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The phase transition is one of the most fundamental phenomena affecting the physical and chemical properties
of atmospheric aerosols. Efflorescence, in particular, is not well understood, partly because the molecular
interactions between the solute and water molecules of saturated or supersaturated solution droplets have not
been well characterized. Recently, we developed a technique that combines the use of an electrodynamic
balance and a fluorescence dye, 8-hydroxyl-1,3,6-pyrenetrisulfonate (pyranine), to study the distributions of
solvated and free water in aqueous droplets (Choi, M. Y.; Chan, C. K.; Zhang, ¥ .Rys. Chem. 2004

108 1133). We found that the equality of the amounts of solvated and free water is a necessary but not
sufficient condition for efflorescence. For efflorescing compounds such &g NH,),SO,, and a mixture

of NaCl and NaSQ,, the amount of free water decreases, while that of solvated water is roughly constant in
bulk measurements and decreases less dramatically than that of free water in single-particle measurements as
the relative humidity (RH) decreases. Efflorescence of the supersaturated droplets of these solutions occurs
when the amounts of free and solvated water are equal, which is consistent with our previous observation for
NaCl. For nonefflorescing compounds in single-particle levitation experiments such as Ng8QVig-

(NOs),, the amounts of free and solvated water are equal at a water-to-solute molar ratio of about 6, at which
spectral changes due to the formation of contact ion pairs between magnesium and the anions occur as shown
by Raman spectroscopy. Fluorescence imaging shows that the droplets of diluted Ho@B0% RH)

and MgSQ are homogeneous but those of NaCl, 8@, (NH,).SO,, and supersaturated Mg(NR (at 10%

RH) are heterogeneous in terms of the solvated-to-free water distribution. The solvated-to-free water ratios
in NaCl, NaSQ,, and (NH,).SO, droplets are higher in the outer regions by about half a radius deep than at
the center of the droplets.

Introduction troscopic technique to investigate the state of water (solvated

The ability of atmospheric aerosols to absorb or evaporate water vs free water) in aqueous droplét3his technique

water has profound influence on their physical and chemical involves the use of a dye that is sensitive to the proton-transfer

. . . . . . ability in its environment and can be, in principle, applied to a
properties and on their enqunmental Impacts mcludlr_lg global idetyrange of aqueous solutions of chersﬂcal psyste‘r)r?s with pH
climate change. Phase transitions can induce dramatic change%.

in the size and composition of atmospheric aerosols. However, igher than 3 (ref 8). Solvated water and free water refer,

these processes, especially efflorescence, are not fully undetstood. {gﬁgzcr]tévgﬁhg%gﬁ mZtELIrISSJgfeurleig;zttlhn;teirr?tgrggtevﬁtl% (\;\ﬁtf;r
Many species, such as NaCl and (N3$0,, effloresce at low P

relative humidity (RH), but some others, such as,NBy (ref water molecules. In highly concentrated droplets, there are

2), Mg(NOs),, and MgSQ, do not effloresce in single-particle relatively stronger interactions between the solute and the
ex’periment;These parti’cles retain water at RH below 10% solvated water molecules than between the solute and the free

. S ; water molecules. Hence, the fluorescence responses of a diluted
Most studies on efflorescence provide information on the P

efflorescence relative humidity (ERH) and the concentration of droplet and a concentrated (or supersaturated) one are very

the aerosol when efflorescence takes place. While the reportedd'ﬁerem'. For instance, Chakraborty and Bergl%fuﬂ,ln.d that .
the condition of more free water than solvated water is required

measurements in the literature are in general consistent, thefor maintaining a stable solvation structure in sugar solutions
process of efflorescence is poorly understood in terms of the 9 9 :

ability to predict when efflorescence of supersaturated droplets Thg state of waj[er as a function of the.molar Water_ to-solute
. ratio (WSR), which is the sum of the ratios, of NaCl is shown

takes place. Because an aqueous aerosol droplet is saturated or _. .
in Figure 1. The amount of free water is always larger than

even supersaturated when it effloresces, the molecular interactior{hat of solvated water. and the amounts of free and solvated

between the solvated water and the solute is expected to beWater decreases as WSR decreases. Finally, efflorescence occurs
very strong’ Information on the state of water as a droplet ' Y

becomes supersaturated and finally effloresces helps us under?t the corresponding ERH (WSR 0.42, ref 9) when the

stand the hygroscopic properties and efflorescence of atmo_amount_s of solvated and free watgr are equ_al.
spheric aerosols. In this paper, we apply the single-particle fluorescence
technique to investigate the solvated and free water distributions

Recently, we developed a single-particle fluorescence spec-, . ;
in some other inorganic aerosols that are known to effloresce.
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Figure 2. Schematic diagram of the experimental setup. M and L
0 : : : : | | : : represent the mirror and the lens, respectively.
0 2 4 6 WSBR 10 12 14 surface and thus heterogeneous nucleation of solutions is
suppressed. In a combination of AC and DC fields, a single
(b) 1.04 charged particle of about 20m in diameter is trapped. The
th electrostatic force acting on the particle imposed by the DC
® voltage balances the weight of the particle and keeps the particle
0sd eo o at the center of the balance. Hence, the mass of the particle
o o equilibrated at different RH is proportional to the DC balancing
o’ .O.. ° voltage. The WSR of the particle can be calculated from the
0.6 e0C ©® .. ° P DC voltage. The Kelvin effect for the correction of vapor
) o © ° ° o pressure due to curvature of the droplet is negligible for these
m .
T pra) cﬁfj%. o® o] large .partlcles._ o
0.4 ° g o A single-particle fluorescence spectroscopy system consisting
i OO o Seste DO o of an He-Cd laser (Kimmon IK3151R-E, CW= 325 nm,
OOD o) o) maximum power= 200 mW) and a 0.5 m monochromator
W (Acton SpectraPro 500) attached with a CCD (Andor Technol-
0.2 ogy DV420-OE) was integrated with the EDB system, as shown
in Figure 2. The 90 scattering of the levitated droplets in the
EDB was focused onto the slit of the monochromator, after
0.0, ' ' ' | rejecting the Rayleigh scattering by a 320 nm UV cutoff filter.
0 10 20 30 40 A 150 g/mm grating and an integration tim.e pf ZQ s were
Pixel selected in these measurements as well as in imaging experi-

Figure 1. (a) Amounts of total, free, and solvated water per mole of ments, WhICh were made at ambient temperatures 6!222(:'

sodium chloride as a function of WSR from single-particle studies (ref N €ach individual measurement, the temperature varied less than

1). —, total water;d, free water:a, solvated water. (b) The PIR of a 0.5 °C. The bulk measurements were obtained by using an

NaCl droplet along the equator of the droplét. PIR at RH= 80%; optical fiber that was directly coupled to the slit of the

®, PIR at RH= 70% (ref 1). monochromator. In each set of measurements, two to three
) particles were used and the results from these particles were

than or equal to the amount of solvated water in droplets of consistent. Details of the experimental system and the experi-

these solutions. The difference in the amounts of free water andmental technique are described by Choi et al.

solvated water becomes smaller as efflorescence is approached. Upon UV excitation, pyranine fluoresces and emits a broad

At efflorescence, the amount of free water equals the amountspectrum, which generally consists of two broad peaks, one at

of solvated water. In a.ddition, we examine the.solvated and around 440 nm (corresponding to the absence of free water or
free water distributions in MgS£and Mg(NQ), whichdonot e yresence of solvated water) and the other at around 510 nm
effloresce._ \_/\(e studied t_hese two _compopnds because the'r(corresponding to the presence of free water). The peak intensity
hygroscopicities and their associations with their molecular ;i (PIR) of the 440 nm peak to the 510 nm peak (iR

structures have been characterized by Raman spectrostépy. l4401510) in the fluorescence spectra is thus an indicator of the

The results are discussed in terms of the molecular structuresar,nount of solvated water to free water. The use of the peak

of the solutions of these aerosols at high supersaturation. Finally,jytensity ratio method eliminates the effects of certain measure-
we present our fluorescence imaging results to illustrate the yont yariables such as laser intensity, collection optics, and the
§pat|al heterogeneity in terms of the solvated-to-free water ratio pyranine concentration. In our study, stock solutions of 100 ppm
in droplets of selected compounds. (1.9 x 104 M) of pyranine were prepared using 1&Meverse
Method osmosis water an.d. pyranine (98% purity, Acros Organics)
without further purification. The dye has been found to have
The principle of the electrodynamic balance (EDB) has been negligible effects on the hygroscopicity, the occurrence of
well documentetf and therefore is not described in detail here. efflorescence, and the ERH of the compounds studied. For
The EDB is a unique device for studying supersaturated ammonium sulfate, the initial (at high RH) molar dye-to-water
solutions because the particles are not in contact with any foreignratio was 3.43x 1076, and the final (before ERH) molar dye-
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Figure 3. Amounts of total, free, and solvated water per mole of Figure 4. Amounts of total, free, and solvated water per mole of
sodium sulfate as a function of WSR., total water in both single- ammonium sulfate as a function of WSR, total water in both single-

particle and bulk measurementsl, free water in single-particle ~ particle and bulk measurements], free water in single-particle
measurementd, free water in bulk measurements; solvated water measurementd, free water in bulk measurements; solvated water

in single-particle measurementa; solvated water in bulk measure-  in single-particle measurements; solvated water in bulk measure-
ments. The vertical lines represent the range of ERH (ref 18). ments. The vertical lines represent the range of ERH (ref 19).

to-water ratio was 2.5% 1075 The molar dye-to-solute ratio
is constant at 6.1% 107°. For MgSQ, the final (at 20% RH)

molar dye-to-water ratio= 1.75 x 10°°. Hence, even at
supersaturation, the relative concentration of pyranine was low =

in the droplets. In fact, pyranine has been used to study thet 80+

100 O Particle 1
B Particle 2

250,

the mass fraction of solute (mfs) of the droplet as a function of Crystallization

RH, which was then used to calculate the amount of total water =
per solute in the droplet. The overall experimental error in the ‘5 20
hygroscopic measurements is withifD.01 mfs for droplets, @
and the error in the determination of RH is estimated te-thé&o g
at RH= 40—80%. With sucrose (Choi et al., 2004), for which 0 . : | : | |

there are bulk pyranine measurements in the literature for 0 20 40 60 80 100
comparison (Yuder and Berglund, 1996), as an example, the WSR

error in the ratio of free water to solute due to the error in mfs Figure 5. Amounts of total, free, and solvated water per mole of
and RH. IS 4% and 2%, respectlvely, if the PIR is exact. The sodium chloridet sodium suI’fate a’safunction of WSR, total water
uncertainty in the determination of PIR from repeated measure- i poth single-particle and bulk measuremefisfree water in single-
ments at a specific concentration is about 3%, which results in particle measurements;, solvated water in single-particle measure-
an overall error of about-24% in the ratios of free and solvated ments. The vertical lines represent the range of ERH.

water to solute. Figure 1 illustrates the reproducibility of the

ratios in the measurements using two particles. In the imaging

experiments, the error in the PIR within a particle at a specific the solvated water-to-solute ratio, was determined from the
RH is about 10%. The larger error in the PIR from the imaging hygroscopic measurements. In these figures, the bulk measure-
experiments is from the lower signal-to-noise ratios than in the ments (shown in the insets of Figures 3 and 4) and the single-

change in the water content during-sgkl processes!.Pyranine E

has also been used to measure the pH in the yéasbwia 5
lipolyticaand in AOT reverse micelles (sodium bis(2-ethylhexyl) ¢ 60

sulfosuccinate}>16 At pH greater than 3, pyranine’s response 2

depends solely on the state of water in its microenvironrent. <
From the equilibrium hygroscopic measurements, we obtained % 40

[

o

fluorescence measurements. particle measurements are indicated by solid and open symbols,
] ) respectively. When the WSR decreases as a result of the

Results and Discussion reduction of RH, the free water-to-solute ratio decreases. The
(a) Efflorescence: NaSQu, (NH4):SO;, and a Mixture of solvated water-to-solute ratio decreases at a lower rate or

NaCl and NaSO,. Figures 3-5 show the molar ratios of the ~ remains relatively constant in the case of the NaCGl8@
free water to solute and the solvated water to solute as functionsmixture. Although the solvated water-to-solute and free water-
of the total water-to-solute ratio (i.e., WSR) of 30y, (NHg)2- to-solute ratios of (NSO, and NaSO, approach each other
SOy, and a mixture of NaCl and N8O, droplets in 1:1 mole at low WSR, the former is always smaller than or equal to the
ratio. The WSR, the sum of the free water-to-solute ratio and latter.
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Figure 6. Hygroscopic data of magnesium sulfate dropléistotal E

water in single-particle measuremerii;free water in single-particle
measurementsy, solvated water in single-particle measurements.

WSR

These particles remain as droplets until efflorescence takes_.
. . igure 7. Amounts of total, free, and solvated water per mole of
place. The vertical lines represent the range of the measurecﬁmgnesium sulfate as a function of WSR from bulk and single-particle
ERH. The ERH values for N8O, (NH4)>SO;, and the NaCl/ studies @, total water in bulk measurements; total water in single-
NaSO, mixture are 5759% (ref 18), 37#40% (ref 19), and particle measurement®, free water in bulk measurements; free
32—37%, respectively. These values confirm that a trace amountwater in single-particle measurements; solvated water in bulk
of pyranine does not affect the ERH of these droplets. As we Measurementss, solvated water in single-particle measurements. The
reported for NaCl (ref 1), the amounts of total water and free solid lines represent linear equation fitting, and the dotted curve
water are equal when the particles effloresce, although therepr_esents quadrath equation fitting. There are three sets of single-
particle data shown in the figure.

amounts of free water and solvated water are very close to each
other as they approach efflorescence in®@ and (NH,).- ration region (WSR> 12), but it decreases less quickly in
SO, droplets. It is believed that the condition of a larger amount correlation with the WSR in the supersaturated region. The
of free water than solvated water is necessary to maintain asolvated water-to-solute ratio is more or less constant at around
stable solvation structufen species that effloresce, when such 4 when the WSR is larger than 8. Below a WSR of 8, the
conditions cannot be satisfied, the droplets effloresce to form solvated water-to-solute ratio decreases gradually from 4 to 2
solid particles. As will be shown next, equality of free water at 5% RH. In the literature, the solvation number of Wdpas
and solvated water was achieved in MgS&hd Mg(NQ)- typically been reported to be 6 (e.g., ref 20). The observation
droplets but they did not effloresce. Hence, the equality of free of a solvation number of 4 may be due to the strong tendency
water and solvated water is a necessary but not sufficient of magnesium ions to form contact ion pairs with sulfate ions,
condition for efflorescence. In Figures 3 and 4, the bulk and even in diluted solutions. Recently, Rudolph et'dound that
single-particle measurements are not consistent. The single-contact ion pairs can form in diluted Mgg®olutions, even at
particle measurements show a smaller amount of free water tharconcentrations as low as 0.25 mol/L (WSR33.2).
the bulk measurements do at the same WSR. A similar According to Figures 6 and 7, the amounts of free and
discrepancy has been observed for NaCl dropl®te discuss solvated water are equal when the WSR is about 6.6 in MgSO
these discrepancies in section (c). droplets. Although efflorescence does not take place, the equal

(b) No Efflorescence: MgSQ and Mg(NOs),. Unlike amounts of the free water and solvated water indicate that there
typical inorganic salts such as NaCl, both Mg2@d Mg(NQ), are possibly structural changes in the droplets at a WSR of
do not effloresce at low RH in single-particle levitation around 6. Chan et &.and Choi and Ch&Aobserved that there
experiment$.Figure 6 shows the equilibrium hygroscopic data is a significant retardation in the evaporation rate of mixeg-Na
for MgSQ, in terms of WSR as a function of the percentage SO, and MgSQ droplets and in the growth rate of Mgg0O
RH, which is equivalent to the water activity of the droplet droplets at a WSR of 6.6, which is close to the transition point
multiplied by 100 at equilibrium. The WSR decreases non- in the equilibrium hygroscopic data at a WSR of 6 as shown in
linearly with decreasing RH at high RH. However, a transition Figure 6.
point at a WSR of about 6, below which the WSR decreases These special observations of water sorption characteristics
linearly with RH, is clearly observed. The WSR approaches are consistent with the finding in this study of equal amounts
unity as RH is extrapolated to zero. Zhang and Chahserved of free and solvated water in MgQ@nd the significant spectral
a WSR of 1.5 at RH= 8%, which is consistent with the current  changes in MgS@droplets (the peak location and the full width
measurements. The solvated water-to-solute ratio and the freeat half-height of the Raman sulfate peak at about 980%m
water-to-solute ratio as a function of RH are also presented. observed by Zhang and Ch#hAll of these events occur at a
They begin to merge at about 60% RH. WSR of about 6, which is the hydration number of Mgons.

Shown in Figure 7 are the free water-to-solute and the Zhang and Chaf explained these Raman changes as coming
solvated water-to-solute ratios as a function of the WSR of both from the formation of monodentate and bidentate contact ion
bulk and single-particle measurements for MgS&hown as pairs. In highly concentrated droplets, there are insufficient water
filled and empty symbols, respectively. The bulk data are molecules to complete the primary shell of hydration of the ions.
consistent with the single-particle data. The free water-to-solute Direct contact ion pairs between the cations and anions are
ratio decreases linearly with decreasing WSR in the subsatu-expected to be abundant. The special observations of the
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N
o
1

P decreases as the WSR decreases from large values (e.g., WSR
= 50). Forcing linear fits on the free and solvated water ratios
© yields that they are equal at a WSR of about 6.4, close to the
8 saturation condition of bulk Mg(N§), at WSR about 6.7 (ref
24). Significant contact ion pairing between magnesium and
o nitrate ions occurs at a WSR of about 6, as revealed by the
& 0 structural changes in the Raman nitrate peak at around 1050
o § cm! (ref 12). The particle with a WSR of 2 at 0% RH has the
E stoichiometry of the Mg"(H,0)2(NO3 ™), (Can) bidentate contact
""""""""""" e B ion pair.

Similar to those of NaCl, N&Oy, and (NH;)2SOy, the bulk

and single-particle measurements of Mg@i@iroplets are not

consistent. It is unlikely that the discrepancy between the bulk
0 20 40 60 80 100 and single-particle data is due to optical artifacts because not

RH all of the compounds we have studied show inconsistency

Figure 8. Hygroscopic data of magnesium nitrate dropléds.total between the bulk and single-particle data. In fact, the bulk and

water in single-particle measuremeriis;free water in single-particle single-particle measurements are consistent for sutrase

measurementsy, solvated water in single-particle measurements. MgSOs. For Mg(NQy), the solvated water-to-solute ratio

decreases with decreasing WSR in the single-particle measure-

15

1

Water-to-solute ratio
)

56 50 & s - ments but remains more or less constant at about 5 in the bulk
a0 O Particle 2 measurements. This suggests that the amount of free water in
el Particle 3 T the bulk solutions is greater than that in single droplets of the

same concentration.

(c) Spatial Heterogeneity in Aqueous DropletsOn the basis
of the fluorescence images of the droplets, Choi ébdiserved
a distribution of the state of water within the NaCl droplets
and found that the PIR (the solvated-to-free water ratio) is higher
near the surface of the droplets than in the core as shown in
Figure 1b. In our previous studywe found that the oscillating
PIR patterns at different RH have the same trends, but these
oscillations are not due to Mie morphological resonances, which

201

()]
o
|

mole of water per mole of magnesium nitrate
%] E
w2 o
| |

,‘5," i would produce significantly different spectra even at very small
j’ iﬁL A i changes in particle diameter. We have also confirmed that they
- . . . .
W A are not optical artifacts because the imaging spectra of sucrose
04 / droplets are independent of whether the droplets are irradiated
. . ! . : by the laser from above or below. As mentioned in the
0 20 40 60 80

Experimental Section, the error in PIR within a particle at a
WSR specific RH is about 10%, which indicates high reproducibility
Figure 9. Amounts of total, free, and solvated water per mole of i the imaging measurements even with a lower single-to-noise
magnesium nitrate as a function of WSR from bulk and single-particle a1i than the fluorescence measurements. Figure 10a and b
studies @, total water in bulk measurements; total water in single-
particle measurement®, free water in bulk measurements; free show the PIR of Nﬁ@ and (NH;)SO, droplets ‘,'ﬂ a RH of
water in single-particle measurements; solvated water in bulk ~ about 80% and 60%, indicated by empty and filled symbols,
measurementss, solvated water in single-particle measurements. The respectively. Overall, the PIR increases and approaches unity
solid lines represent linear equation fitting. when the RH decreases. Similar to the PIR for NaCl, the PIR
. alues for both Nzg5O, and (NH;).SOy, droplets are not uniform,
et o« Wt nigher vlue near th dges and oy constat vlues
in the core. The PIR distributions suggest that there is relatively

- ) . . o :
containing direct ion contact pairs of Mpand SG7". This more solvated water at the surface than in the core of the droplet,
study shows that the amount of solvated water per solute equals

3 ata WSR of 6. The hexa-coordination of Mgs maintained although this is a relative comparison between the core and the
by the direct cc;ntact ion pairs with sulfate and the solvated surface. It does not mean that there is more solvated water than

free water at the surface. We also note that the difference of
water. he PIR near the surf d at the center i drastic in th
Similar to MgSQ, Mg(NO), droplets do not effloresce in the near the surface and at the center is more drastic in the

single-particle levitation experiments (Figures 8 and 9). A diluted droplets. Because the patterns in Figure 10a and b are
transition point at a WSR of 6 was also observed. The WSR _S|m|lgr, it is possible that this is a solvation property of sulfate
approaches 2 when the RH is extrapolated to zero. Figure 910ns in droplets.

shows the solvated water-to-solute and the free water-to-solute By analyzing the photoemission spectra of sulfate ions, Wang
ratios as functions of the WSR in both bulk and single-particle et al?®found that most sulfate ions are located in the center of
measurements, shown as filled and empty symbols, respectivelythe water clusters. Recently, Jungwirth et%predicted from
Unlike NaCl or MgSQ but similar to (NH)>SOy, the amounts molecular dynamics simulations that sulfate ions prefer interior
of free and solvated water in the single-particle measurementssolvated over surface solvated. It is interesting to note that
are very close in the whole concentration range for Mg§NO composition heterogeneity exists in both the angstrom-scale
Nevertheless, one can see that the difference between thesurface domains reported on the droplet/air interface in the
solvated water-to-solute ratio and the free water-to-solute ratio literature and the micrometer-scale outer domains reported for
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. . . Figure 11. (a) The PIR of a magnesium sulfate droplet along the
Figure 10. (a) The PIR of a sodium sulfate droplet along the vertical ygrtical axis of the dropleD, PIR at RH= 80% (WSR~ 12); ®, PIR

axis of the dropletO, PIR at RH= 80%; ®, PIR at RH= 60%. (b) 4t RH= 40% (WSR~ 5.2). (b) The PIR of a magnesium nitrate droplet
The PIR of an ammonium sulfate droplet along the vertical axis of the 5jong the vertical axis of the dropled, PIR at RH= 80% (WSR~

droplet.O, PIR at RH= 80%; ®, PIR at RH= 60%. 12); ®, PIR at RH= 10% (WSR~ 3).

supermicrometer-sized particles in this study, although the the magnesium ions near the surface. This is consistent with
underlying principles are likely different. our recent Raman imaging results of the solvation characteristics
Figure 11a shows the fluorescence imaging results of MgSO of Mg(NOx3), dropletst? On the basis of the Raman peak
droplets at WSR of 12 and 5.2 (RH about 80% and 40%). In characteristics of the; NOs~ peak at about 1050 cm from
contrast to the results for N&O, and (NH,).SO; droplets, the Mg(NOs), droplets equilibrated at different RH, Zhang etal.
PIR distribution in the MgS@droplets at different RH is quite  reported that supersaturated Mg(§£droplets (WSR= 2.8)
uniform at both RH values. MgS@loes not show the structural  are structurally heterogeneous but diluted droplets (\#S6)
heterogeneity that N8Oy and (NH,),SO, do, probably due to are homogeneous. They proposed that these supersaturated
the formation of contact ion pairs between the magnesium and droplets consist of a center region of predominantly monodentate
sulfate ions, which alters the solvation property of MgSO and bidentate contact ion pairs with structures of fMg
Figure 11b shows the fluorescence imaging results of Mg- (H>0)sNO3z~] and [Mg?"(H>0)4NO3~] and an outer region of
(NOs), droplets in terms of the PIR as a function of location in  monodentates with a structure of [RgH20)s—x(NO3 )y, X =
the droplet at WSR of 12 and 3 (RH about 80% and 10%), 3,4,5,6]. This notion of a structure with more solvated water
indicated by empty and filled symbols, respectively. Pixels 1 molecules and fewer bound nitrate ions near the center than in
and 22 (15 for filled symbols) represent the bottom and top the outer region near the surface is consistent with the
edges of the droplet, respectively. The size of the droplet at fluorescence results shown in Figure 11b. The outer region is
low RH is much smaller than that at high RH due to evaporation more complex than the region near the center as the ratio of
of the water. The PIR oscillates significantly at low RH but is solvated water to free water decreases toward the surface. Nitrate
relatively uniform at high RH. Such oscillations have been enrichment near the surface of solutions has been predicted by
reported for droplets of sucrose and glucbgdthough the PIR molecular simulatiod?” However, the simulation was performed
distribution at low RH is not symmetrical and the PIR of pixel at a very low concentration of 1 nitrate ion and 555 water
1 is high, the average PIR near the edges (top and bottom) ofmolecules, and it may not be related to our observations. Our
the droplet is lower than at the center. This indicates that there Raman and fluorescence studies focus on the formation of
is a structural heterogeneity in the state of water in particles at contact ion pairs at high concentrations.
low RH (ref 1). Table 1 shows the comparison between the free water and
The observation of a lower PIR near the surface of Mg{NO  solvated water-to-solute ratios in the core region of the single
droplets at a WSR of 5.2 suggests that there are fewer solvatedparticles (calculated from the imaging results) and the bulk
water and more nitrate ions (i.e., contact ion pairs) bound to solutions at 80% RH. We found that the results are consistent
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TABLE 1: Comparison of the Ratios of Free and Solvated Water to Solute in Single-Particle Imaging Experiments and Bulk
Measurements

single particle imaging measurements bulk measurements
free water solvated water free water solvated water
compound (core) (core) (average) (average) free water solvated water
Sucrose (Choi et &). 3.7 4.9 3.6 5.0 3.7 4.4
NaCl (Choi et ak) 7.9 3.1 7.7 33 8.4 2.6
(NH4)2SOy 7.1 2.4 6.8 2.7 8.8 0.7
NaSOy 7.9 3.1 7.4 7.6 9.7 1.3
MgSQO, 8.2 3.8 8.3 3.7 8.9 31
Mg(NOs), 6.8 5.8 6.9 5.7 7.7 4.9
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