.3, we demonstrate how the integrated rate law
for reactions (1a)-(1e) can be approximated by the sigmoidal
function

1

calt) = "Aﬂm7 ?

1210 | Phys. Chem. Chem. Phys., 2026, 28, 1207-1221

wherec, istheinitial concentration of Aat¢=0, ¢, is the time atwhich
the rate of concentration change reaches its maximum (for either the
loss of A or formation of B), and f is the curve steepness parameter.
A larger f indicates a more rapid concentration change near ¢,.

Expressions for ¢, and f are derived in Section 4.3 for both
surface- and volume-based photochemistry in a droplet of
radius r, illuminated by a Gaussian beam under the condition
that the droplet radius is larger than the beam waist. In our
analysis here, we will set r to the initial droplet radius, r,. For
photochemistry occurring throughout the entire droplet
volume, the parameters in eqn (2) are given by

fo = TELOZIH((f)zCAO/(ﬁl)

oA
d p=2-- 3
AP @)+ drca, and f T (61 + ¢aca,), (3
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Fig. 3 Droplet radius (left column) and solute concentration (right column) as a function of time for aqueous solutions of glucose, ribose, and
deoxyribose at different initial droplet radii. At t = 0, all droplets are a binary solution of water and the listed solute. Panels (a) and (b) show data for
glucose, panels (c) and (d) for ribose, and panels (e) and (f) for deoxyribose. Concentrations were determined using refractive index measurements and
methodology described in Section 4.2. Data points correspond to experimental measurements and the solid lines represent model fits using eqn (2) with
the parameters in eqgn (3). The two parameters of best-fit for each solute, ¢,/¢1 and oad,, are listed in Table S2. The initial radii used in the model
calculations are indicated next to each corresponding line. The RH during the experiments was 72 + 2% for glucose, 67 & 1% for ribose, and 66 + 1% for

deoxyribose. All measurements were performed using a 4 = 473 nm laser at 500 mW.

where @ is the photon rate of the beam, and ¢, and ¢, are the
effective quantum yields for the photochemical pathways in reac-
tions (1a) and (1e), respectively (see Section 4.3 for more details).
For photochemistry occurring only at the droplet surface
(thickness 0), the parameters in eqn (2) are given by

7'“'03 ln(d)cho/d)l)
300AD ¢1 -+ ¢2CA0

B= 360A@(¢1 + ¢2CA0)

nry’
As ¢, is the inflection point of the sigmoidal curves that
depict the concentration of A over time, it is well constrained by
measurements and easy to identify experimentally. Size-

to = and

(4)

This journal is © the Owner Societies 2026

dependent measurements of ¢, provide an accurate way to
determine whether surface or volume-dependent photo-
chemistry is taking place for a droplet in a Gaussian beam.
From eqn (3) and (4), we see that ¢, will be proportional to the
radius-squared during volume-dependent photochemistry and
proportional to the radius-cubed during surface-dependent
photochemistry. These relationships are counterintuitive, but
can be applied here. Fig. 4 shows measurements of ¢, as a
function of the r, along with best-fit curves proportional to
either the square (r,>) or the cube (r,°) of the initial radius, as
well as a fit where the exponent 7 is allowed to vary (7). For the
aqueous amino acids, panels (a-c), the best-fit exponent con-
sistently falls between the squared and cubed fits, suggesting

Phys. Chem. Chem. Phys., 2026, 28,1207-1221 | 1211
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either a mixed dependence on volume and surface effects or solely at the droplet surface. Instead, they likely occur predo-
that our application of the Finke-Watzky model is too simpli- minantly throughout the droplet volume, as shown in panels
fied to capture what are more complex kinetics. In contrast, for (e-f), or at least partially, as shown in panels (a-c).

the aqueous sugars, panels (d-f), the best-fit exponent remains The validity of the proposed kinetic model can be further
close to the squared fit, indicating a predominantly volume- evaluated by trapping droplets of similar sizes while system-
dependent process. Therefore, we conclude that there is no atically varying either the initial concentration of species
evidence that the observed chemical transformations occur A (Fig. 5) or the laser power (Fig. 6). Fig. 5 illustrates the
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dependence of ¢, on the initial solute concentration, which is
controlled by adjusting the RH in the trapping cell. The
relationship between RH and solute concentration is described
in Section 4.2. From these concentration measurements, it can
be seen that the experimentally measured dependence of ¢, is
in agreement with the model predictions. However, the sensi-
tivity is fairly weak across the accessible concentration range.

Fig. 6 shows the dependence of ¢, on laser power at a
wavelength of 532 nm. Although all other measurements in
this study were performed using a 473 nm laser, using a 532 nm
laser here demonstrates that the observed photochemistry
occurs across a broader region of the visible spectrum. From
a practical perspective, the 532 nm laser in our lab can achieve
significantly higher power levels compared to the 473 nm laser,
which cannot go above 500 mW and requires at least 300 mW to
reliably trap droplets. Thus, the 532 nm laser is better suited for
systematically investigating the laser power dependence of ¢,.
The measurements show good agreement with the model
prediction in either eqn (3) or eqn (4), confirming that ¢, is
inversely proportional to laser power. The laser power-
dependent measurements are also important because they rule
out the possibility of a two-photon process, which, although
unlikely under our experimental conditions, would yield an
inverse-square dependence of ¢, on laser power.*®

The concentration measurements shown in panels (b, d and
f) of Fig. 2 and 3 were also fitted with the integrated rate law
(eqn (2)). In all cases, the volume-dependent photochemistry
parameters from eqn (3) were used. For each binary aqueous
system fitted with this model, there are only two free para-
meters when fitting across multiple sets of concentration data.

This journal is © the Owner Societies 2026

These fitting parameters are the ratio ¢,/¢, and the product
oa,. The best-fits are listed in Table S2. In both Fig. 2 and 3,
the experimental size-dependent concentration-time profiles
are reasonably well-described by the best-fit to the integrated
rate law, supporting the validity of the autocatalysis model.

The most common discrepancy when fitting measurements is
that the model does not always capture the steep acceleration
seen as t, is approached. Incorporating the effects of shrinking
droplet size into the rate-law derivation could lead to more
accurate predictions of the observed steep accelerations near ¢,
and better overall agreement with experimental results, although
this is likely a small correction. More significantly, including
subsequent steps in the mechanism would enhance the predicted
self-acceleration (and steepness). For example, further autocataly-
tic reactions involving the photoproduct B and its excited state
could enhance the predicted self-acceleration. Fig. S4 shows the
measured Raman spectra for aqueous glucose, ribose, and deox-
yribose as the photochemical reaction proceeds. All of these
solutes show the appearance of a band near 1700 cm ™ *, indicating
formation of carbonyl-containing products. Under the nitrogen
atmosphere used in all experiments, direct oxidation of hydroxyl
groups by molecular oxygen is unlikely. Instead, the most prob-
able mechanism involves photochemical cleavage of the C1-O5
bond, leading to ring opening and formation of aldehyde frag-
ments, consistent with prior UV photolysis studies of glucose.’”*®
The carbonyl-containing photoproducts absorb in the near-UV
region,* and their absorption cross section at the trapping
wavelengths is expected to be much larger than that of the
corresponding species A. Therefore, even small amounts of such
products could contribute to the autocatalytic kinetics.
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2.3 Weak optical absorption of aqueous organics in
microdroplets

The model presented in Section 2.2 largely accounts for the
observed size-dependent kinetics, but it does not explain why
certain organic molecules, often described as “non-absorbing”
in dilute aqueous solutions, become photoexcitable by visible
light in droplets. Since this phenomenon appears in many
different aqueous organic systems, the underlying physical
mechanism must be broadly applicable, rather than chemically
specific. All of these molecules exhibit strong UV absorption
bands, as shown in Fig. S7 (the Lorentzian parameters for their
lowest-energy UV bands, used in calculations here, are listed in
Table S3). Another feature that all of these systems have in
common is their high concentration, as shown in panels (b, d
and f) of Fig. 2 and 3, where initial solute concentrations range
from 5 to 12 M (all supersaturated). In these high concentration
aqueous solutions, the average intermolecular spacing between
solutes fluctuates around molecular dimensions. One hypoth-
esis would be that, under these conditions, solute molecules
become sufficiently close for intermolecular dipole-dipole
interactions to become significant. Dipole-dipole interactions
are known to significantly shift or broaden molecular absorp-
tion features. These excitonic coupling effects often lead to
substantial hypsochromic (blue) or bathochromic (red) shifts in
absorption spectra, as demonstrated extensively with H- and J-
aggregates (e.g., in concentrated solutions of organic dyes).**™*>
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As a result, molecules that exhibit negligible visible absorption
in dilute solutions can become strongly absorbing at visible
wavelengths due to excitonic coupling at high concentrations.
Here, the coupling would shift far UV bands, or at least further
shift their tails, into the visible.

We explored the above hypothesis using both a coupled-
dipole model and an effective-medium model.**> The effective-
medium model treats the solute and solvent molecules as a
homogeneous continuum whose dielectric function is obtained
from the single-molecule polarizability through the Clausius-
Mossotti relation (see SI). This approximation is particularly
useful for spherical particles larger than several nanometers, as
explicit coupled-dipole calculations with more than approxi-
mately 10* dipoles become computationally prohibitive due to
memory constraints. All computational details and parameters
are provided in the SI. Fig. S9-S12 in the SI provide the full set
of calculations, while Fig. 7 shown here presents representative
results for a single system (aqueous proline).

We first examined dipole pairs arranged in a head-to-tail
orientation, which typically leads to the largest red shifts in
absorption.*®*>*® This configuration provides an upper bound
on what to anticipate in terms of increased absorption. Fig. 7a
and more extensive calculations in Fig. S9 show that decreasing
the dipole-to-dipole distance to 0.5 nm increases the molecular
absorption cross-section at visible wavelengths by only a small
amount. Next, we applied the model to a more realistic dipole
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Fig. 7 Absorption cross-section per dipole, a4ps, for proline. Coupled-dipole model: (a) two dipoles separated by a center-to-center distance ry,, and (b)
randomly oriented and positioned dipoles contained within a 10 nm radius sphere with the number of dipoles set by the bulk concentration. Effective-
medium model: (c) oaps as a function of aqueous proline concentration, and (d) gas for a homogeneous 10 nm radius sphere calculated with full Mie
theory at 1 = 473 nm. See the S| for computational details and more extensive results.
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arrangement by randomly positioning and orienting the
dipoles within a spherical volume. This produced only very
small increases in the molecular absorption cross-section at the
two optical wavelengths used in our experiments, even when
coupling between thousands of closely spaced dipoles (Fig. 7b
and Fig. S10). The effective-medium model likewise predicts a
small increase in the molecular absorption cross-section at
these visible wavelengths for both bulk systems (Fig. 7c and
Fig. S11) and microdroplets (Fig. 7d and Fig. S12). Overall,
dipole-dipole coupling increases visible-light absorption only
slightly relative to that of isolated molecules.

Then why do photochemical transformations occur in these
systems? In this work, we have established that the photo-
chemistry is similar across many solutes and occurs throughout
the droplet volume. Further, we have shown that it cannot be
explained by (i) multiphoton absorption, (ii) dipole-dipole cou-
pling, (iii) the presence of dissolved molecular oxygen, (iv) trace
contaminants, or (v) laser-induced nucleation (see Section 4.1.4).
We therefore propose that it is initiated by absorption in the low-
energy tail of the strong UV bands of the organic solutes. As
illustrated for glycine in Fig. 8a, the visible-band absorptivity is
orders of magnitude below the UV band maximum (results for all
solutes are shown in Fig. S7). Calculated visible cross-sections
from the Lorentz best-fit are on the order of 10~>* m> molecule ™"
(Fig. 7b-d), corresponding to molar absorptivities of less than
10 M~ em™ . However, the true absorption cross-section will be
far smaller than these already small estimates, as the Lorentz-
oscillator model used here is known to overpredict absorption in
the low-energy tails.** The Voigt model, which is known to provide
a more accurate description of the low-energy tails,** yields visible
band cross-sections that are lower, but still on the same order of
magnitude. In spite of this extremely weak absorptivity, the
combination of intense visible irradiation and high solute con-
centrations in a confined environment is still sufficient to drive
the photochemical reactions forward on timescales of minutes.

This interpretation is consistent with our previous work on
dicyandiamide (DCD).*' In a 4 = 532 nm optical trap, DCD
undergoes photochemical transformation far more quickly
than any system investigated here, with reaction times roughly
ten times shorter than the fastest amino-acid or sugar droplets.
With the 4 = 473 nm trap used in most of the present experi-
ments, t, for DCD was typically <100 s for droplets of compar-
able size. Fig. S8 shows that the lowest-energy UV absorption
band of DCD is both closer to the visible region and more
intense than those of the other solutes. The long-wavelength
tail of this band leads to a higher absorption cross section at
visible wavelengths compared to the other solutes, which in
turn explains its comparatively rapid photochemistry.

We have also previously shown that aqueous droplets con-
taining inorganic solutes (e.g., NaCl, (NH,),SO,) absorb visible
light (2 = 532 nm) despite typically being regarded as non-
absorbing at optical wavelengths. This absorption arises from
the long-wavelength tails of electronic UV transitions.*®*” In
these systems, no chemical transformation occurs, and the
absorption only leads to heating, which causes the droplet to
shrink when laser power is increased. This size change is
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Fig. 8 (a) Measured (dark blue) and calculated (light blue) molar absorp-
tivity spectra for aqueous glycine. The measured spectrum is from ref. 45.
The calculated curves are time-dependent DFT (TD-DFT) results (see the
S| for details). The dashed green line is a single Lorentzian fit to the
measured spectrum, with parameters listed in Table S3. The dashed
orange line is a fit to the measured spectrum using the Voigt model, with
parameters listed in Table S3 and a fraction, f, of 0.5. (b) Measured ratio of
the molecular absorption cross-section at A = 473 nm to that at 1 =
532 nm, (J’A473/0'A532. The solid red line shows the value expected if
absorption at 473 nm and 532 nm arises solely from the long-
wavelength tail of a UV electronic transition.

monitored via MDRs, allowing the imaginary part of the
refractive index to be measured directly. For those inorganic
solutes, the imaginary refractive indices range from 10 % to
1077 (corresponding to absorption cross-sections on the order
of 107*° to 107>®* m*® molecule ). The order of magnitude of
these absorption cross-sections is likely representative of the
true values for the organic solutes studied here.

The absorption cross-sections for these systems could not be
measured directly because it involves tracking droplet size while
gradually varying the beam power. This experiment would have
been confounded by simultaneous size changes from the chemical
reaction. However, the product o,¢, is one of the fitting parameters
in the photochemical mechanism. If we assume that ¢, is the same
at both =473 nm and / = 532 nm, then the ratio of the absorption
cross-sections, o,*"%/o,>*%, can be determined from the measure-
ments. Because both 532 nm and 473 nm lie well to the red of the
electronic resonance wavelengths (<200 nm) for these solutes, we
can apply a long-wavelength single-molecule expression to predict
the absorption ratio. In the Lorentzian model, this gives 6,*"%/,>*
~ (532/473)* = 1.265 (see eqn (S20) and its derivation in the SI).

Fig. 8b compares the experimental ratio for the six solutes
studied with this expected value (red line). Glycine, proline,
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ribose, and deoxyribose agree well with this prediction given
their experimental uncertainties. In contrast, serine and glu-
cose measurements give larger ratios. Serine was the fastest
reacting of all the systems, so it is possible that its absorption
tail is not accurately captured by a single Lorentzian oscillator
and/or that the long-wavelength approximation is no longer
valid. For glucose, the higher ratio is probably due to its
comparatively noisy data, which made accurate fitting of f
difficult. Taken together, our results indicate that weak absorp-
tion in the visible wavelength tails of UV bands provides a likely
explanation for the observed photochemistry in these concen-
trated microdroplets.

3 Conclusions

Our work reveals that visible-light photochemistry in aqueous
microdroplets is possible for a wide range of organic solutes.
The reactions occur throughout the droplet volume and are
initiated by absorption in the low-energy tail of organic solutes.
Experiments confirm that the chemistry cannot be ascribed to
trace contaminants, laser-induced nucleation, multiphoton
excitation, or dissolved O,. Instead, confinement, intense visi-
ble light, and molar-level concentrations within the droplet
combine to overcome very weak absorption cross sections,
enabling photochemical transformation of nominally non-
absorbing organics. Kinetic analysis shows that the photo-
chemistry follows a Finke-Watzky two-step autocatalytic
mechanism: a slow induction period is followed by rapid
autocatalytic propagation, with the inflection time ¢, scaling
as r,’/® for droplets irradiated in a Gaussian beam. By them-
selves, these reactions are unlikely to be directly useful, as they
do not generate biologically important molecules (e.g., no
amide or glycosidic bonds are formed under the conditions
studied here). However, the synthetic potential of this type of
photochemistry was demonstrated in earlier work, where DCD
was shown to drive amide bond formation in the presence of
glycine.?! Overall, the physical insights provided here establish
a framework for exploring and applying more complex con-
fined, low-absorptivity photochemistry in microdroplets.

4 Materials and methods
4.1 Single microdroplet measurements

4.1.1 Materials. Glycine (>99%, Thermo Scientific), serine
(>99%, Sigma-Aldrich), proline (99%, Sigma-Aldrich), p-glucose
(>99%, Sigma-Aldrich), b-ribose (99%, Fisher Scientific),
2-deoxy-p-ribose (99%, Fisher Scientific), lithium chloride
(>99%, MP Biomedicals), 1,2,6-hexanetriol (96%, Sigma-
Aldrich), and dicyandiamide (99%, Sigma-Aldrich) were pur-
chased commercially and used without further purification.
Aqueous solutions were prepared in deionized water to concen-
trations of approximately 0.5 M or to saturation. Higher concen-
tration solutions allowed for larger droplets to be trapped.

4.1.2 Optical trap setup and experimental conditions. Sin-
gle aerosol droplets were suspended in a dual-beam optical trap
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(Fig. 1a), the configuration of which has been described in
detail elsewhere.*®*® Briefly, the light from a continuous-wave
laser was divided into two arms with a polarizing beam splitter
(PBS251, Thorlabs) and each arm was focused with a long
working distance objective (Plan APO ELWD 20X/0.420 WD =
20 mm, Motic). The effective beam waist at the focal point was
approximately 1 pum.*® The optical trap was modified for
investigating photochemical transformations using two trap-
ping and excitation wavelengths: 1 = 473 nm (Gem 473, Laser
Quantum) and 4 = 532 nm (Opus 532, Laser Quantum). For
experiments utilizing the 4 = 473 nm laser, the power was
maintained at 500 mW to ensure stable trapping. The optical
trap alignment was kept consistent across all experiments for a
given system to standardize the light intensity experienced by
individual droplets.

Aerosol droplets were generated and introduced into the
trapping cell by nebulizing the bulk aqueous solutions with a
medical nebulizer (TurboBOY SX, PARI). Within the cell, indi-
vidual aerosol droplets were suspended near the overlapping
focal points of the two laser beams. Suspended droplets were
allowed to grow by coalescence to the desired radius. The RH in
the cell was controlled by adjusting the ratio of a humidified
and a dry nitrogen flow (UHP grade), regulated by mass flow
controllers (MF-1, MKS Instruments). A total gas flow of 100
sccm was maintained throughout the experiments. For com-
parative studies, experiments were also performed under an air
atmosphere, achieved by substituting the nitrogen carrier gas
with UHP air. The temperature and RH inside the cell were
monitored using a sensor (SHT85, Sensirion) positioned near
the trapped droplet (within 10 mm). All experiments were
conducted at room temperature.

4.1.3 Raman spectroscopy and droplet characterization.
Inelastic scattered light from the trapped droplet was collected
using the setup depicted in Fig. 1a, and Raman spectra were
recorded at 1-second intervals on the CCD (PIXIS:100B_eXce-
lon, Princeton Instruments) of an imaging spectrometer (Iso-
Plane SCT-320, Princeton Instruments). A representative
Raman spectrum of an aqueous proline droplet is shown in
Fig. 1b. This spectrum features signals from spontaneous
Raman scattering along with sharp peaks corresponding to
morphology-dependent resonances (MDRs). The positions of
these MDRs were tracked over time (Fig. 1c), enabling accurate
retrieval of droplet size and refractive index using the MRFIT
code.** An example of the retrieved size and refractive index for
an aqueous proline droplet undergoing photochemical changes
in the optical trap is presented in Fig. 1d.

4.1.4 Investigation of indirect photochemical processes.
Before attributing observed changes to the direct absorption of
light by the organic molecules (which are typically considered
non-absorbing in this spectral region), control experiments were
performed to exclude indirect photochemical pathways.

First, the potential for oxidation of organic solutes by ozone
or oxygen-derived radicals was investigated. Exposure to ozone
in solution can degrade amino acids and sugars, often leading
to the formation of carbon dioxide or ammonium ions.”**" If
ozone formation or the presence of other oxygen radicals were
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significant, the oxidation rate would be expected to increase
with higher dissolved oxygen concentrations.>® Therefore,
experiments were conducted with optically trapped droplets
under both purified air and purified nitrogen atmospheres. Fig.
S6 illustrates the radius and refractive index profiles for two
droplets of similar initial radii, one held in air and the other in
nitrogen. The trapping lifetime remained unchanged despite
the increased dissolved oxygen concentration in the droplet
under air, suggesting that ozone formation and subsequent
oxidation are not primary degradation pathways in this system.

Next, the influence of dissolved contaminants acting as
potential photosensitizers was evaluated. Iron(m) sulfate
(Fe,(SO,);) was selected as a model photosensitizer due to its
high aqueous solubility and known ability to form iron-organic
complexes that can lead to organic degradation in aerosol
droplets.”® Solutions were prepared by adding the iron salt to
0.5 M glycine solutions to achieve iron concentrations up to 20
mg L. Aerosol droplets of these solutions were suspended in
the optical trap, and their trapping lifetimes were measured. No
significant change in trapping lifetime was observed for dro-
plets containing up to 20 mg L~' of dissolved iron sulfate.
Furthermore, as experiments investigating the direct photo-
chemistry of the organic solutes were typically conducted under
a nitrogen atmosphere (minimizing dissolved oxygen required
for some iron-catalyzed radical formation pathways), and given
the observed decrease in the primary photochemical reaction
rate with decreasing organic solute concentration (Fig. 5), a
photodegradation mechanism dominated by trace iron con-
taminants is considered unlikely.>*

Recent work has demonstrated the potential for nucleation
to be initiated by high-energy laser pulses through non-
photochemical pathways in supersaturated organic/water
mixtures.>® Therefore, we briefly consider the possibility of
non-photochemical laser-induced nucleation (NPLIN) occur-
ring in our experiments. Supersaturated glycine solutions have
been investigated extensively in the literature, and the experi-
mental conditions have been summarized by Korede et al.>®
The peak laser intensities required to initiate crystallization for
supersaturated glycine solutions was 240 MW ¢cm 2, an order of
magnitude higher than the intensities used in the optical
trapping experiments reported here.”” Additionally, Fig. S1
demonstrates that inorganic aqueous droplets can be sus-
pended indefinitely despite requiring lower laser intensities
to initiate NPLIN.>® The observed changes in the Raman spectra
of proline, glucose, ribose, and deoxyribose droplets in Fig. S3
and S4 suggest that a chemical transformation leading to the
formation of insoluble products is responsible for water loss
and nucleation.

4.2 Determination of concentrations

In the experiments performed here, single droplets are held in
a RH controlled cell. Both droplet radius, r, and the real part of
the refractive index, n, can be measured with high accuracy as
discussed in Section 4.1. In this section, we will outline the
methodology to determine droplet composition from measure-
ments of n.
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An aqueous droplet with no volatile solutes will reach
equilibrium with its surrounding RH when S = RH/100%, where
S is the equilibrium water vapor saturation ratio over the
droplet. Kohler theory describes the relationship between dro-
plet size and S. One form of the Kohler equation is

20My,
; : (5)
rp RT

S:awexp(

where a,, is the water activity of the droplet, ¢ is the surface
tension of the droplet, M,, is the molar mass of water, p,, is the
density of water, R is the universal gas constant, and T is the
temperature.

The exponential function in eqn (5) describes the Kelvin
effect and, as we will be dealing with micron-sized droplets
(small radius of curvature) at subsaturated RH, it will be
negligible. Therefore, it will be set to one in our subsequent
analysis and eqn (5) becomes S = a,, and only the solute effect
(where the vapor pressure is reduced by dissolved solutes) is
important. For an ideal solution, a, is simply the mole fraction
of water. However, the assumption of an ideal solution is not
valid for the high solute concentrations found in the droplets
studied here.

One approach to account for thermodynamic non-ideality is
to parameterize the water activity as a function of the hygro-
scopicity parameter, x, through the equation®”

1 Vdr
—=1 Y 6
o= e (6)

where Vg, is the volume of the dry particle and V,, is the volume
of water in the particle. The resulting x-Kohler theory simplifies
water activity calculations in eqn (5). Values for the hygrosco-
picity parameter range from x = 0 (the species does not absorb
water and there is no hygroscopic growth) to « = 1.4 (the species
is very hygroscopic and there is significant hygroscopic growth).
As discussed above, we will neglect the Kelvin effect and eqn (5)
can then be written as

V — Vary

S=3—- Vay(1 — 1)’

(7)
where the total droplet volume is V =V, + Vqyy.

Of interest here are aqueous droplets with two solutes:
species A and its photoproduct B. For this system, we will have
Vary = Va + V. To determine x when multiple solutes are present
in an aqueous droplet, the mixing rule®

K= Z &K (8)

can be applied, where for solute j with a volume V;, & = V}/Vqyy,
and x; is its hygroscopicity parameter. In all experiments
performed here, it is observed that as the reaction proceeds,
the droplet size decreases partially due to water loss. Therefore,
it is reasonable to assume that the hygroscopicity of B is much
lower than that of A and can be neglected (kg = 0). Then, k =
KaVal(Va + Vg). Application of this result to eqn (7), along with
the definitions for V and Vy,, given above, yields the following
two relations between the volume fraction of A (f,), the volume
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fraction of water (f), and the volume fraction of B (f3) in the
droplet:

1—S(1—KA)
S—1

SA- )

S
fo=ofs and fy =1+

As expected, these definitions satisfy ) f; = 1. The relation-

. . S
ship between volume fraction and concentration is given by f; =
Mciv;/Ny where, for species j, M; is the molar mass, ¢; is the
molecular concentration (molecular number density), ¥, is the
partial specific volume, and N, is the Avogadro constant. From
eqn (9), the relationships between the concentrations will be

Cy = Srca MAVAC and
VTS S My 10)
Na 1—S(1—KA)MA\7A

CB:MBVB S—1 MBVBLA'

The Clausius-Mossotti relation connects the sum of polar-
izabilities of all the species present in the solution to the
macroscopic dielectric function of the solution, ¢. When the
imaginary part of the refractive index is zero then ¢ = n*> and the
Clausius-Mossotti equation can be written as*?

2
__nm—1 Z_
oc:n2+2: .aj?
J

where a is the normalized polarizability of the solution, which
is calculated from refractive index measurements. For each
species j with a molecular polarizability «;, the normalized
polarizability is defined as &; = cju/(35,), where &, is the
permittivity of free space.

Inserting eqn (10) into eqn (11) allows the concentration of
species A to be expressed as

(11)

MW(S — I)VW(SSO&MBVB — NA(XB)
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Integrating both sides over droplet volume, V, yields

deas 1
:;? = ? oaleadV — (kcx1 + ki + kexacg + kZCB)CA*~ (14)

The integral on the right-hand side is the power absorbed by
the droplet, W,ps, and is related to the absorption cross-section,
Cabs, of the droplet through®°

Wabs = 1pCaps = /’IZ/J~O‘A]CA(1V7 (15)
where £ is Planck’s constant, v is the frequency of the excitation
light source, and I, is the peak intensity (irradiance) of the light
source in radiant flux per area. For a focused Gaussian beam,
such as that used in the photochemical experiments here, I, is
the intensity at its focal point. It can be defined as I, = 2P/nw,?,
where P is the total beam power and w, is the beam waist
radius.

For a sphere illuminated by a plane wave, optical cross-
sections can be determined using Mie theory. Generalized
Lorenz-Mie theory (GLMT) extends this framework to arbitra-
rily shaped beams (e.g., Gaussian beams).®® The results from
these calculations are exact but the equations used are com-
plicated and not explicit in terms of all of the input para-
meters (for the system here, the concentration of the absorber
Cca, droplet size, and beam waist). However, it is possible to
make these dependencies explicit using the less accurate
approach of geometric optics. If we first consider a weakly
absorbing sphere illuminated by a plane wave, geometric
optics yields an absorption cross-section, Chyy, that is propor-

CA

In this study, @ is calculated using measurements of n and
eqn (11), with S experimentally controlled. All other terms are
either physical constants or known physical parameters or can
be reasonably approximated. For the latter assumption, in
eqn (12), we set Mg = My, Vg = Ta, and op = o,. All constants
and parameters used in the evaluation of eqn (12) are listed in
Table S1.

4.3 Analysis of photochemical model

Here, we consider two models: (1) photochemical reactions
occur throughout the entire droplet, and (2) photochemical
reactions are restricted to a thin interfacial region at the droplet
surface. In both cases, reactions are kinetically controlled with
no diffusion limitation (e.g., in the surface-only model, reac-
tants rapidly diffuse from the droplet interior to the surface).

The rate of formation of the excited state A*, represented by
its concentration c,«, from reactions (1a)-(1e) is

dCA*
dt

=oalca — kexicar — kicar — kexacarc — kaca-cg. (13)
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(12)

tional to the volume of the sphere.®" This approximation can
be simplified with the further assumption that the real part of
the refractive index n of the sphere can be set to 1, leading to
the intuitive expression

4
pw 3
Cips =~ gm’ OACA,

(16)
where we have applied k = ogacaA/4m, which relates the
imaginary part of the refractive index, k, to the concentration
of the sole absorbing species in solution, A. This result
aligns with the perhaps naive expectation that the absorp-
tion cross-section should scale with the volume of the sphere
and the number of absorbing molecules per unit volume.
Fig. S13 compares results from eqn (16) to Mie theory
calculations for weakly absorbing spheres. Aside from the
absence of Mie resonances, the simple equation predicts
Chps with moderate accuracy. More importantly, it gives the
proper scaling for the size and concentration dependent
behaviour.
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The absorption cross-section for a weakly absorbing sphere
centred on the focal point of a Gaussian beam, CS., can be
approximated in a similar manner to yield

, 2
G Wo —2r2 [ w¢? pw
Cabs & 2,2 (l —¢© / Cabs

= %nraAcAwo2 <l — e_z,-l/ “’02>. (17)
Fig. S14 compares results from eqn (17) to GLMT calcula-
tions. Inaccuracies similar to those discussed above for eqn (16)
are observed, however the correct scaling in terms of the
parameters c,, 1, and w, is observed. In particular, once r > w,
then CS. scales with radius rather than volume like CEY..
Application of eqn (15) and (17) to eqn (14), and assuming
that r is larger enough compared to w, so that the term

—2rwi :
1—e ~ 1 results in
dCA* O'A@
TR (kext + k1 + kexacn + kacp)car, (18)

where @ = P/hv represents the total photon rate of the beam.
Applying the steady-state approximation, dca./d¢ = 0, to
eqn (18) then gives
_ YCA
ki 4 kext + (ka2 + kexa)cp’

CA* (19)
where y = g, ®/mr?.

From reaction (1a), (1b), and (1d) the rate of change of
species A can be expressed as

dCA
q - reat kexicar + kexacarcp, (20)
which, using eqn (19), can be written as
d ki +ky(ca, — ¢
CA _ 1 +ka(ca, —ca) (21)

- — —yc )
dr / A + kext + (k2 + kex2) (cay — €A)

where, at t = 0, ¢, = ¢5, and cg = 0, and we set ¢g = €5, — Ca-

Eqn (21) is a non-linear ordinary differential equation that
can be solved using numerical methods (e.g., the commonly
used fourth-order Runge-Kutta method). However, if we
assume that k; + ke » (k2 + kexo)(ca, — ca) then eqn (21)
becomes

dea
dr
where ¢ = ky/(ky + kex1) and ¢y = ky/(ky + kexs). These are the
effective quantum yields for the photochemical pathways.*
Eqn (22) can be integrated to yield
1+ Paca,
dacay + ¢rexp[y(dr + daca, )]

= —y¢p1ca — ydyca(ca, — ca)s (22)

CA = Ca, (23)

Finally, by assuming that ¢,/(¢acs) < 1, eqn (23) can be
rewritten as a slightly more compact sigmoid function that is
given in eqn (2) with two parameters f§ and ¢,, which are defined
in eqn (3). The form in eqn (2) is of practical use when fitting
kinetic data.

For the case where photochemistry occurs solely at the
droplet surface, the above approach can be modified by
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considering that absorption only occurs within a thin interfacial
layer at the droplet surface. This involves replacing eqn (16) with

CPY ~ Amr?5oaca, (24)

where 0 is the thickness of the reactive interfacial shell. This
expression is an approximation derived from geometric optics
for the plane wave illumination of a weakly absorbing spherical
shell in the regime where the shell thickness is significantly
smaller than the droplet radius (0 « r). The core is non-
absorbing in this model. Fig. S15 compares absorption calcula-
tions from GLMT to simpler geometric optics calculations for a
weakly absorbing shell illuminated by a focused Gaussian
beam. As with the earlier comparison for the homogeneous
weakly absorbing sphere, the correct scaling with respect to
beam and particle parameters is observed.

After replacing eqn (16) with eqn (24), the analysis then
proceeds as before, resulting in y in eqn (19) being defined as
7 = 360,®/nr’, and the parameters § and ¢, in eqn (2) are
defined in eqn (4).
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