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ABSTRACT 

In-situ Raman spectroscopy of single levitated aqueous microdroplets irradiated by dual-beam 

(266 and 532 nm) lasers demonstrates that nitrate anion (NO3ˉ) can be depleted in the droplet 

through an energy transfer mechanism following excitation of sulfanilic acid (SA), a UV-

absorbing aromatic organic compound. Upon 266 nm irradiation, fast decrease of NO3ˉ 

concentration was observed when SA is present in the droplet. This photo-induced reaction occurs 

mailto:vhgrassian@ucsd.edu
mailto:rcontinetti@ucsd.edu


 2 

without the direct photolysis of NO3ˉ. Instead, the rate of NO3ˉ depletion was found to be 

dependent on the initial concentration of SA and pH of the droplet. Based on absorption-emission 

spectral analysis and excited-state energy calculations, triplet-triplet energy transfer between SA 

and NO3ˉ is proposed as the underlying mechanism for the depletion of NO3ˉ in aqueous 

microdroplets. These results suggest that energy transfer mechanisms initiated by light-absorbing 

organic molecules may play a significant role in NO3ˉ photochemistry. 
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Aerosols are ubiquitous in nature, and greatly impact the Earth’s climate and human 

health.1–4 In the atmosphere, aerosols can undergo various chemical reactions including 

heterogeneous reactions, photochemical reactions by irradiation of ultraviolet (UV) light, and 

accelerated reactions of organic molecules.5–9 In particular, photochemical reactions of aqueous 

NO3ˉ are of great interest in terms of atmospheric relevance because the reactions produce highly 

reactive species such as NO2, HONO, and hydroxyl radical (∙OH).10 NO3ˉ is a common 

contaminant found in surface waters and atmospheric aerosols due to agricultural activity.11,12 

Since the photolysis of NO3ˉ by UV-absorption can play a role in modulating the concentration of 

volatile organic compounds and affect the formation of secondary organic aerosols (SOAs), 

unraveling the pathways and rates of photochemical reactions is an essential step for gaining a 

quantitative understanding of the chemical evolution of atmospheric aerosols containing NO3ˉ.13–

21 

The UV-absorption spectrum of aqueous NO3ˉ contains a very weak n → π* band centered 

near 302 nm and a strong π → π* band at 200 nm.22 The n → π* transition of NO3ˉ is forbidden 

by symmetry for the two electronic states involved. However, the influence of solvent molecules 

breaks the symmetry, relaxing the dipole-forbidden character of the transition and leading to a 

weak absorption band in the 280 – 330 nm range.23,24 This transition of NO3ˉ  is widely studied as 

the band overlaps the solar UV spectrum. The direct photolysis of aqueous NO3ˉ at this wavelength 

range leads to two main dissociation pathways.22 

NO3
−   

    ℎ𝑣𝑣    
�⎯⎯�   NO2

−  +  O (3P)                       𝛷𝛷 = 1.1 ∗ 10−3  (1) 

NO3
−   

    ℎ𝑣𝑣    
�⎯⎯�   NO2 (g)  +  ∙ O−                         𝛷𝛷 = 9.2 ∗  10−3  (2a) 

∙ O−  +  H2O  
       
��    ∙ OH +  OH−                (2b) 

In acidic conditions, the nitrite anion (NO2ˉ) can readily protonate and produce gaseous HONO.25  
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NO2
−     +   H3O+    →    H2O    +     HONO (g)   (3) 

HONO is a major precursor of ∙OH radicals that play a key role as one of the most important 

oxidants in the atmosphere.14 However, field studies have reported unexpectedly high emissions 

of HONO during the day,26,27  and it has been suggested that UV-photolysis of NO3ˉ is potentially 

an important unaccounted source for high daytime HONO production.28  

Recent studies have revealed that dissolved organic matter which absorbs UV light can act 

as a photosensitizer and enhance the photolysis of NO3ˉ.29–31 Wang et al. showed an increased 

quantum yield of NO2ˉ from photolysis of NO3ˉ in the presence of UV-absorbing vanillic acid.29 

Gen et al. used iron-organic complexes to measure increased HONO production rates.30 The 

photosensitizing effect of marine chromophoric dissolved organic matter (m-CDOM) was 

compared with other organic photosensitizers (humic acid and 4-benzoylbenzoic acid) by Mora-

Garcia et al.31 Even more recently, Jiang et al. reported that excited state NO2 can enhance the 

formation of HONO in the presence of NO3ˉ and humic-like substances.32 These studies suggested 

that the presence of photosensitizers increases the production rates of HONO, however, the exact 

mechanisms of photosensitized reactions of NO3ˉ leading to the enhanced production of HONO 

remain unclear. Those studies made use of a Xe lamp with a broadband output between 290 – 350 

nm as a source of UV radiation, simultaneously promoting  photosensitized reactions and direct 

photolysis of NO3ˉ.29–31 This choice of light source makes it difficult to isolate and quantify the 

effect of photosensitizers alone, as the rate of depletion of NO3ˉ has contributions from both 

photosensitized reactions and direct photolysis of NO3ˉ. Therefore, there is a great demand for an 

investigation that separates the photosensitized reaction of NO3ˉ from direct photolysis to provide 

a better understanding of the factors governing enhanced HONO and NO2 production in organic-

laden aqueous aerosols. 
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To effectively simulate photo-induced reactions in atmospheric aerosols, an environment-

controlled electrodynamic balance (EDB) was utilized for the levitation of single aqueous 

microdroplets.33,34 Sample solutions for droplet generation were made up with water, sodium 

nitrate (NaNO3), citric acid (CA), and sulfanilic acid (SA), and the pH of the droplets was adjusted 

using a citric acid/sodium citrate buffer. SA was chosen as a model light-absorbing organic 

molecule, and the 266 nm output from a Nd:YAG laser was used as a source of photoexcitation to 

Figure 1. Absorption-emission spectra of SA and NO3ˉ. Left y-axis represents the molar 

extinction coefficient (ε, units: M-1 cm-1) of SA and NO3ˉ. The S0 → S1 absorption band of 

SA is located at 230 – 280 nm range (dashed black line). ε of NO3ˉ is magnified by 10 times 

(solid black line) because of its relatively small value compared to SA. y-axis on the right 

side shows emission intensity in arbitrary units. The emission band from SA is observed at 

300 – 450 nm (solid blue line) with peak position near 350 nm. The energy difference 

between absorption and emission peaks of SA is about 1.11 eV. 
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effectively separate photosensitized reactions from direct photolysis of NO3ˉ. Figure 1 shows the 

absorption and emission spectra of SA (pH = 0.82) in bulk solution along with the absorption 

spectrum of aqueous NaNO3 in bulk solution scaled up by a factor of 10. SA has a strong UV-

absorption band at 230 – 280 nm,35 thus it is effectively excited by the 266 nm laser irradiation (ε 

> 200 M-1 cm-1). Photolysis of NO3ˉ by 266 nm is improbable due to its low molar extinction 

coefficient (ε = 1.5 M-1 cm-1) at this wavelength.13 Emission of SA was observed in the 300 -450 

nm range. The relationship between the electronic structure of SA and reactions of NO3ˉ is 

explained in later paragraphs. 

 Figure 2A shows a simplified schematic of the EDB and a levitated microdroplet. The 266 

nm irradiation photoexcites the SA in the droplet, while the 532 nm laser produces in situ Raman 

spectra and Mie scattering images for tracking the size of the particle. Real-time molality, m, (mol 

kg-1) of NO3ˉ ([NO3ˉ]) of the levitated microdroplets were measured by quantifying the intensity 

of the characteristic Raman peak for the NO3ˉ symmetric stretch (νs(NO3ˉ), 1050 cm-1) relative to 

the C-H stretch (ν(C-H), 2950 cm-1) in CA (Figure 2B). Details of the determination of [NO3ˉ] 

using a calibration curve are given in the supplementary information (SI Figure S1). The diameter 

of the droplets over the course of the measurement were measured using Mie scattering imaging 

(MSI, Figure S2). As the levitated microdroplets with pH ~ 0.5 were irradiated by 266 nm, a 

decrease in [NO3ˉ] in the presence of SA was observed over ~30-minute reaction timeframe. 

Observations were limited to ~30 minutes of 266 nm irradiation, as individual droplets became 

unstable and eventually were ejected from the EDB. A possible reason for this limitation is 

discussed later. 
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Figure 2. (A) Schematic of the EDB with a levitated aqueous microdroplet. In these 

experiments, an aqueous droplet with 80-100 µm diameter, is trapped between the two 

endcap electrodes of the EDB. A 266 nm beam (purple) is passed through two small 

holes of the endcap electrodes. The beam waist of the 266 nm laser and size of the 

droplet are exaggerated for visibility. A 532 nm (green) probe beam is focused on the 

droplet perpendicular to the 266 nm beam. (B) The sample Raman spectrum of a droplet 

generated from an aqueous solution of CA, SA and NaNO3. The νs(NO3ˉ) peak at 1050 

cm-1 and ν(C-H) peak of SA at 2950 cm-1 are colored red and blue, respectively.  
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Figure 3A shows the depletion of [NO3ˉ] as a function of 266 nm irradiation time with 

varying initial concentrations of SA ([SA]0). The loss of NO3ˉ is due to the reduction of NO3ˉ into 

HONO (g) and NO2 (g) which are volatile and can partition from the droplet.31,36 The effect of 

excited-state SA as a reaction initiator for reduction of NO3ˉ is apparent as higher [SA]0 leads to 

faster depletion of NO3ˉ. Figure 3B shows the linear relationship observed between [SA]0 and the 

photo-induced rate of NO3ˉ depletion. The depletion rate of NO3ˉ was minimal (6.06 x 10-6 s-1) for 

these droplets with [SA]0 = 0 m, hence the results here indicate that CA does not induce noticeable 

depletion of NO3ˉ and there is no nitrate depletion due to HNO3 partitioning37 for these relatively 

large (80-100 µm diameter) and viscous aqueous droplets. Measurements of [NO3ˉ] with and 

Figure 3. Photo-induced depletion of NO3ˉ from the levitated aqueous microdroplets. (A) 

Measured [NO3ˉ] as a function of irradiation time with varying [SA]0 in the range up to 75.0 

x 10-3 m. Dashed black lines represent linear fits to the data. Data with [SA]0 = 0 showed 

no NO3ˉ depletion and is not pictured here for clarity, instead the data are provided in the 

SI (Figure S4). (B) Relative photo-induced rates (s-1) of NO3ˉ depletion versus initial [SA]. 

Error bars represent 95% confidence intervals of the linear fit of [NO3ˉ] versus time. Dashed 

line shows linear relationship between depletion rate of NO3ˉ and [SA]0. (C) Volume 

reduction (VR) of the irradiated droplets versus [SA]0. Error bars represent uncertainties 

from the approximated refractive index values for the droplets. 



 9 

without 266 nm irradiation further proves that excitation of SA is necessary for reactions of NO3ˉ 

(Figure S3) to proceed. It is worth noting that even under the acidic conditions of this experiment 

the evaporation of nitric acid (HNO3) and change in droplet diameter were negligible during the 

~30 minutes of reaction time (Figure S4). The photocatalytic effect of SA to the depletion of NO3ˉ 

is evident given the fact that the depletion rates of NO3ˉ are linearly related to [SA]0 and the rates 

remain stable over the course of measurements.  

The observed rates of NO3ˉ depletion by SA with 266 nm irradiation are unexpectedly fast. 

For the droplet with [SA] = 75.0 x 10-3 m, ~40% of the nitrate was depleted after 23 minutes of 

266 nm irradiation (Figure 2A) and the rate of NO3ˉ depletion was 2.3 x 10-4 s-1 (Figure 2B). 

Comparing this value of NO3ˉ depletion rate with the highest enhanced depletion rate (1.70 x 10-5 

s-1) by iron-organic complexes from the study by Gen et al.,30 the depletion rate from our 

measurement is more than an order of magnitude higher although the mechanism of nitrate 

depletion is different. Additionally, the observed rate of depletion from this study is comparable 

to accelerated photolysis rates of NO3ˉ in particles (10-4 – 10-5 s-1).38–40 This striking enhancement 

of NO3ˉ depletion rate by excited-state SA without direct photolysis clearly demonstrates the 

effectiveness of SA as a photocatalyst for reduction of NO3ˉ. A control experiment was conducted 

with hydrogen peroxide (H2O2) instead of SA, thus producing ∙OH in the droplet by 266 nm 

photolysis of H2O2.41 The result showed no significant decrease of [NO3ˉ] and droplet diameter 

during the 266 nm irradiation with H2O2 (Figure S5). These observations rule out the possibility 

of NO3ˉ depletion by ∙OH that is typically produced in photosensitized reactions.42,43,31,44–46 The 

oxidation of CA was also not noticeable from Figure S5, given that the droplet diameter and 

Raman intensity ratio of ν(C=O) to ν(C-H) remained stable.45,46 Additionally, the rate of NO3ˉ 

depletion in droplets with varying [NO3ˉ]0 and fixed [SA]0 in solution was also measured, and 
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slower depletion rates for higher [NO3ˉ]0 were observed (Figure S6). This trend may arise from 

the hygroscopicity of NaNO3, as more NO3ˉ leads to larger water content in droplets and diluting 

[SA] in droplets, thus decreasing the depletion rate as [NO3ˉ]0 increases. These thorough 

examinations further confirm that the reduction of NO3ˉ (eq. 1 and 2) can proceed without the 

photolysis of NO3ˉ but indirectly and efficiently promoted by the presence of excited-state SA. 

  In addition to the depletion of NO3ˉ, the volume of the droplets with SA decreased during 

266 nm irradiation as shown in Figure 3C. The droplets with higher [SA] showed a higher volume 

reduction (VR) which is defined as follows, 

𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑓𝑓
𝑉𝑉𝑖𝑖

  (4) 

where Vi is the volume of the droplet at the start (t = 0) of 266 nm irradiation and Vf is the volume 

of the droplet measured at the end of the run. It is clear that the volume reduction of the droplets 

is caused by the photochemical reactions triggered by the excited-state SA, as NO3ˉ molecules can 

transform into volatile compounds such as NO2 and HONO gas. Eq. 1 is a possible pathway for 

nitrate reduction and the produced NO2 (g) can partition from the droplet surface. Given that the 

droplets are in highly acidic conditions solely due to CA (pH ~0.6), the NO2ˉ produced from eq. 2 

can readily form HONO (g) (eq. 3) and escape the droplets as well.31 Depletion of NO3ˉ from the 

droplet is accompanied by the evaporation of water because of the hygroscopic effect of NO3ˉ.47 

Therefore, the droplets with 266 nm irradiation show VR (Figure 3C) as well as a decrease in 

droplet mass. Stable trapping condition of a single droplet in the EDB is dependent on the mass-

to-charge ratio (m/q).48 The volume and mass determines the upper bound (~30 minutes) limit of 

the droplet trapping time with 266 nm irradiation as the loss of NO3ˉ and water driving the 

reduction in droplet volume drives the droplet outside of the range of m/q required for stable 

trapping conditions in the EDB. 
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To further support the role of excited-state SA for enhanced reactions of NO3ˉ, the 

depletion rate and absorption-emission spectra of SA at three different acidic pH conditions (pH 

0.8 – 1.9) were measured. The pH conditions of droplets were adjusted by varying CA/trisodium 

citrate molar ratio of the initial solutions (Figure S7). Figure 4A shows that the depletion of NO3ˉ 

is faster for less-acidic droplets. This pH-dependence of NO3ˉ depletion rate in acidic conditions 

can be related to the absorption and emission character of SA. In Figure 4B, it is clear that the 

molar absorptivity (ε) and emission intensity of SA rise as the pH of the solution increases from 

Figure 4. pH-dependence of NO3ˉ depletion rate and absorption-emission properties of 

SA. (A) [NO3ˉ] versus time at different acidic pH conditions of the droplets and fixed SA 

content ([SA] = 45.0 x 10-3 m). (B) Absorption (dashed lines) and emission (solid lines) 

spectra of SA in bulk aqueous solutions with varying pH.  
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0.6 to 1.3. It can be inferred that in less acidic conditions a higher population of excited-state SA 

molecules are available for NO3ˉ to react, thus increasing the rate of NO3ˉ depletion.  

 Observations of enhanced NO3ˉ depletion from excited-state SA lead to an important 

question: what is the underlying mechanism of the photocatalytic effect of SA? We propose a 

triplet-triplet energy transfer (TTET) mechanism between SA and NO3ˉ which is supported by 

absorption-emission analysis and excitation energy calculations. From Figure 1, it is noticeable 

that there is a significant energy gap between the absorption and emission spectra of SA. 

Comparing the energy with respect to the λmax for absorption (263 nm) and emission (344 nm) 

yields a significant energy difference of 1.11 eV. Therefore, it is plausible that the observed 

emission of SA (Figure 1) resulting from 266 nm excitation is phosphorescence, i.e., the 

photoexcited singlet-excited state (S1) undergoes radiationless intersystem crossing (ISC) to the 

triplet-excited state (T1) that then phosphoresces by relaxation to singlet-ground state (T1→S0).49 

This argument is supported by time-dependent density functional theory (TD-DFT) 

calculations of the excited-state energies, as tabulated in Table 1. Note that both the zwitterionic 

(net charge 0) and protonated (net charge +1) forms of SA were included in the excited-state 

calculations because these two forms of SA coexist under the acidic conditions of the droplet 

experiment. It was shown from the calculation that the energy differences between SA (S1) and 

SA (T1) is 1.10 and 1.32 eV for protonated and zwitterionic forms of SA, respectively, (Table 1) 

in agreement with the observed 1.11 eV red-shift from the experiment. To accurately calculate the 

excited state energetics of SA, a vertical excitation to S1 was assumed, while the relaxation energy 

from equilibrium geometry of the S1 excited state was calculated for T1. The polarizable continuum 

model (PCM) was used to include the solvation effect of water.50 The optimized geometries for 

excited and ground states of both zwitterionic and protonated SA are reported in SI Table S1. 
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From the TD-DFT calculation, the excitation energy of NO3ˉ shows about 0.4 eV 

difference between S1 and T1 states (Table 1). The calculated energy difference between the S1 

and T1 states of NO3ˉ can vary from 0.2 to 0.4 eV depending on the computational method used, 

51 however, TD-DFT is chosen in this work for consistency of the energy calculations of both 

vertical excitation and relaxed geometries. Given that the emission of SA (T1) (zwitterion: 3.57 eV 

protonated: 3.80 eV) and excitation of NO3ˉ (T1) (3.44 eV) have comparable energy values, TTET 

can occur between them when wavefunctions of two states overlap. To verify the TTET process 

in droplets, a set of experiments were performed with different chamber environments: 100% N2 

vs zero air (80% N2 + 20% O2). As shown in Figure S8, the depletion of NO3ˉ was decelerated by 

a factor of 2 in the presence of zero air, likely due to triplet quenching by dissolved oxygen in the 

droplet.52 The TTET mechanism is often referred to as photosensitization, and it is believed to 

contribute significantly to the overall redox chemistry of the aerosols in Earth’s atmosphere.44 The 

graphical description of the photosensitization process between SA and NO3ˉ leading to the 

depletion of NO3ˉ in the droplet is shown in Figure 5. First, SA (S0) is excited to S1 state by 

absorbing 266 nm radiation, followed by ISC from SA (S1) to SA (T1). Then, TTET takes place 

between SA (T1) and NO3ˉ (S0), resulting in SA (S0) and NO3ˉ (T1) according to the rule of spin 

conservation. Finally, NO3ˉ (T1) molecules are reduced to NO2 (g) and HONO (g) (eq. 1 and 2), 

and the products evaporate from the droplet. After TTET, SA (S0) can again absorb a 266 nm 

photon, serving as a photocatalyst for the photo-induced reactions of NO3ˉ.  

 

 

 



 14 

Table 1. Excited-state energies of aqueous phase SA and NO3ˉ calculated using TD-DFT with 

6-31+G(p,d) basis set. 

 ΔE (S1) / eV ΔE (T1) / eV 

NO3ˉ  3.87 3.44 

SA (zwitterion) 4.89  3.57 

SAH+ (protonated) 4.90 3.80 

 

 

It is interesting that the NO3ˉ (T1) state has been a subject of various theoretical studies, 

and it was suggested that the T1 state can contribute to the effective photolysis of NO3ˉ.23,51,53 

Svoboda et al. argued that the dissociation (reduction) of NO3ˉ is more likely from the T1 state 

than the S1 state, suggesting that the singlet to triplet absorption of NO3ˉ can be an important step 

for NO3ˉ reduction.51 However, singlet-triplet absorption of NO3ˉ has not been observed 

experimentally, due to the dipole- and spin-forbidden nature of this transition.23,24 Here, our result 

Figure 5. Energy level diagram for triplet-triplet energy transfer (TTET) 

between SA and NO3ˉ.  
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of nitrate depletion from Figure 3 and the proposed TTET mechanism shown in Figure 5 can 

provide an important piece of scientific data toward understanding the efficient reduction of triplet-

excited NO3ˉ. To be specific, dissociation of NO3ˉ from T1 state can be effectively mediated 

through TTET rather than forbidden singlet-triplet absorption (S0→T1). Although the definition of 

the spin state of SA was not investigated by other techniques such as fluorescence lifetime 

measurements, the efficient photocatalytic effect of SA for NO3ˉ reduction and quenching by 

dissolved oxygen strongly supports the role of triplet SA as a photosensitizer. The lifetime of the 

triplet state can be estimated to be on the order of tens of microseconds (μs) according to the 

literature, where similar photosensitizers were studied in the context of CDOM aquatic 

photochemistry.54,55 

 The result of this study unambiguously shows the reduction reactions (eq. 1 and 2) of NO3ˉ 

are triggered by SA (T1) without the photolysis of NO3ˉ. In previous studies of photosensitized 

reactions of NO3ˉ, one of the proposed mechanisms for enhanced reduction rate of NO3ˉ involves 

the production of solvated electrons (esˉ) from the UV-irradiated photosensitizers (eq. 5, Ph: 

photosensitizer) followed by the reaction between NO3ˉ and esˉ (eq. 6).29  

𝑃𝑃ℎ   +     ℎ𝑣𝑣  →     𝑃𝑃ℎ∗   →     𝑃𝑃ℎ+    +     𝑒𝑒𝑠𝑠−   (5) 

𝑁𝑁𝑁𝑁3−     +     𝑒𝑒𝑠𝑠−     →     𝑁𝑁𝑁𝑁32−    (6) 

However, the production of the NO3
2ˉ radical from the one-electron reduction of NO3ˉ is not 

favored thermodynamically (E° ≈ −1.1 V vs NHE) and the collision between two negatively 

charged particles may not be a frequent event in aqueous solutions due to the strong Coulombic 

repulsion.56 In comparison, reaction (6) is more unfavorable than the reduction of water by esˉ 

given in eq. 7 (E° = -0.83 V vs NHE).57  

𝐻𝐻2𝑂𝑂   +    𝑒𝑒𝑠𝑠−   →     1
2
𝐻𝐻2    +     𝑂𝑂𝐻𝐻−  (7) 
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Therefore, in this study, we suggest the TTET mechanism as a more plausible explanation for 

the depletion of NO3ˉ in the presence of organic photosensitizers. Enhanced production of HONO 

by an energy transfer mechanism through organic chromophores can potentially contribute to the 

missing budget of daytime HONO production. Furthermore, this study expands our understanding 

of nitrate photochemistry within single aqueous droplets, an active area of research that has 

recently shown some additional aspects of nitrate photochemistry including the importance of the 

role of excited states,32 and aqueous aerosol size,38 as well as the impact on halogen cycling for 

this reaction.58 

In conclusion, in-situ spectroscopic analysis of single levitated droplets with 266 nm laser 

irradiation revealed depletion of NO3ˉ promoted by energy transfer from triplet excited-state SA 

to ground-state NO3ˉ. The rate of NO3ˉ depletion and volume reduction of droplets were directly 

dependent on the initial concentration of SA, suggesting the photocatalytic role of SA for reduction 

of NO3ˉ. It is expected that the main products for the reactions are NO2 and HONO, and they 

readily evaporate from the droplet surface, leading to the observed decrease in droplet volume. 

Absorption-emission spectra of SA and NO3ˉ along with TD-DFT excited state energy calculations 

and the effect of dissolved oxygen on the NO3ˉ depletion kinetics suggest that TTET occurs 

between the two species. Moreover, the absorption and emission character of SA with varying pH 

conditions are correlated with the depletion rate of NO3ˉ, consistent with a larger population of SA 

(T1) leading to faster NO3ˉ depletion. The experimental results reported in this work provide a new 

mechanism for how photochemical reactions of aqueous NO3ˉ can be enhanced by TTET from 

light-absorbing organic compounds and,29–31 more broadly, on promoting optically forbidden 

transitions in a molecule facilitated by a nearby chromophore.59  
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Experimental Methods 

Details of the experimental and computational methods used in this study are given in the 

Supporting Information (SI). The EDB was enclosed by an environmental chamber and the relative 

humidity (RH) in the chamber was kept constant at 80% for every measurement (Figure S10). The 

measured average powers of laser beams were ~0.075 mW (1.7 x 10-10 Einstein / s) and ~40 mW 

(1.8 x 10-7 Einstein / s) for 266 and 532 nm output, respectively. Both laser beams are vertically 

polarized in the laboratory frame. Note that the beam waist of 266 nm laser irradiation (<500 µm) 

is larger than the droplet diameter (~80 µm), thus not all photons with 266 nm energy interact with 

the droplet. The size of the droplets were estimated by MSI (Figure S2, S9), with the real refractive 

index (n) of the droplets approximated by the n values of aqueous CA and aqueous NaNO3 droplets 

at 80% RH.60,61 Molal (m) concentration was chosen as a unit for concentrations of solutes in the 

droplets because the molar ratios were converted to molal concentrations in the AIOMFAC model 

which is widely used for the water activity parametrization of ionic and organic mixtures.62 TD-

DFT calculations for ground and excited state energies of NO3ˉ and SA were carried out using 

Gaussian09 software.63  
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