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Abstract 

The pH of microscale reaction environments controls numerous physicochemical 

processes, requiring a real-time pH micro-probe. We present highly accurate real-time pH 

measurements of microdroplets using aerosol optical tweezers (AOT) and analysis of the 

Whispering Gallery Modes (WGMs) contained in the cavity-enhanced Raman spectra. 

Uncertainties ranging from ±0.03 to 0.06 in pH for picoliter droplets are obtained through 

averaging Raman frames acquired at 0.5 Hz over 3.3 minutes. The high accuracy in pH 

determination is achieved by combining two independent measurements uniquely provided by the 

AOT approach: the anion concentration ratio from the spontaneous Raman spectra, and the total 

solute concentration from the refractive index retrieved from WGM analysis of the stimulated 

cavity-enhanced Raman spectra. pH can be determined over a range of -0.36 to 0.76 using the 

aqueous sodium bisulfate system. This technique enables direct measurements of pH-dependent 

chemical and physical changes experienced by individual microparticles, and exploration of the 

role of pH in the chemical behavior of confined microenvironments.  
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The activity of the hydrogen ion in solution (aH+) influences chemical thermodynamics and 

microdroplet transformations. It is measured on the pH scale (=-log10[aH+]) and plays critical roles 

in compound solubilities, phase separations and phase transitions,1,2,3 emulsion stability,4 and 

reaction rates in the aqueous phase5–10 and on surfaces.11 The inability to directly determine the 

pH of individual microdroplets creates a major measurement blind spot that inhibits our 

understanding of chemical microenvironments, and the role of aerosol particles in driving 

heterogeneous chemistry in the atmosphere. 

In this work, we present an advanced in situ technique for highly accurate real-time pH 

measurements of levitated picoliter microdroplets in an aerosol optical tweezers, using the aqueous 

sulfate/bisulfate system. Coddens et al.12 also used an aerosol optical tweezers to stably levitate 

and trap aqueous aerosol particles; they successfully demonstrate titration of trapped particles by 

coalescence of droplets containing strong acids. They solely use spontaneous Raman modes for 

sulfate and carbonate anions calibrated with bulk measurements to measure concentrations of the 

individual anion without the use of WGMs to determine total solute concentration. Instead, they 

assume that droplet concentration is invariant in the AOT chamber unless introduced to another 

liquid through coalescence. To account for non-ideal thermodynamics, they use these measured 

concentrations coupled with long-range (Debye-Huckel theory) and short-range (specific ion 

interaction theory) electrostatic interactions to solve for activity coefficients for H+, and therefore 

obtain aH+. Our novel approach uses two independently measured quantities measured from the 

Raman spectrum obtained in AOT experiments: calibrated peak area ratios of the acid and 

conjugate base vibrational modes, and the refractive index retrieved by analysis of the Whispering 

Gallery Modes (WGMs) from the stimulated cavity-enhanced Raman spectrum. The solute 

concentration determined from the highly accurate refractive index measurements provides 



4 
 

valuable information for determining the proton activity and accounting for non-ideal interactions 

in these high ionic strength microdroplets. This online method measures microdroplet pH as the 

particle is stably levitated, while prior pH measurements of aerosol droplets, other than the recent 

work by Coddens et al.,12 are limited to pre-collected particles that require particle-surface contact. 

Our real-time measurements enable exploring dynamic changes such as the effects of 

heterogeneous chemistry on pH and the resulting change in microparticle structure.  

In microscopically confined environments, the effects of solution pH on solute charge 

states and solubilities result in unique, but poorly understood, chemical and physical phenomena, 

otherwise well known in bulk solutions. Confined environments refer to the picoliter volumes of 

the systems in question, such as in particulate suspensions, colloids, biological cells, and other 

complex fluids. Aerosol droplets, for example, exhibit pH-dependent physical and chemical 

processes that differ from their bulk counterparts because of their confined nature and high surface 

area-to-volume ratio, including phase separation,1,2 prolonged metastable states such as 

supercooled13 and supersaturated with respect to solute,14 accelerated chemical reaction rates,10,15–

17 and gas-surface chemical reactive uptake.11 Particle acidity plays a crucial role in all these 

processes, yet the interplay of these pH effects has not been directly observed and quantified.  

Aqueous droplets can act as microreactors in which chemical reactions occur at rates up to 

five orders of magnitude greater than in the bulk,15,18 where the rate constant scales inversely with 

droplet radius.19 These microreactors can even facilitate chemical pathways that do not occur at 

all in the bulk, such as the production of sugar phosphates relevant to prebiotic broth theory.20 

Recently, Jacobs et al.6 studied chemical reactions that only occur in droplets and they linked the 

pH accelerated reaction rates to the interfacial composition. The key implication is that the 

interfacial effects enable a different reaction mechanism that lowers the reaction energy barrier.5,9 
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Although experimental studies are progressing towards a fundamental understanding of 

microdroplet chemistry, pH effects have not been directly observed and quantified as we lack in 

situ methods for direct pH measurements of droplets in real-time.21  

Aside from microdroplets, localized pH is important for protein denaturation and enzyme 

structure, for pharmaceutical synthesis, crystallization, and delivery,22 and in understanding fatal 

neurological diseases in mammals caused by prion misfolding.23 pH governs micelle formation in 

soaps and foams, confining the influence of pH to nanoscales and distributing pH from the aqueous 

core to the lipid layer.24 Changes in pH from a droplet’s center to its surface have been explored 

experimentally revealing a gradient of 2-3 pH units.7,25 Also, the pKa value of organic acid 

surfactants varies between the surface and the bulk.26 The purported internal variation of droplet 

acidity and degree of dissociation suggests the importance of chemical locality, such as in the 

surface region, but the concept of pH in environments where the number of water molecules is 

fewer than 107 molecules is poorly defined.24 Experimental techniques to interrogate particles in 

situ, towards characterizing the acidity of trapped isolated particles, are needed to directly 

determine pH and its critical role in this myriad of chemical phenomena.  

An improved understanding and quantification of the pH of microdroplets suspended in 

the ambient environment, collectively known as atmospheric aerosol, is required because of the 

important role that particulate matter plays in climate and ecosystem health effects. They act as 

seeds for cloud droplets and nucleation points for ice crystallization of cloud particles.  These two 

aspects change cloud microphysics and radiative properties, and thus profoundly affect the global 

energy balance. Acidic droplets exhibit harmful effects on marine and terrestrial ecosystems and 

human health, as well as providing a vector for nutrient delivery to remote ocean regions due to 

the dissolution of iron (pH<4).27 Further, pH influences the solubility of ions and organic and 
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inorganic acids, as well as heterogeneous reactions with trace gases, e.g. aqueous oxidation of 

gaseous SO2 to H2SO4.28 pH also influences solution reaction kinetics of oxidation, hydrolysis, 

and oligomerization. Sulfate production is highly pH dependent, yet the precise ranges of 

atmospheric aerosol pH that determine the particle-phase chemical production mechanisms of 

H2SO4 are currently under debate with important consequences on our understanding of 

atmospheric chemistry and the controlling chemical factors for air quality.29 Intense sulfate aerosol 

production in China contributes to severe haze events and ambient aerosol pH must be known to 

determine the production mechanisms.30,31 Different atmospheric aerosol pH ranges are reported 

– from 5.4 to 6.230 and 3.0 to 4.931 – possibly due to thermodynamic model estimates that neglect 

organic component contributions and the inaccessibility of direct measurements. Acidic conditions 

also limit the type of photochemical processes and products feasible in aerosol particles and their 

rates of formation.32 Despite the prevalence of acidic aerosol in the atmosphere, aerosol droplet 

pH is only inferred from indirect estimates based on other measurements, dilution, and statistical 

averaging over particle populations.33,34 Understanding how acidity effects chemical reactions and 

phase separation in aerosol particles, if well characterized, would reduce uncertainties in model 

estimates of atmospheric aerosols and their impacts on climate change, atmospheric chemistry, 

and health effects.  

pH measurements have become increasingly localized using microspectroscopic 

techniques. Prior laser-induced droplet pH measurements approaches include fluorescence,35 

Raman microscopy,36,37 and surface-enhanced Raman spectroscopy (SERS).7 Sayer et al.35 used 

fluorescence synchronized with a train of generated aerosol droplets doped with fluorescent dye. 

Rindelaub et al.37 developed a method for direct measurements of droplet pH using Raman 

microspectroscopy, where each individual acid and conjugate base concentration was calibrated 
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against the integrated peak area. Proton concentration was then determined from known 

equilibrium dissociation constants. Craig et al.36 successfully applied this technique to a breath of 

inorganic and organic acidic and alkaline pH probes, covering nearly the entire pH range. The 

aerosol particles were collected onto substrates prior to offline Raman microscopy. Wei et al.7 also 

used offline techniques to study microdroplets on a substrate with SERS to enhance the otherwise 

weak Raman signal. Water droplets were doped with noble metal nanoparticles to maximize the 

SERS-active surface area, as well as to create a suspension that enabled 3D confocal microscopy 

for spatial resolution. They found that pH gradually decreases by close to 3 units from the droplet’s 

alkaline center to the surface. These previous advances have proven the efficacy and versatility of 

spectroscopic techniques for offline microdroplet pH measurements. To further study the evolving 

processes that changes in pH induce in suspended microdroplets, an in situ contact-free method 

for measuring microdroplet pH in real-time is required.  

The challenges associated with direct measurements of particle pH and simultaneous 

observation of pH dependent processes are that physical contact with the particle changes its 

surface energy, and thus its morphology, and that their small volumes prohibit conventional 

laboratory pH probes. Indirect and offline methods are often used to estimate suspended 

microdroplet pH instead. These have yielded discrepancies among thermodynamic model 

predictions, and laboratory and ambient measurements of atmospheric aerosols.33 Here we 

demonstrate the use of aerosol optical tweezers and the resulting cavity-enhanced Raman spectrum 

to obtain high accuracy real-time pH measurements of stably levitated individual microdroplets. 

Experimental Section 

Aerosol optical tweezers methods and materials.  
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Aerosol optical tweezers produce a contact-free, stable optical trap that probes and isolates growth 

processes, phase transitions, microstructure, and chemical reactions5,6,8,38,39 experienced by 

trapped individual microdroplets. Optical tweezers use a tightly focused laser beam to stably trap 

a single particle and simultaneously stimulate and retrieve the Raman spectrum from the 

particle.4,40–45 When a dielectric particle encounters the strong electric field near the laser beam 

waist, the particle becomes trapped through a balance of scattering and gradient forces. The Raman 

signal is then produced from inelastic scattering of the trapping laser by the droplet. In spherical 

particles, surface resonant standing waves akin to Whispering Gallery Modes (WGMs) produce 

greatly enhanced stimulated signal at discrete wavelengths over the spontaneous broadband Raman 

modes. Using Mie scattering theory, analysis of WGM wavelength positions enable highly 

accurate retrievals of refractive index within 0.06% and radius within 0.05% in real-time.4,44,45 The 

unique real-time analytical capabilities of aerosol optical tweezers systems have been detailed in 

numerous prior studies.4,40–45  

For trapped acidic microdroplets, the Raman mode for the acid and conjugate base reflects 

the equilibrium concentration ratio, while total solute concentrations are derived from refractive 

indices retrieved from WGM analysis. This combined analysis is required to constrain the 

thermodynamic model used to derive pH from the acid:base concentration ratio, with the total 

solute concentration. Raman peak area ratios directly probe the chemical environment, explicitly 

providing acid:base concentration ratios for pH measurements. The advanced in situ technique 

developed here will inform pH-dependent physical and chemical processes in microdroplets.  

We use a custom aerosol optical tweezers system (AOT) developed at Carnegie Mellon 

University and described by Gorkowski et al.45 Briefly, aerosol generated from a nebulizer (PARI 

TREK S) and a controlled mixture of dry and humid air flow into the top of the chamber. A 532 
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nm trapping laser is directed through an expansion lens to fill the aperture of a 100x (NA 1.25) 

microscope objective at the base of the chamber, forming a tightly focused single gradient force 

optical trap. The nebulized aerosol is flowed into the chamber and down over the optical trap to 

produce a tweezed aerosol droplet. Laser power is typically around 50-80 mW and trapped aqueous 

particles are 3-5 μm in radius. Raman signal induced by the trapping laser is collected by the same 

objective, filtered to remove the trapping beam, and directed into the spectrometer (Princeton 

Acton spectrograph with PIXIS CCD detector), which records spectra at 0.5 Hz using a diffraction 

grating of 1200 g/mm. The spectral resolution of the system is 1.2 cm-1.  

Previously, Gorkowski et al.44,45 and Preston et al.46,47 developed analysis of WGMs stimulated 

over the O–H and C–H stretch modes in homogeneous and biphasic core–shell particles. We used 

this analysis to fit particle radius and refractive index (650 nm, corresponding to the center of the 

water O–H Raman mode) through a range of relative humidity from 50-95%. In this work, WGMs 

sweep through the spectral range of the SO42- and HSO4- spontaneous stretch modes and the prior 

WGM analysis algorithm of Gorkowski et al.45 retrieves radius and refractive index, as well as 

dispersion (dn/dλ). Droplet solute concentrations are then determined from empirical correlations 

with refractive index.48 The high accuracy of the refractive index measurements (0.06%)44 enables 

determination of changes in solute concentration on the order of ±0.04 M. 

Calibration of the measured Raman mode peak area is presented in the Supporting Information 

(SI) and was performed using bulk Raman measurements of NaHSO4 and Na2SO4 solutions at two 

total solute concentrations (0.55 M and 3.5 M in Fig. S1a and S1c). The ratio of the peak areas for 

SO42-/ HSO4- correlates linearly with the concentration ratio of the two anions (Fig. S2). This linear 

relationship is applied to the peak area ratios in trapped droplets to convert to the concentration 

ratio. 
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The web-based Extended Aerosol Inorganics Model I (E-AIM)49–51 was used to determine the 

proton activity (aH+) from the measured ion concentrations. Inputs to the E-AIM thermodynamic 

model are temperature, relative humidity, and the total concentration of aerosol chemical 

components. Gaseous species are possible inputs for E-AIM, but since our solutes are non-volatile 

gas-particle partitioning was not included. 

Results and Discussion 

Direct pH Measurements of Levitated Microdroplets.  

We varied the relative humidity (RH) of the gas phase surrounding the tweezed droplet to vary 

the water content, and thus pH, without externally modifying the sodium bisulfate solute 

composition of the droplet. Direct pH measurements of high accuracy were achieved by combining 

the following approaches: (1) obtain the total solute concentration from the refractive index 

determined by WGM analysis; (2) calculate the integrated peak area ratio for the conjugate base 

and acid Raman modes, ν(SO42-)/ν(HSO42-); (3) convert the peak area ratio to the concentration 

ratio [SO42-]/[ HSO42-]. Therefore, the pH measurements use both the relative concentration 

obtained from the peak area ratio in the spontaneous Raman modes and the total solute 

concentration from analysis of the stimulated WGMs to directly measure the individual ion 

concentrations. (4) The solute concentration is then used to find the proton activity using the E-

AIM aerosol thermodynamics model.49–51 Finally, the expression pH = -log(aH+) is used to 

determine particle pH, where aH+ is the molality-based proton activity – as defined by UNIFAC – 

converted from mole fraction-based activity coefficients output by E-AIM.  

The inorganic SO42-/ HSO4- system is a suitable pH probe because it is non-volatile and has 

discernable Raman modes for the acid and conjugate base with center peaks at ν(HSO4-) = 1050 

cm-1 and ν(SO42-) = 980 cm-1. A representative Raman spectrum for NaHSO4 is shown in Figure 
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1. The spontaneous Raman modes for each ion and the stimulated WGMs are apparent. The WGMs 

change positions sensitively in response to particle size and refractive index (0.66 nm and 9.5*10-

5 per unit wavenumber (cm-1) shift for droplet diameter and refractive index, respectively, within 

the typical size ranges and compositions).44 Limits of integration do not to include the shoulder at 

995 cm-1 present in this representative spectrum. Although the shoulder was not present in all 

experiments, the limits of integration were kept constant for all bulk and AOT measurements for 

consistency. Previous spectroscopy work suggests the shoulder is possibly due to associated 

sodium sulfate salts,52,53 but we only see the shoulder in the AOT, and not the bulk spectra at the 

same concentrations. It is unlikely that there are solid or undissolved salts in the droplet, especially 

given the lack of nucleation sites in the suspended droplet. Even if the shoulder arises because of 

Na2SO4 associating in the particle, the accuracy of the sulfate and bisulfate Raman measurements 

is unaffected.  

   
Figure 1: Representative cavity-enhanced Raman spectra from a tweezed aqueous droplet of 
3.98 µm radius containing NaHSO4(aq). The spontaneous Raman vibrational stretch modes for 
HSO4- and SO42- as well as the stimulated Whispering Gallery Modes (WGMs) resonant with 
the droplet are indicated. Spectra are the average of 100 spectral frames where the WGMs are 
stationary because of unchanging droplet size. Red traces are Gaussian fits indicating the 
integration range used to determine the Raman peak areas. 
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A time series for the Raman signal of a tweezed NaHSO4(aq) microdroplet is shown in Figure 

2, featuring the positions and intensities of the acid and conjugate base modes, as well as the 

shifting WGMs in response to the changes in humidity and thus droplet radius and refractive index. 

In this way, Figure 2 shows how the pH of a single droplet can be probed using the relative 

intensities of the acid and base modes and stimulated WGMs provided in these time series as the 

surrounding relative humidity is varied. The WGMs are only present in the aerosol optical tweezers 

experiments and not in bulk or microspectroscopic Raman measurements on substrates. Aqueous 

droplets composed of inorganic solutes typically experience only mK increases in their 

temperature due to the very small imaginary refractive index of these components at the 532 nm 

trapping laser wavelength.54,55 No evidence for droplet heating was observed, which would 

manifest as a sudden decrease in droplet size with a corresponding increase in refractive index due 

to water loss. As is evident from the experimental time series shown in Figure 2, the tweezed 

droplets are very stable, with relatively small changes in size that are induced by changing the 

relative humidity surrounding the droplet.  

Figure 2 also illustrates a source of uncertainty in these measurements: when WGMs are 

present, they sometimes traverse the narrow spectral regions of the spontaneous anion Raman 

modes, yet only the spontaneous signal informs the concentration ratio. WGMs thus introduce 

noise to the concentration ratios, and we have not attempted to separate the resonant signal from 

the diffuse signal because when their mode wavelengths are closely overlapping, they are difficult 

to distinguish. This WGM effect is largely reduced by spectral averaging > 100 frames acquired 

at 0.5 Hz. In the broader vibrational modes such as the O–H and C–H stretches, WGMs are isolated 

using non-local means denoising algorithms and wavelet transforms.45 Figure 2 shows an example 

of the spontaneous anion modes becoming very bright when the WGMs pass through, resulting in 
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an uncertainty in our concentration ratios of ±0.09 with respect to bulk measurements when 

averaged over 100 frames.  

Figure 3 shows the timeseries of the droplet radii and refractive indices retrieved from WGM 

analysis, as well as the resulting particle pH measurements for representative droplets. These 

experiments demonstrate that this pH measurement can directly track changes in the composition 

of the levitated droplet as it re-equilibrates with its changing environment. As droplet refractive 

index decreases towards the value of pure water (1.333), pH increases towards the ideal pKa value 

(2.0) for the HSO4- anion. The droplet concentration dilutes when the particle freely uptakes water 

vapor. Droplet solute concentration increases as the particle loses water to a low RH chamber 

environment, but the trapped particle quickly decreases in size as well, and therefore at a certain 

Figure 2: Raman shift (wavenumber, cm-1) timeseries for an NaHSO4(aq) droplet in the spectral 
range of the bisulfate anion (ν(HSO4-) = 1050 cm-1) and its conjugate base (ν(SO42-) = 980 cm-1). 
The droplet has an initial size of 3.05 µm in radius, then evaporated down to 2.90 µm. The 
concentration of the NaHSO4 solution from which the aerosol was nebulized was 8.0 M, therefore 
the acid peak is visibly stronger in intensity than the base peak. A 3.0 M solution droplet is shown 
in Figure S1 in the Supporting Information. WGMs identified by the analysis algorithm are 
indicated by the white streaks/dots as the particle undergoes changes in size through water 
partitioning with ambient humid air. Blue shifting of the WGM positions occurs as the droplet 
shrinks. The WGMs and relative strength of the acid and conjugate base Raman modes are used 
together to directly measure each microdroplet’s pH. 
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point optical trapping stability is impeded. The sodium bisulfate concentrations demonstrated here 

are 0.5 to 5.0 M (Figure S5). While these concentrations reach high acidity, the pH range is 

especially relevant to atmospheric aerosols.21,56 The measurable pH range accessible here is -0.36  

to 0.76 using aqueous NaHSO4. Thus, a pH range of more than one complete unit can be directly 

measured using a single acidic probe molecule. This range can readily be expanded by using other 

acids with less acidic pKa values. If the individual Raman modes of the acid and conjugate base 

can be resolved, using multiple pH probe molecules in a single droplet to provide pH 

  

 
Figure 3: Refractive index (left y-axis, black) versus radius (bottom x-axis) and water mole 
fraction (top x-axis) from WGM analysis, and particle pH (right y-axis) versus radius (bottom x-
axis) for two droplets (A: red, B: green) composed of aqueous NaHSO4 that span the full range 
of concentrations and pH studied using the aerosol optical tweezers. The average molarity of 
each droplet is (A) 4.3 M and (B) 1.0 M. As radius increases, refractive index decreases due to 
water uptake and thus solute dilution. pH also increases as NaHSO4 concentration dilutes. 
Moving averages were utilized with a sliding window length of 3.33 minutes, or 100 frames at 
0.5 Hz. See Table S1 for details on the analysis and averaging of the Raman spectral frames, the 
total solute concentration ranges corresponding to the refractive indices, the concentration ratio 
ranges, and the activities for panels A and B. Figure S2 contains two more experiments with a 
measured pH range falling between these two experiments. Water mole fractions (xw) were 
determined by converting molality of NaHSO4 to mole fraction (xNaHSO4), then xw = 1 – xNaHSO4. 
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measurements over an even wider range is also feasible.36 Refractive indices of the individual 

components can be resolved using mixing rules developed for aerosol particles.57 

pH Measurements Accounting for Non-Ideal Thermodynamics.  

The overall performance of directly measuring pH in the AOT is evaluated in Figure 4. 

The two representative experiments in Figure 3 and two more from Figure S2 are compared to 

thermodynamic predictions from the E-AIM model. On the left y-axis, the concentration ratios 

([SO42-]/[HSO4-]) from the optical tweezers time series shown in Figure 3 and Figure S2 are plotted 

versus the retrieved pH. The AOT data are plotted along with the E-AIM model output. The E-

AIM curve shows the single solute NaHSO4 (solid lines). On the right y-axis, the activity ratios 

are used instead of the concentration ratios after converting the anion molalities to activities in E-

AIM. The pH and concentration ratios were collected for 100 frames at 0.5 Hz, totaling 200 

seconds and binned by 0.03 pH units, and standard deviations due to statistical error in each bin 

are shown as error bars. Concentration ratio, [SO42-]/[HSO4-], and the total anion concentration, 

[SO42-] + [HSO4-], are independently measured; the former by applying a calibration curve based 

on bulk measurements, and the latter from the refractive indices through WGM analysis and the 

relationship between refractive indices and solute concentration. These two quantities are used to 

identify the concentrations for each anion to input into E-AIM and retrieve proton activities, aH+.  

The scatter of concentration ratios for all pH measurements reported here result in an average 

error of ±0.32 across the pH range of -0.36 to 0.76.  The calculated activity ratios versus pH in 

these experiments fall close to the E-AIM curve with an average error of ±0.003. This value is 

much lower than our reported propagated error of ±0.03 based on comparison with bulk 
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measurements. The error propagation and results for the pH measurements are described in the SI 

and discussed below.             

The Henderson-Hasselbach equation, which does not consider the non-ideal effects of high 

molar total solute concentrations, predicts significantly higher concentration ratios and pH values 

than E-AIM because the pKa of HSO4- is 2.0, so it is not displayed at these low pH values. In ideal 

solutions, the pH matches the pKa in the titration curve, yet we observe a lower pH transition 

region in the AOT experiments. This is due to non-ideal effects at these high solute concentrations, 

accounted for by thermodynamic model calculations.58,59 For example, the supplemental material 

of Guo et al. (Figure S1) discusses that  the discrepancy between ideal and non-ideal bisulfate 

solutions is such that the non-ideal pKa occurs near pH ~ 0. When pH is equal to the non-ideal 

pKa, the HSO4- molecule accounts for 50% of the total sulfate as expected, whereas HSO4- is 

almost 100% of the total sulfate population in an ideal solution. Clearly, the suppression of the 

dissociation of the HSO4- anion apparent in high ionic strength droplets is due to the heightened 

activity of the H+ ion, i.e. the low pH. Therefore, if non-ideal interactions are neglected in these 

highly acidic solutions, the sulfate/bisulfate ratios would be inaccurate and result in pH 

 
Figure 4: Concentration ratios (left y-axis) and activity ratios (right y-axis) versus pH in 
thermodynamic models (lines) and aerosol optical tweezers data (circles). Activity coefficients 
account for non-ideal interactions caused by high ionic strengths reached in the droplets, which 
result in consistent and accurate direct measurements of microdroplet pH. 
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measurements nearly 2 whole pH units higher. As shown in Figure 4, if the concentration ratios 

are converted to activity ratios by accounting for the total solute concentration, agreement is 

significantly improved between the E-AIM thermodynamic model and the experimental AOT data. 

Discussion 

Figure 4 shows excellent agreement between the SO42-:HSO4- activity ratio, E-AIM, and the 

Henderson-Hasselbalch equation. The curves collapse almost perfectly onto a single curve when 

using activities because these systems are highly non-ideal, especially in the high solute 

concentration ranges studied here (1.0 M to 4.2 M droplets produced from 3.0 M to 8.0 M 

solutions). According to E-AIM thermodynamics, a lower pH transition occurs in this 

concentration range, much lower than the literature pKa value of 2.0, likely due to non-ideal 

intermolecular interactions in these highly concentrated solutions. Since pH is a measure of proton 

activity, rather than simply of proton concentration,60 pH accounts for solution non-ideality as 

well. The activity approach in the right panel is therefore more suitable for evaluating our pH 

measurements. The accuracy of our pH measurements depends on the accuracy of the measured 

refractive indices, the anion peak area ratio calibration with anion concentration ratio, and the 

thermodynamic model E-AIM. The measurement uncertainties using our WGM fitting algorithm 

that we reported in Gorkowski et al.45 are ±0.06% in refractive index and ±0.05% in particle 

diameter. Among the sources of error, the concentration ratios derived from the spontaneous 

Raman peak areas have the highest error (±0.32 averaged over 100 frames and with respect to E-

AIM predictions), as shown in the visible scatter in the anion concentration ratio in Figure 4. The 

scatter is due to both the narrowness of the anion peaks, interference from WGMs passing through 

the anion Raman modes, and the small volume of the trapped droplets. Bisulfate is generally less 

intense in AOT measurements, which impacts the ratio calculation slightly in favor of sulfate. 
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Picoliter droplet volumes result in weaker individual anion Raman signals compared to our bulk 

calibration measurements, reducing the signal-to-noise ratio and resulting in pronounced scatter. 

Notably, the bulk Raman peak area ratios have far less scatter than for the microdroplets, as shown 

in Figure S5. The average statistical error over 100 frames for bulk measurements is ±0.02 in the 

anion concentration ratio.  

The low Raman signal issue could be overcome simply by increasing acquisition time, 

however the 2 second frame acquisition time we used is needed to capture the shifting spectral 

position of the WGMs. Prolonged acquisition spreads the WGMs and subsequently lessens the 

accuracy of their analysis, as the location of WGMs is critical for determination of radius and 

refractive index. Prior droplet pH measurements using Raman microspectroscopy by Rindelaub et 

al.37 also used the distinguishable modes of ν(SO42-) and ν(HSO4-) to measure the peak areas and 

calibrate them separately to relate them to [SO42-] and [HSO4-] using standard solutions containing 

MgSO4 and H2SO4. However, because their droplets were deposited on a surface, WGMs do not 

manifest and therefore they used a longer acquisition time, resulting in stronger signal but without 

an independent measurement of total anion concentration. Their particle sizes (10-30 µm 

diameters) were 1.5-8 times larger than ours and their acquisition time (5 seconds) was twice as 

long as our AOT approach. The overall uncertainty in their pH measurements of 10-30 µm droplets 

on a substrate using Raman microscopy was not explicitly stated, but their statistical error varied 

from about ±0.02 to ±0.2 over a pH range of 0.19 to 0.79. It should be noted that their follow-up 

work reported by Craig et al.59 used 3-5 µm diameter particles, closer to the 6-10 µm diameter 

particles used in this study, and saw similar effects and pH measurement uncertainties as this work 

obtained using AOT. 
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Although the anion peak area ratios arguably produce the most error in the direct pH 

measurement method developed here, the remaining quantities are derived from well-established 

experimental and theoretical procedures. E-AIM49–51 is a rigorously vetted and widely used aerosol 

thermodynamics model suggested to be the most effective treatment for pH calculations among 

approximate and inferential methods, including ion balances and ion molar ratio.33 Our results 

suggest that even including the dynamic behavior of the peak area ratios induced by WGMs and 

size effects, our pH measurement method works extremely well when combined with WGM 

analysis and thermodynamic models, empowering contactless single-particle techniques for 

observing pH dependent properties of microdroplets. The AOT method’s uncertainty varied among 

the experiments, i.e. over different droplets. The lowest was ±0.03 and the highest ±0.06 pH units using 

a sodium bisulfate probe in the pH range of -0.36 to 0.76 when 100 Raman frames are acquired at 0.5 

Hz over 3.3 minutes and averaged. The variation does not stem from the nature of the droplet; it is 

primarily due to the overall uncertainty being dominated by the WGM signal interference with the 

acid:base peak area ratios. It is difficult to control the level of WGM interference, which results in 

different uncertainties reported for different experiments. Averaging over 100 frames reduces the 

enhanced noise from WGM interference. The full error propagation method and results are provided 

in the SI. 

The advantages in performing pH measurements in an optical tweezers are stable control 

of the isolated droplet for many hours if desired and the ability to directly probe the chemical 

environment of the particle with Raman scattering.4,40–45 Analysis of the WGMs also determines 

the droplet’s morphology, distinguishing between homogeneous and biphasic core–shell or 

partially engulfed microstructures.4,44,45,3 The pH of the particle can influence the morphology and 

the segregation of liquid phases.1,2 In fact, if two adjacent liquid phases are water-rich, they can 

have different pH levels.61 In general, single-particle techniques allow access to information that 
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is inaccessible for bulk or ensemble populations, such as microphysical state including 

supersaturated metastable states, phase separation, and different morphologies. Aerosol optical 

tweezers coupled with cavity-enhanced Raman spectroscopy further offer the ability to control 

temperature, humidity, and chemical conditions in the trapping environment, and determine how 

these conditions alter the droplet’s physicochemical properties, equilibration with the gas phase, 

and its chemical reactivity.  

Conclusions 

A new method for high accuracy direct measurements of the pH of levitated aqueous 

microdroplets was demonstrated using aerosol optical tweezers (AOT) and the cavity-enhanced 

Raman spectra retrieved. We achieve these measurements using two independently measured 

quantities uniquely obtained from the AOT: the refractive index of the solution droplets and the 

peak area ratio of the conjugate base versus acid Raman modes. The two quantities are used to 

obtain total solute concentration and concentration ratio, respectively. Concentrations of the acid 

molecule and its conjugate base are thus derived in real-time at 0.5 Hz. Refractive indices are 

measured through analysis of Whispering Gallery Modes (WGMs) within 0.06%, resulting in 

highly accurate determination of solute concentration to ±0.04 M. We achieve uncertainties in pH 

measurements of picoliter droplets ranging from ±0.03 to 0.06 pH units. This is similar to typically 

reported pH uncertainty levels of ±0.020 for bulk measurements using spectroscopic techniques. 

Our pH measurements achieve low uncertainties, especially considering the differences in volume 

between these AOT (picoliters) and bulk (milliliters) experiments. This novel direct pH 

measurement method will provide new chemical insight into numerous pH-dependent processes 

known to occur in microdroplets and other confined chemical environments. This will advance our 

understanding of chemical phenomena such as the controls on phase separation and the nature of 
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chemical reactions occurring in the bulk versus at interfaces, and the chemistry of atmospheric 

aerosol particles. 
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