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ABSTRACT: Ammonium is an important atmospheric constitu-
ent that dictates many environmental processes. The impact of the
ammonium ion concentration on 10−50 μm aerosol droplet pH
was quantified using pH nanoprobes and surface-enhanced Raman
spectroscopy (SERS). Sample solutions were prepared by mixing 1
M ammonium sulfate (AS), ammonium nitrate (AN), sodium
sulfate (SS), or sodium nitrate (SN) solutions with 1 M phosphate
buffer (PB) at different volume ratios. Stable pH values were
measured for pure PB, AS, and AN droplets at different
concentrations. The centroid pH of 1 M PB droplets was ∼11,
but when PB was systematically replaced with ammonium (AS- or
AN-PB), the centroid pH within the droplets decreased from ≈11
to 5.5. Such a decrease was not observed in sodium (SS- or SN-
PB) droplets, and no pH differences were observed between sulfate and nitrate salts. Ammonia partitioning to the gas phase in
ammonium-containing droplets was evaluated to be negligible. Raman sulfate peak (∼980 cm−1) intensity measurements and surface
tension measurements were conducted to investigate changes in ion distribution. The pH difference between ammonium-containing
droplets and ammonium-free droplets is attributed to the alteration of the ion distribution in the presence of ammonium.

■ INTRODUCTION
Aerosols and droplets with high water content are important
systems that dictate many atmospheric processes. For such
aerosols, pH is arguably the key controlling parameter as it
affects aerosol physicochemical properties (e.g., size,2 surface
tension,3 and mixing state4) and ultimately impacts climate,5

human health,6−8 and aerosol reactivity.9,10 Many atmospheric
processes, such as sulfate aerosol formation and halogen
chemistry, are pH-sensitive.11,12 pH potentially dictates the
cloud condensation nuclei (CCN) activity of atmospheric
aerosols because of its correlation with ammonia and sulfate,13

and aerosol pH can affect human health (e.g., inhalation
toxicity of PM2.5;

6 influenza virus stability in droplets and
aerosols7,8,14). Previous studies have shown the pH depend-
ence of liquid−liquid phase separation (LLPS) in aerosols
containing organic acids and ammonium sulfate.15,16

Ammonium sulfate (AS) is a major component of secondary
aerosols,17,18 and AS is frequently invoked for its role in CCN
formation.19 The major pathway by which AS forms in the
atmosphere is through the uptake of gaseous ammonia by
acidic sulfuric acid aerosols.5 As such, sulfuric acid plays an
important role in the formation of new atmospheric
particles.20−22 As the most abundant alkaline species in the
atmosphere, ammonia is significant in the heterogeneous
neutralization of acidic aerosols.23 The influence of pH on
aerosol composition is often related to the atmospheric
ammonia concentration.24

The effect of the air−water interface on aerosol composition
is significant.25 Chemical reaction rates within microdroplets
can be enhanced by the interfacial accumulation of ions and
the development of heterogeneous pH regions.26,27 At the air−
liquid interface, ions experience either depletion or enrich-
ment, and the structure of interfacial water can change based
upon aerosol composition.28 For example, sodium has been
suggested to be excluded from the air−water interface based
on the measured increase in surface tension for elevated
sodium salt concentrations.3,29 Surface accumulation of
protons, or hydronium (H3O

+) ions, has been reported in
both modeling and experimental studies.30,31 Recently, a pH
gradient from the air−water interface to the droplet centroid
was observed in phosphate-buffered aerosol droplets as a result
of the apparent enrichment of protons at the air−water
interface.1

A number of approaches are used to evaluate aerosol pH.
Proxy methods are frequently employed to indirectly predict
aerosol pH or to validate bulk pH measurements.32 The
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accuracy of four proxy methods was recently reviewed.33 Of
the four methods, estimates based upon the phase partitioning
of ammonia reportedly provided the best prediction of aerosol
pH. Thermodynamic models, such as E-AIM (extended
aerosol inorganics model)34 or ISORROPIA-II,35 provide
results that agreed with the phase partitioning method while
also considering gas-phase partitioning. Predictions made using
the ion balance method or molar ratio method cannot
accurately represent aerosol pH. Thermodynamic methods
can be combined with aerosol compositions measured from
field samples to approximate aerosol pH; however, perturba-
tions during sample collection must be accounted for.10

Individual aerosol droplets are highly dynamic and
heterogeneous,36 and as such, they may behave quite
differently from what is predicted via proxy or field sampling
methods. The complex composition and variable properties of
aerosols37 demand methods that provide high temporal and
spatial resolution.4 Such demand urges the development of
real-time, single particle measurements. Probe-based surface-
enhanced Raman spectroscopy (SERS) can achieve single
particle pH measurements. Raman spectroscopy provides
chemical fingerprints of the system,1,38 which makes the
method promising for aerosol characterization and pH
measurement.10,39,40

In this study, ammonium and sodium electrolyte concen-
trations were systematically varied in PB droplets. In this
manner, we investigated how these ions impact droplet pH
such that we could enhance our understanding of their role in
atmospheric systems. The effects of the constituent type and its
concentration were investigated, and the role of the air−water
interface in dictating electrolyte behavior is discussed.

■ MATERIALS AND METHODS
Chemicals and Materials. Gold chloride trihydrate

(HAuCl4·3H2O), sodium citrate tribasic dehydrate
(Na3citrate·2H2O), 4-mercaptobenzoic acid (4-MBA), and
polyvinylidene fluoride (PVDF) membranes (0.22 μm pore
size, 13 mm in diameter) were purchased from MilliporeSigma.
Polyethylene glycol thiol (m-PEG-SH, 5 kDa) was obtained
from Nanocs. AEROSILR202 (silicone oil treated hydrophobic
fumed silica) was purchased from Evonik Industries. Standard
solutions with known pH were prepared with phosphoric acid
(H3PO4, 1 M) and sodium hydroxide (NaOH, 1 M) for pH
probe validation. Stock solutions were prepared using sodium
hydroxide (NaOH), ammonium sulfate [(NH4)2SO4, AS],
sodium sulfate (Na2SO4, SS), ammonium nitrate (NH4NO3,
AN), sodium nitrate (NaNO3, SN), and 1 M phosphate buffer
(PB). The chemicals used for solution preparation were
obtained from Fisher Scientific. All chemicals were used
directly as purchased. All solution pH values were recorded
using a commercial pH meter (Orion versa star pro, Thermo
Scientific) after preparation. For bulk pH measurements, the
stock solutions were diluted to 0.6 of their original
concentration to match the final solute concentration in
droplets following addition of the pH nanoprobes.
Synthesis of AuNP-Based pH Probes. SERS-active pH

probes were prepared following our previously described
approach: (1) synthesis of 50 nm gold nanoparticles (AuNPs)
via modified seed-mediated growth41 and (2) surface
functionalization with 4-MBA and coating with m-PEG-SH.42

In brief, 13 nm AuNPs were prepared following the method of
Frens et al.43 A 100 mL aliquot of gold precursor containing 1
mM HAuCl4·3H2O was pH adjusted to 6.2−6.5 with 1 M

NaOH. Sodium citrate (final concentration 3.88 mM) was
added to the boiling precursor under vigorous stirring. The
suspension was boiled for 15 min and then cooled at room
temperature. Larger 50 nm AuNPs were prepared from the 13
nm AuNPs. A 100 mL HAuCl4 solution (0.254 mM) was
brought to boil while being stirred, and 800 μL of seed
suspension and 0.44 mL of citrate (38.8 mM) were added
sequentially. The suspension was refluxed for ≈30 min and
then cooled to room temperature.
To synthesize the pH nanoprobe,42 a 10 mL aliquot of 100

μM 4-MBA in ethanol and an equivalent volume of AuNP
suspension (5 × 1010 NPs/mL) were mixed together while
stirred. The vessel was maintained at room temperature for 3 h
until the suspension turned purple. A 2 mL aliquot of 500 μM
mPEG-SH was added to the mixture, and the suspension was
stirred at room temperature for another 2 h. The product was
isolated by centrifugation at 3000g for 15 min and then
redispersed in deionized water. As described in the Supporting
Information, the products from each step were characterized
using UV−vis spectroscopy and dynamic light scattering
(DLS; Figure S1 and Table S1).

Generation and Collection of Aerosol Droplets.
Aerosol droplets were generated from prepared stock solutions
using a commercial atomizer (TSI 3076, TSI Inc.). Individual
AS, AN, SS, or SN solutions of 1 M concentration were mixed
with 1 M PB with the relative volume ratio ranging from 0
(100% PB) to 1 (0% PB) to generate mixtures with
progressively increasing AS, AN, SS, or SN concentrations
and progressively decreasing PB concentrations. A constant
total salt concentration was used to minimize hygroscopicity
differences between droplets as it retains a constant water
activity.44 The hygroscopicity of an aerosol droplet is at least
partially dictated by its total salt concentration.2 At the high
ionic strengths involved in this study, solute concentration
might need to be considered;45 however, a fixed total solute
concentration was used because it can be readily controlled,
and it aids in maintaining droplet stability during pH
measurements (Figure S2).
During an aerosolization experiment, the atomizer was

placed in a custom chamber that maintained relative humidity
(RH) at 95%. A superhydrophobic filter was prepared by
coating 100 μL of AEROSIL-acetone suspension (4 g/L) onto
a PVDF filter via air-drying. Samples containing 2 mL of probe
suspension and 3 mL of experimental solution were aerosolized
and then collected for 2 min on a superhydrophobic filter held
≈0.5 cm away from the atomizer outlet. The contact angle for
droplets collected on this substrate was ≈150o (Figure S3).
Following dilution, unless otherwise stated, the final salt
concentration in the aerosolized droplets was 0.6 M. The filter
was transferred into an imaging flow cell (FC310, BioSurface
Technologies Corp.) for SERS measurements.

SERS Measurements. Single aerosol droplets were
scanned using a confocal Raman microscope (WITec Alpha
500R) and a 50× objective lens and a 785 nm laser. The
droplets measured in our study were 10−50 μm in diameter
and were ≈25 μm on average. A typical droplet size
distribution is depicted in Figure S4. Every measurement
consisted of collection of a 20 × 20 pixel SERS map that
represents a 50 × 50 μm2 area that was larger than the target
droplets. The laser was initially focused at the droplet centroid,
and the integration time was 0.1 s for all measurements. The
imaging flow cell was connected to an automatic RH controller
during all droplet measurements, and the RH was maintained
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at 95%. Bulk solution pH values were measured in a quartz cell
(Starna Cells Inc.) with the laser focused 200 μm below the
upper cell wall. For bulk solution measurements, the selected
scan area was 100 × 100 μm2. All other parameters for bulk pH
measurements were the same as those used for droplets.
Surface Tension Measurement. The surface tension of a

selected set of solutions or suspensions was measured using a
goniometer and DROPimage Advanced software (Rame-́hart).
For each sample, the surface tension of three different pendent
droplets (≈20 μL, 1 cm diameter) was measured. Each
measurement represents an average of 20 calculation results
(details about these surface tension measurements are given in
the Supporting Information). Surface tension measurements
were obtained using electrolyte solutions and electrolyte/
nanoprobe suspensions to determine if the presence of the
nanoprobe affects droplet surface tension.
Equilibrium Calculations. Equilibrium pH was calculated

for bulk solutions and AS and AN droplets to assist data
interpretation. The bulk solution pH was calculated using
Visual MINTEQ ver. 3.1, and the pH of the droplets was
estimated using E-AIM III (Table S2).46 In the MINTEQ
calculations, solution pH was calculated using mass and charge
balances. Both ideal solution simulation (ionic strength fixed at
0) and more realistic simulations (calculated ionic strength via
mass and charge balances) were conducted.

■ RESULTS AND DISCUSSION

Validation of pH Probe. Nanoprobe response to solution
pH is dependent on the protonation and deprotonation of the
carboxyl group of 4-MBA (pKa = 8.75; Figure S5).42 4-MBA
exists in its protonated form under acidic conditions, and the
1410 cm−1 peak intensity is reduced, while the 1710 cm−1 peak
intensity is enhanced. To address signal variability that arises
from differences in the local nanoparticle concentration, the
intensities of these pH-dependent peaks were normalized to
the intensity of the pH-insensitive 1076 cm−1 peak.47 The pH
of the scanned area was calculated using the peak ratios of
1410/1076 or 1710/1076 cm−1 averaged from 400 separate
spectra.1,42 Each reported pH represents the average of three
independent measurements of the same sample. Figure S6
provides a comparison of solution pH values measured using a
nanoprobe and commercial pH meters. The pH values
measured by the nanoprobes were calculated using calibration
curves developed according to our prior work.1 In the low pH
range (<4), the 1410/1076 cm−1 peak ratio is indistinguishable
from the spectral background, while at high pH (>8), the
1710/1076 cm−1 peak ratio is indistinguishable. Accordingly,
for all pH calculations, when the pH was <4, the pH was
determined using the 1710/1076 cm−1 ratio and when the pH
> 8, the pH was calculated using the 1410/1076 cm−1 ratio.
Either peak ratio can be used when pH is between 4 and 8.
Under pH > 12 conditions, the pH values calculated from both
peak ratios deviate from the solution pH measured using a

Figure 1. Measured pH of droplets vs bulk solutions for different initial solute concentrations: (a) PB; (b) ammonium sulfate; and (c) ammonium
nitrate. In (b,c), the lower x-axis represents the ammonium concentration (M) in the stock solution prior to aerosolization and the upper x-axis
represents the corresponding anion (sulfate/nitrate) concentration (M). The colored belts indicate the standard deviation of 15 replicate droplets
at each concentration.
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commercial pH meter. Considering that the standard deviation
at pH = 2 is high, the sensitive detection range of the
nanoprobe is approximately 3−12.
The pH of stock electrolyte solutions was measured using

the pH nanoprobes and compared to the pH values measured
using a commercial meter (Figure S7). Across all electrolyte
compositions, independent t-tests indicated no significant
difference between the two methods within the pH 3−12
range (p > 0.05). These measured pH values agree with those
calculated using Visual MINTEQ ver. 3.1 (Figures S7, S8).
Effects of PB Concentration on Droplet pH. We

previously reported that the pH of a bulk sample of 0.6 M PB
was 7.4, but at the centroid of 10−50 μm PB droplets, the pH
was ≈11.1 Herein, we studied droplets in which we
progressively reduced the PB concentration from 0.6 to
0.006 M to improve our understanding of how droplet
chemistry affects pH. We again note that this reported
concentration range reflects dilution of the starting solutions
with nanoprobe suspension prior to aerosolization. For PB
concentrations above 0.03 M, the pH of the droplets was >10
and was independent of PB concentration (Figure 1a). At a PB
concentration of ≈0.006 M, the pH of the PB droplets
converged with that of the bulk solution. At such low PB
concentrations, the droplets were small (<10 μm) and rapidly
evaporated during the course of a pH measurement. Because of
the difference in hygroscopicity, droplets with lower salt
concentrations evaporate more rapidly than those at higher
concentrations,2 and thus, the pH decrease measured in low
concentration PB droplets may partially reflect evaporation.
One explanation for the observed elevated pH in PB

droplets relative to bulk solution is that, in a pure PB droplet,
protons, likely in the form of hydronium ions,30 are enriched at
the air−water interface, thus leaving the center of the droplet
hydroxide-rich. Bare protons in water have the largest
hydration energy among monovalent ions; thus, protons are
likely to exist in their hydrated hydronium form in aqueous
systems.48 Hydronium is capable of forming complex
structures with surrounding water molecules and is thought
to partition closer to the air−water interface than other small
cations.30,49

Another way to interpret the pH of PB aerosol droplets is
from the perspective of bulk solution chemistry. The pH of
p h o s p h a t e b u ff e r i s d e s c r i b e d u s i n g e i t h e r

= + [ ]
[ ]

−

−KpH p loga2
HPO
H PO

4
2

2 4
or = + [ ]−

−KpH p loga3
PO
HPO

4
3

4
2 de-

pending on the pH range (Figure S9). The high centroid pH of
a PB droplet suggests an increase in the [HPO4

2−]/[H2PO4
−]

ratio and enhanced [PO4
3−]. We estimated the ratios of

[HPO4
2−]/[H2PO4

−] and [PO4
3−]/[HPO4

2−] given the pKa2
(=7.21) and pKa3 (=12.67) of phosphoric acid and the
measured pH of the PB droplets. Our previous study showed
that the pH of a PB droplet was ≈11 in the center and
decreased gradually to ≈8 near the air−water interface.1 This
gradient suggests the relative enrichment of H2PO4

− near the
air−water interface and comparatively higher amounts of
PO4

3− at the droplet center. Gradually changing ratios between
the three phosphate anions should exist from the droplet
interface to the centroid. Thermodynamically, electrolytes have
the tendency to be depleted from the air−water interface to
minimize surface energy.50 Multiply charged inorganic anions
have been reported to prefer bulk solvation as the electrostatic
forces that repel anions from the interface often overwhelm
surface-favoring polarization interactions.49,51 For PO4

3−,

HPO4
2−, and H2PO4

−, which have charges of −3, −2, and
−1, respectively, the electrostatic penalty of bringing the anion
close to the surface follows the sequence: PO4

3− > HPO4
2− >

H2PO4
−.52 Therefore, H2PO4

− and HPO4
2− are more weakly

repelled from the air−water interface, while PO4
3− experiences

the greatest interfacial repulsion. At the molecular level,
hydrated multiply charged anions possess a stronger charge−
dipole interaction with water compared to singly charged
anions, and thus, multiply charged anions are often solvated in
the bulk solution.51 The enrichment of H2PO4

− closer to the
air−water interface is likely due to the depletion of the two
other anions. The heterogeneous distribution of the three
phosphate anions in micron droplets can be regarded as an
extended effect resulting from their distinct interfacial
preferences. High solute concentrations could enhance this
interfacial effect. Such a distribution minimizes the total energy
of the system and causes the hydronium in the droplet to be
enriched at the air−water interface.

Effects of AS and AN Concentration on Droplet pH.
We also examined how changes in the AS and AN
concentration between 1.2 and 0.012 M (as ammonium
concentration) impacted droplet pH. Unlike PB droplets,
whose pH values were consistently higher than that of the bulk,
no apparent pH difference was observed between AS or AN
droplets and their bulk solutions (Figure 1b,c). The average
pH of the AS and AN droplets was between 5 and 6 when the
ammonium concentration exceeded 0.06 M. Similar to PB
droplets, at low AS and AN concentrations, the droplets
evaporated rapidly, and the apparent change in droplet pH at
low concentration may reflect this instability.
The partitioning of ammonia between the gas phase and

aerosol droplets buffers pH.53 We utilized E-AIM to evaluate
liquid-to-gas ammonia partitioning. At equilibrium, the pH of
AS droplets is expected to be 4.3 at 95% RH according to E-
AIM. This value is within the standard deviation of our droplet
pH measurements and is much lower than the NH4

+ pKa (=
9.3). At a pH of 4.3, the ammonia concentration within an AS
droplet is ≈ 7.0 × 10−5 M and exerts a partial pressure of 1.2 ×
10−6 atm. Given the high pKa of ammonium, the low ammonia
concentration, and its low partial pressure, we expect that
partitioning of ammonia from the droplet to the gas phase
should be negligible in pure AS/AN droplets.
The similar pH values determined for ammonium droplets

and bulk solutions suggest that no apparent pH gradient exists
in ammonium droplets and that the ions are homogeneously
distributed. In the AN system, other than hydronium and
hydroxide, only one type of cation (NH4

+) and one type of
anion (NO3

−) are present. In AS droplets, in contrast, two
types of anions (SO4

2− and HSO4
−) are possibly present;

however, the concentration of HSO4
− can be neglected because

the pKa2 of sulfuric acid is 1.99 and within the observed droplet
pH range the amount of HSO4

− is <0.1% of SO4
2−.

Accordingly, the AS systems can be considered to contain
predominantly SO4

2−. Even in the absence of a pH effect from
the conjugated ions, an apparent preference of ions toward
either the interface or the droplet interior would still elicit a pH
difference between droplets and the bulk solution. The
ammonium−water complex has a “hydronium-like” structure
as the solvation shell for a single ammonium is relatively small
(∼2.8 Å)54 compared to that of sulfate (∼3.8 Å) or nitrate
(∼3.2 Å),55 and the ammonium−water interaction is weak.
Such a structure enables ammonium to diffuse relatively
unhindered between hydrogen-bonded water molecules.49,56,57
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Ammonium partitions throughout the droplet, except for a thin
depletion layer,58 and moves across the droplet with minimal
restrictions,56 thus the assumption of a homogeneous
distribution of ammonium is reasonable. As a result, the
hydronium distribution, which is at least partially dictated by
the ammonium distribution, is more homogeneous in the
ammonium droplets than in PB droplets. No apparent pH
effect was observed, especially for increments in concentration,
for either PB/AS or PB/AN droplets which suggests that the
pH measured at 95% RH in this study may represent the
droplet pH at other environmentally relevant RHs. Because the
droplets in this study contained only salts, and ammonia gas
partitioning was limited, the decrease in RH should only cause
the droplet salt concentration to increase because of the loss of
water.2,59,60

Atmospheric aerosols contain high ammonium sulfate
concentrations (several ppb) and within the U.S. are usually
reported to have fairly low pH (≤2);53 however, our results
indicate that the pH of AS or AN droplets is in the range of 4−
6. We attribute this discrepancy to two factors: (1) the simple
composition of our AS droplets and (2) droplet size effects.
Herein, the droplets consisted merely of stoichiometrically
balanced ammonium and sulfate; however, atmospheric
aerosols typically contain different cations, anions, and
organics and have a higher sulfate concentration in the aerosol
phase.53,61,62 To address this complexity, sulfuric acid or
hydrogen chloride were added to 1 M AS droplets. More
acidic, environmentally relevant pH values (2.5 ± 0.8 for AS-
H2SO4 droplets and 2.9 ± 0.9 for AS-HCl droplets) were
achieved (Table S3). For fine-size aerosols (<2.5 μm), Ault et
al. observed a trend of increasing particle acidity with a
decrease in particle size. The pH of coarse-mode (NH4)2SO4−
H2SO4 aerosols was about 1−2 units higher than that of fine-
mode aerosols.63 Our droplets were 10−50 μm in diameter
(i.e., the typical size range of mechanically generated
aerosols64). No obvious size-related pH change was observed
either here (Figure S4) or previously.1

Effect of Ammonium on the pH of PB Aerosol
Droplets. To directly evaluate how ammonium affects the
pH and ion distribution of PB droplets, the aerosol droplet
composition was modified by systematically replacing PB with

AS. As shown in Figure 2a, the measured pH of droplets
decreased when the ammonium concentration (AS or AN)
increased. The decrease in droplet pH with an increase in
ammonium is similar to an acid−base titration. The droplet
pH decreased within a narrow ammonium range of 0.12−0.24
M. The measured pH was ≈5 when the ammonium
concentration was greater than 0.24 M. Such a pH decrease
was not observed in bulk solution (Figure S7). SS-PB and SN-
PB droplets were studied as controls, and the pH of these
droplets decreased much less relative to AS- or AN-PB droplets
when the concentration of SS and SN increased. The pH
difference between PB droplets with high AS/AN concen-
tration and PB droplets with high SS/SN concentration
suggests that the presence of ammonium affects aerosol droplet
pH and the ion distribution. The decrease in pH with the
addition of ammonium in the AS- or AN-PB droplets suggests
that the aforementioned heterogeneous distribution of
phosphate anions is altered by ammonium. In contrast, sodium
(in SN, SS) has a much weaker effect on the phosphate anion
distribution. The pH of pure 0.6 M SN and SS droplets at their
centroids was observed to be around 8. This pH value is lower
than that of PB droplets but higher than that of bulk solutions
of SN or SS or within ammonium droplets. Such a pH value
indicates a slight propensity of hydronium to the air−water
interface because of the heterogeneous distribution of ions in
SN and SS droplets and the weaker interfacial preference of
sodium relative to ammonium. The difference between
ammonium and sodium is further discussed in the next
section. 3D pH measurements of pure 0.6 M ammonium and
sodium salt droplets were obtained to determine the pH
variation and ion distribution across these droplets (Figure
2b). Consistently higher pH values were observed for sodium
droplets than for ammonium droplets at all measured locations
within a droplet. No obvious pH gradient was observed from
the bottom to the top for either ammonium or sodium
droplets. This result suggests a more homogenous ion
distribution within these droplets relative to the PB droplets.
We attribute the slightly higher pH near the droplet top-edge
to the low signal-to-noise ratio.
As illustrated in Figure 1a, the variation in PB concentration

did not reduce the pH below 10 until the PB concentration

Figure 2. (a) Effects of an increasing amount of a second solute [ammonium sulfate (AS) or ammonium nitrate (AN) or sodium sulfate (SS) or
sodium nitrate (SN)] and the concomitant decrease in phosphate buffer (PB) on the pH of PB droplets. The upper x-axis represents the PB
concentration in the mixed solution and the lower x-axis represents the other solute in the mixture. The heights of the colored belts indicate the
standard deviation of 20 replicate droplets at each concentration. (b) Mean pH measured for pure 0.6 M AS, SS, AN, and SN droplets at specific
distances away from the droplet centroid.
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was <0.03 M. To better understand the pH change observed in
AS-PB droplets, we virtually titrated 0.5 M PB and 0.01 M PB
of pH = 7.4 and pH = 11 with AS using Visual MINTEQ ver.
3.1. In this process, the AS concentration was varied from 0 to
1 M using a 0.01 M step. For PB at pH = 7.4, which has an
equivalent pH to the bulk PB applied in this study, an AS
concentration that is 10× larger than that of PB was required
to overcome the buffering capacity of PB. For PB with pH =
11, which simulates the pH at the PB centroid droplet, the
solution pH decreases to ≈8.5 when the AS concentration was
equivalent to the PB concentration. In contrast, in droplets, the
pH exhibited an acute decrease to ≈5 under conditions where
AS and PB have similar concentrations. The disagreement
between these simulations for bulk solutions and the droplet
measurements reinforces the idea that influences other than
concentration (i.e., the aforementioned change in ion
distribution due to interfacial preferences inside droplets) are
introduced by ammonium addition.
The liquid-to-gas partitioning of ammonia was evaluated for

the ammonium-PB droplets. According to our previous study,
PB droplets exhibit a pH gradient of 8−11 from the exterior to
the interior.1 Before the sharp decrease in pH of a AS-PB
droplet at an AS concentration <0.24 M, ammonia should be
the predominant form of ammonium ion (high NH3/NH4

+

ratio) in the center of a PB droplet. However, the lower pH
near the interface alters the NH3/NH4

+ ratio, resulting in an
ammonium-dominated region near the droplet interface. Given
the high solubility of ammonia in water and the decreasing
NH3/NH4

+ ratio from the droplet centroid to the interface, the
liquid-to-gas partitioning of ammonia may be suppressed in
these ammonium-PB droplets. To experimentally evaluate
ammonia partitioning, aluminum foil was used as a hydrophilic
substrate for the collection of a thin film of aerosolized
droplets. This thin film had a surface-to-volume ratio about 1/
1000 of that of a droplet and thus can be regarded as a bulk
solution post aerosolization. Equal volumes of 1 M AS were
mixed with equal volumes of 1 M PB and 0.1 M PB,
respectively, followed by pH nanoprobe addition. Gaseous
ammonia formation during aerosolization and sample
collection were evaluated according to the pH change. The
measured pH before and after aerosolization was 7.3 ± 0.1 and
7.2 ± 0.5 for the 1 M PB mixture and 7.1 ± 0.1 and 6.9 ± 0.3
for the 0.1 M PB mixture. The insignificant pH difference in
the solution before and after aerosolization indicated that
ammonia degassing is negligible during sample collection and
pH measurements. The 0.1 M PB mixture excluded the
buffering effect from high-concentration PB. Therefore, the
composition of the droplets in this study can be considered the
same as the mixture suspension before aerosolization.
The difference between ammonium and sodium salts within

droplets and the potential interfacial effect exerted by the pH
nanoprobes were investigated by surface tension measurements
of pendent droplets. Surface tension measurements can be
related to surface excess through the Gibbs adsorption
isotherm (GAI). In the GAI, the surface excess (Γ) is
expressed as Γ = −c/RT(dγ/dc) = −1/RT(dγ/d(ln c)). If the
solution is not an ideal dilute system, the concentration (c) in
the Gibbs equation is replaced by activity (a). Despite the
existence of advanced thermodynamic models for multi-
component electrolyte solutions,3,65 the GAI remains one of
the best choices for qualitative analysis of droplet systems. As
suggested previously, the size effect is weakened as the droplet
size becomes larger than coarse mode aerosols; therefore, the

correlation between surface tension and concentration may
help determine whether the interface of the droplet
experiences changes following addition of variable solutes
and the nanoprobe, despite the fact that pendent droplets have
a larger size relative to the micron droplets used within this
study.
In the GAI, the dividing surface, which is an artificially

defined virtual interface, can only be decided once and usually
is where the solvent surface excess is zero.66 To compare the
measurement results, a 0.6 M PB droplet was taken as the
reference state [Γ(0.6 M PB) = 0] because the majority of the
multicomponent droplets in this study contained PB. The
difference in surface tension (Δγ) caused by addition of the
second solute into PB was quantified. As shown in Figure 3, Δγ

was linearly dependent on the AN and SN concentrations in
the mixtures. The fitted slope for the AN−PB system is greater
than that of the SN−PB mixture. A similar difference was
observed between AS and SS (Figure S10). Importantly, the
surface tensions of the AN−PB and SN−PB suspensions
containing the pH nanoprobe did not significantly deviate from
the measured AN−PB and SN−PB solution surface tensions
for the same solution compositions, which indicated no
quantitative impact of nanoprobe addition on the ion
distribution.
According to the GAI, the higher slope for ammonium-PB

droplets indicates a greater influence on droplet surface tension
because of the addition of ammonium salts, which suggests a
greater differential change in the ion distribution in
ammonium-PB droplets with an increase in ammonium
concentration. This result is consistent with the proposed
ion distribution change in PB droplets relative to AS/AN
droplets. The higher slope for ammonium-PB droplets also
suggests that the overall surface excess of the ammonium-PB
droplets was lower than that of sodium-PB droplets. The lower
surface excess in ammonium-PB droplets denotes a greater ion
depletion from the air−water interface. If the depleted ion is
primarily H2PO4

−, then the higher surface tension change in the
ammonium-PB droplets is consistent with their lower pH.

Figure 3. Surface tension of AN-PB and SN-PB mixture solutions
with and without the pH nanoprobe. The triangles represent the
mixture solutions with the pH nanoprobe. The y-axis denotes the
surface tension difference between the mixture system and 1 M PB.
The upper x-axis represents the PB concentration in the sample
solution, and the lower x-axis represents the other salt in the solution.
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Ion Distribution in Ammonium-PB and Sodium-PB
Droplets. The elevated pH observed in PB, SS, and SN
droplets relative to their bulk solutions suggests sulfate or
phosphate enrichment in the droplet centroid. Such enrich-
ment was qualitatively observed via SERS (Figure 4a,b). The
data were collected using the same protocol as used for the pH
measurements. Our previous work has led to the development
of an improved quantitative SERS method that normalizes
analyte characteristic peaks to a low-wavenumber signal that
reflects either electronic Raman scattering or surface-enhanced
Raleigh scattering.1,67 Accordingly, the amount of sulfate can
be qualitatively determined by normalizing the characteristic
sulfate symmetric stretch at 980 cm−1 to the aforementioned
low-wavenumber band at 86 cm−1.67−69 We note that although
the P−O stretch is in the vicinity of the S−O stretch (∼985
cm−1), the P−O stretch is generally weaker than that for S−
O.70,71 The relationship between the I980/I86 peak ratio and the
sulfate concentration for bulk solutions of AS−PB (Figure 4a)
illustrates that the sulfate stretch generally correlates with
concentration. Furthermore, the peak shifts illustrated in the
four graphs in Figure 4b can be attributed to the superposition
of the P−O and S−O stretches. The peak location changed
with the variation in droplet composition. The measured 980/
86 cm−1 peak ratio for droplets was higher than that of bulk
solutions when the AS concentration was >0.45 M. The peak
ratio represents the overall average of sulfate and phosphate in
the droplet centroid. The higher peak ratio found within high-
AS-concentration droplets suggested a higher number of
sulfate and phosphate ions in the centroid of those droplets.
A large standard deviation was found for high-AS-concen-
tration droplets, which could be due to (1) variability across
individual measured droplets and (2) spatial and temporal
changes in ion distributions within droplets during measure-
ment. Normalized SERS was applied to minimize the
uncertainty from SERS measurements. The correlation found
between normalized intensity and AS concentration in bulk
solutions and the significantly increased normalized peak
intensity in high-AS-concentration droplets support the idea of

higher sulfate and phosphate concentrations at the droplet
centroid.
High-resolution spectra (Figure 4b) were collected using a

higher grating (1200 g/mm), and higher relative sulfate peak
intensities were observed in all four droplet spectra. We note
that we utilized the 1076 cm−1 peak of 4-MBA for signal
normalization in Figure 4b because of the shorter spectral
window available with this grating. The 4-MBA peak intensity
should be proportional to the previously used low-wavenumber
band intensity as 4-MBA is functionalized on AuNPs (Figure
S11). Regular Raman spectra of AS-PB droplets without pH
nanoprobes showed that the higher S−O stretch peak intensity
in droplets coincided with SERS results (Figure S12). The
consistently higher sulfate peak intensity found in the droplet
centroid in both Raman and SERS spectra indicated that
sulfate was enriched in the droplet centroid and the effect from
the pH nanoprobe was negligible.
The pH difference observed between ammonium-PB

droplets and sodium-PB droplets can be attributed to the
different effects of ammonium and sodium cations in the
droplet. Even though cationic effects are often regarded as less
important than anionic effects,49 the pH differences observed
herein suggest that the local cation distribution affects the pH
of micron-sized droplets. Because ammonium is a weak acid,
the bulk solution pH of AS/AN is lower than that of SS/SN,
and the pH of an AS/AN droplet is potentially lower than that
of a SS/SN droplet. Furthermore, previous studies have
observed that ammonium has a greater surface propensity
relative to sodium in high-concentration systems such as in this
study.31,52,58 In droplets with high ammonium concentration,
because of the “hydronium-like” structure of ammonium, as
more ammonium partitions closer to the air/water interface,
more hydronium is depleted from the air/water interface, thus
neutralizing the high centroid pH of the PB droplets. As a
result, the population of hydronium ions in the droplet
centroid of an ammonium droplet is likely greater than the
hydronium concentration in the sodium droplets, which causes

Figure 4. (a) Normalized peak intensity at ≈980 cm−1 (superposition of vibration mode of sulfate and phosphate) over the peak intensity at 86
cm−1 for AS-PB bulk solutions and AS-PB droplets, Raman spectra used for this graph had a grating of 300 g/mm; (b) high grating (1200 g/mm)
SERS spectra of AS-PB bulk and AS-PB droplet at 980 cm−1 at four different representative compositions: (i) 0.25 M AS + 0.75 M PB; (ii) 0.5 M
AS + 0.5 M PB; (iii) 0.75 M AS + 0.25 M PB; and (iv) 1 M AS. Each bulk solution spectrum is the average of triplicates and each droplet spectrum
is the average of 6 SERS maps of 6 droplets (ASammonium sulfate, PBphosphate buffer).
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the pH at the centroid of AS and AN droplets to be lower than
that in SN and SS droplets.
Implications. In this study, pH effects arising from changes

in solute concentration and droplet composition were
investigated. The stable pH observed at different solute
concentrations indicated that the measured pH in this study
may represent droplet pH at environmentally relevant RH
values before efflorescence. Ammonium salts (AS, AN) and
sodium salts (SS, SN) were added into PB droplets to quantify
their influence on droplet pH. When the ammonium content
was increased in ammonium-PB droplets, the centroid pH of
the droplets decreased from basic (≈11) and converged with
the pH of the bulk solution (≈5.5). Such a pH change was
attributed to a change in ion distribution caused by ammonium
addition. The higher pH in the original PB droplets compared
to their bulk solution was attributed to the heterogeneous ion
distribution. Among all ions, except for hydronium, ammo-
nium has the highest affinity toward the air−water interface
and moves unhindered in water.31,56 As the fraction of
ammonium increased in the PB droplets, the ions in droplets
become more homogeneously distributed. This finding
suggests that the ion distribution within a droplet is largely
affected by its composition and that this affects the measured
pH. The more homogeneous ion distribution in ammonium
droplets illustrates why thermodynamic models are valid for
atmospheric aerosol pH prediction when considering an
ensemble of aerosols and gas-phase partitioning. However,
model-predicted values can only represent an average of a
collection of droplets, while individual aerosol droplet pH
values may vary considerably from the predicted values
because of the different ion distributions between droplets
and the dynamic nature of individual aerosol droplets (e.g., the
semi-volatile nature of water72). We determined that
ammonium partitioning was negligible under the conditions
of this study; however, under different conditions (e.g.,
concentration, RH, and so on), ammonium partitioning may
need to be re-evaluated. The assumption of spatially
homogeneous composition cannot always be made when
considering droplet interactions with the surrounding environ-
ment. The application of SERS-active pH nanoprobes in
micron-scale systems with high interfacial area, such as
atmospheric aerosols and indoor surface films, may provide
information beyond pH distribution. The pH distribution can
be regarded as an indicator of ion distributions and their
interfacial preference that may correlate with heterogeneous
interfacial processes (e.g., surface sorption,73 evaporation,56

and so forth).
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