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The hygroscopic properties of sulfate-containing particles are important to understanding the behavior of
atmospheric aerosols. At high concentrations, chemical interactions between sulfate ions with the countercations
are significant and lead to the formation of contact pairs. In this paper, Raman spectroscopy was used to
study the structural changes of single aqueous droplets of equal mol8ONdgSO, mixture, NaSQO,,
(NH4)2SOy, MgSQ,, ZnSQ, and CASQin relation to their hygroscopic properties in an electrodynamic balance.
The molar water-to-solute ratio (WSR) and the Raman spectra of droplets equilibrated at different ambient
relative humidities were measured. When RH is reduced, the WSR of &M gSO, droplet decreases

from 25.3 to 4.2 without crystallization but with two distinct transition points. The first one appears at WSR

= 18.9, where the WSR is more sensitive to RH and the shoulder at 995afrthe v1-SO2~ band of the

Raman spectrum shows an abrupt change in the ratio of the intensity at 99%ccthat at 984 cm'. This

WSR is close to the minimum ratio (18) required to support the hexaaquo structures for otlamdgNa

ions. A mixture of the contact ion pairs of MigDs—«(SOs?~)Ox(H20)-NaOg—(SO>")O,(H20) (Y < X < 6),

which change the spectral characteristic of the shoulder at 994 fiormed. These contact ion pair mixtures
share sulfate ions and water molecules, which invalidate empirical mixing rules of water activity of atmospheric
aerosols such as the ZSR model. As RH is further reduced, the second transition point appears=at WSR
7.7, where the WSR becomes almost insensitive to RH and another shoulder at 1002ppears in the
spectrum. The mixture of the contact ion pairs finally evolves into the double salt of MYSSOy-4H,0,

giving two new Raman peaks at 1007 and 1043 triransitions of the hygroscopic properties coinciding

with the formation of monodentates were also observed for Mg8@ ZnSQ droplets.

Introduction and the chloride and nitrate of magnesium and their mixtures

. - . _ with sodium salts$:”
Sulfate is ubiquitously present in atmospheric aerosols.

Atmospheric sulfate particles are hygroscopic. In the fine mode  Unlike typical electrolytes such as NaCl and (WSO,
sulfate is usually associated with ammonium and nitrate. In the MSQs does not effloresce at low RH in single particle
coarse mode, it can be associated with seasalt and crustal ionseXperiments. Gel formation in concentrated Mg30lutions
Research attention on the hygrosopic properties of atmospheridias been postulated to explain the significant reduction in
aerosols has been focused on mixtures of ammonium, sulfateevaporation rate at high concentrations and the inhibition of
and nitrate} > and mixtures of sodium, magnesium, and sulfate crystalizatiorf** Growth measurements of Mgg@articles also
salts®” Recently, Chan and Haneasured the water activities show significant mass transfer limitations at low RH (unpub-
of evaporating droplets of mixed salts of Na and Mg with an lished data). These special characteristics of Mg8@plets
Electrodynamic Balance (EDB). They found that the ZSR have prompted us to study the molecular structures of levitated
(Zdanovskii-Stokes-Robinson) and the KM (Kusik and Meiss-  diluted and supersaturated (B)b50; and MgSQ droplets using
ner) mod_els give accurate predictions for all Na/Mg systems Raman spectroscopy A significant shift of thevy-SO2~ band
they studied (NaCl/MgGJ NaNOyMg(NOs)z, NaCl/Mg(NQy),, from 983 to 1007 cm! and an increase of its full width at half
NaCl/MgSQ, and NaN@MgSQ,) except NaSO/MgSO,.! height (fwhh) from 12 to 54 crt were observed when the molar
Using an EDB to study the drying of ceramic precursor droplets, water-to-solute ratio (WSR) decreased from 17.4 to 1.5. Such

Chan et "?‘P- observed an aprupt gnd significant reduction in the spectral changes have been attributed to the formation of contact
evaporation rate of most zirconium salts and some magnesium.

. " o
salts including magnesium sulfate and magnesium acetate afo" pairs of Mg* and SQ*” in supersaturated dr_opletg, .Of

high concentrations. Chan et’ahlso found that MgS@and gSQ, at WSR smaller than 6, where there are insufficient
Na,SO/MgSQs mixtures exhibit a significant delay in water water molecules to maintain the hexaaquo structure of fully

evaporation at high concentrations. Such delay was not foundhydrated Mg*. In these contact pairs, Mg and SQ*~ are
in the other systems they studied including the nitrates, chlorides,Ponded without water molecules between the ions. These contact

and sulfates of sodium and ammonium and their mixffés pairs include monodentate and bidentate, which can form a chain
structure incorporating water, inhibiting mass transfer and

* Corresponding author. E-mail:keckchan@ust.hk. Phone: (852) 2358- suppressing crystallization. Contact pairs _Of NHmd S@*-
7124. Fax: (852) 2358-0054. exist at WRS between 3.9 and 1.5, but the interactions are weak
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and result only in a little red shift of the;-SO2~ band from )
981 to 977 cml. suppressed and therefore supersaturated droplets can be studied.

The formation of contact ion pairs in aqueous sulfate salt Many thermodynamic studies of supersaturated solutions of
solutions has been associated to the crystal growth of doubleinorganic salts using an EDB have been reported. In addition
sulfate salts, such as LIAS@A = Na, K, Rh, Ag, etc.), which to the study of contact pairs, the phase transformation and
have appliéations in ionic conductors and ferroelectric Metastability of supersaturated microparticles can be studied by
materialst?-14 Classical experimental methods such as freezing Combrlgslg]?o an EDB system with a Raman spectroscopic
point measurements, potentiometric measurements, ultrasoniYSten*” Other applications of single particle Raman spec-
absorption, and solubility measurements, which measure thetroscopy include studies of transgort properties and chemical
macrophysical bulk properties of solutions in which the contact "€actions of suspended aerosgls!

ion pairs may exist, cannot yield direct information about contact ~ 11€ experimental setup and procedures used in this study
ion pairs at the molecular lev&l:2° Although there are many  are identical to those used in Zhang and Chfigure 1 shows

studies on the equilibrium distributions of free ions, outer sphere the schematic diagram of the apparatus for the water cycle and
ion pairs, outerinner ion pairs and contact ion pairs in salt R_aman scattering measurements of levitated droplets. A charged
solutions in the literature, there has not yet been an agreemengingle droplet, iluminated by a HeNe laser and observed by

on the association constants of sulfate salts such as MgSO & 20x microscope, was held stationary at the center in the EDB.
ZnSQ, and CdSQ, especially those at higher concentratighé. The relative humidity in the EDB was adjusted by mixing a
Sulfate has been found to be coordinated with metal ions in the Stréam of saturated air and another of dry air at controlled

form of monodentate, bidentate as well as bridge-bidentate formsflowrates. The dew point of the gas was measured by a
in solid sulfate salts, as shown in Charf2126 Spectroscopic ~ nygrometer (EG&G Dew Prime Model 2000). At equilibrium

techniques, including Raman scattering, infrared spectroscopy,the water activity of the droplet is related to the ambient relative
and NMR, provide information about contact ion pairs on a numidity (RHy) by aw = Pu/P,*%'= RHy/100. The DC voltage
molecular leve7-36 However, most of the studies are limited (DC1) was adjusted so that the weight of the droplet balanced
to diluted concentrations because of the constraints of saturationth® electrostatic force it experienced. The D@lue is related

in bulk samples. By using an electrodynamic balance in which t© the mass fraction of solute (mjsof the droplet by mfg=
single supersaturated droplets were levitated in an electric field, MSPC/DCo, where DG and mfg are the values at a particular
we found that both monodentate and dibentate exist in super-éférence state, such as the saturation point {R84#%; mfs
saturated MgS@droplets!! Bidentate contact ion pairs of a — 0-362) of bloedite for the 1:1 N8Q/MgSQ, droplet. The
series of anionic complexes from [M($)912~ to [M(SOy)s]8 water-to-solute ratlo (WSR) of the d_roplet W(1 — mfs)/

(M = Zn(ll) or Cd(Il)) in their bulk solutions have been (18mfs), whereW is the molecular Welght of the sulfate salt.
proposed by Fedorov et #:38 There are also some reports on  FOr the 1:1 NaSQ/MgSO, droplets, W is the sum of the
the theoretical calculations of the structures of contact ion pairs, Molecular weight of the two components. The size of the

but they are all focused on monodentaes. droplets studied was about-360 um. The water activities of
In this paper, we extend our earlier work of Raman the bulk solutions were measured by an Aqualab water activity
characterization of levitated droplets of Mgp® NaSO/ meter (model series Ill, Decagon Device, Inc).

MgSQs, a system in which strong molecular interactions [N the Raman measuremenass Wargon ion laser (Coherent
between the ions are expected based on the significant mas490-5) was used as an excitation source. The output power of
transfer effects in the hygroscopic measurements observedh® 514.5 nm excitation line was between 800 and 1000 mW.
earlier by our group.In particular, the hygroscopic properties A 0.5m monochromator (Acton SpectraPro 500) attached to a
and the Raman spectra of the JS&/MgSO0; droplets, will be CCD (Princeton Instruments, TE/CCD-1100PFUV) detector was
compared with (NH);SQs, MgSQ,, ZnSQ,, and CdSQdroplets. used._A 1200 g/mm grating of the monochromator was selected.
Although the last two sulfate systems have less atmosphericA Pair of lenses, which matches the /6.9 optics of the
significance, a large body of literature on their spectroscopic Monochromator, was used to focus the $@attering of the
properties is available for comparison. The ultimate aim of this levitated droplet to the slit of the monochromator. A 514.5 nm
study is to understand the hygroscopic properties of the metal Raman notch fllte_r was place_d between the two lenses to remove
sulfate systems at high concentrations at molecular levels usingth® strong Rayleigh scattering. The resolution of the spectra
Raman spectroscopy. The formation of contact pairs in theseObtained was 2.3 cnt at 981 cn1*. The spectra reported in

systems will also be discussed. this work were the averages of the 30 frames, each with an
) _ accumulation time of 5 s. All measurements were made at
Experimental Section ambient temperatures of 224 °C.

Since a droplet is freely levitated in an electric field in an Morphological resonances in Mie scattering sometimes
electrodynamic balance (EDB), heterogeneous nucleation iscomplicate the Raman spectra of droplets. There are two types



Hygroscopic Properties of Supersaturated Droplets J. Phys. Chem. A, Vol. 106, No. 2, 200287

O the data before Raman measurement 20 ~0-2nS0, droplet 2hS0.THO i
- 309 3 the data after Raman measurement ] ~O~CdSO, droplet 2
z w  the data from Chan et al’ + (NH,),SO, droplet from Tang et al.™
g 25 . - 154 O (NH,),SO, droplet from Zhang and Chan''
< o) X MgSO, droplet from Ha and Chan®
.g L] O MgSO, draplet from Zhang and Chan'"
5 20+ A T Saturation paint of 4SO, 8/3H,0
5 o Na,S0, MgSO, 4H,0|
8 151 n
[°)
bt &
g 104 [
2
a o e osth
51 oea ® N B
0 T T T . U T T T T T T T T
20 40 60 80 0 20 40 60 80 100
RH (=100 x a,) RH(=100 xa)
Figure 2. The water to solute molar ratios of 1:1 }D/MgSQs Figure 3. Molar water-to-solute ratio of ZnSQCASQ, (NH),SOx,
droplets as a function of RH. and MgSQ droplets at various ambient RH.

of morphological resonance effects. The first type is that the \ysR changes only slightly and the droplet approaches a
exgitation Wa}velength is at a resonance wavelength and scat-stpichiometry of a NgsO,. MgSQy-4H,0 without crystallization.
tering (elastic and Raman) signals at all wavelengths are The particle remains spherical at low RH as observed through
enhanced. This type of resonance does not affect our analysisthe microscope. Considering that there are six water molecules
The second type is that the Raman emissions at selectedp the first-full-layer of each sodium idfi4° and magnesium
wavelengths are at resonance, which complicate the analysison 505118 H,0 molecules are needed to be shared by on&Mg

of the molecular changes of the droplets. To reduce the effectgng two N& ions. Contact ion pairs should start to form at
of the resonance on the Raman scattering, we used relatively\ySR = 18 and below, close to the first transition point (A)

large droplets from 30 to 60 micron in diameter. Generally, the ohserved in Figure 2. In next section, we will discuss the spectral
mOI’phO|Oglca| resonances have Sharp peakS with fwhh-&f 1 evidence of the formation of contact ion pau"s

cm L. For dilute droplets, it is difficult to differentiate these The WSR of ZnS@ and CdSQ droplets as a function of
resonance peaks from the true Raman peaks because the fwhiyy js shown in Figure 3. Bulk saturated solutions of ZRSO

of 11—S0O2 is about 10 cm?, close to that of the resonance 7H,0 (aw = 0.90; WSR= 16.08}253 and of CdSQ8/3H,0
peaks. However, in the supersaturated droplets, the fwhhs Of(ataw = 0.889 and WSR= 15.16) were chosen as reference

the Raman peaks aof;~SQ" of MgSQ;, ZnS%, and the  giates. Literature reports on Mg$@nd (NH),SOx solutions
mixture MgSQ/N&,SQ; are much wider (3860 cnt™). At each are also shown for compariséh3*The WSR of ZnSQ@droplets
RH, over 50 Raman spectra of the droplet were measured. Théyecreases continuously when RH decreases. Similar to 2:1 Na

spectra affected by the resonance effects were identified andSQ;/MgSQ; droplets, a transition point (point C in Figure 3)
excluded from our analysis. The reported spectra are the ayists near RH= 56.7%. Between RH= 56.7% and 24% the
averages from those not affected by the morphological reso- 4o decreases steeply from 11.3 to 5.5. At RH below 24%,
nance. ) . the ratio is relatively insensitive to RH. Albeit less obvious,
Raman spectra of bulk solutions and solid samples were qre is also a transition point (point D in Figure 3) of the data
measured using a Renishaw 3000 mlcro-Rqr_nan_ system with ¢ MgSQ: droplet. The WSR of the CdSQ@iroplet decreases
an Olympus BH-2 microscope at 20magnification. The  continuously from 16.4 to 5.4 when RH decreases from 90%
excitation source used was a helitmeon laser operating at 14 4794, As the RH further decreases, the ratio slightly decreases
632.8 nm with an output power of 25 mW. The spectral fom 5.4 t0 4.5. No obvious transition point of the data was
resolution was approximately 1.0 cfh observed for CdSQdroplets.

Except for (NH),SQO,, all sulfate systems we studied do not
crystallize. The lowest WSR achieved was 1.7, 1.5, 4.2, 4.3,

1. The Molar Water-to-Solute Ratio (WSR) of Sulfate and 4.5 for (NH)2SO4, MgSQy, N&oSO/MgS0O;, ZnSQ;, and
Droplets. Figure 2 shows the hygroscopic properties of equal CdSQ droplets, respectively. Such low WSR facilitates the
molar NaSQy/MgSQ; droplets before (plus) and after (open formation of contact pairs, resulting in changes of the symmetric
circle) each Raman measurement, in terms of the equilibrium stretching vibration band of S& (v1-SO27) at 980-983 cnt?
WSR as a function of decreasing RH. The saturation paint (  of the Raman spectra.

Results

= 0.84; WSR= 25.75) of the double salt N80O,.MgSQy-4H,0 2. Raman Spectra of the Dilute Droplets.There are many
(bloedite) was used as the reference state for calculating theRaman studies of the contact ion pairs of sulfate salts in the
WSR at other RH® The data are consistent with Chan et’al.  literature. Free Sg3~ ions haveTq symmetry and nine modes

(solid square). It can be seen that the Raman measurements didf internal vibration spanning the representatign = A; + E
not affect the hygroscopic properties of the droplets. Ef- + 2F,. All modes are Raman active, but only thgrRodes are
florescence, which would lead to a sudden decrease in the WSRJR active. The symmetric stretching vibration band of ;50
was not observed even at RH 13%. The addition of MgS© (v1-SO27) appears in the range of 98983 cnT!, whose
suppressed the crystallization of 3£, which occurred at RH detailed characteristics of peak location and fwhh, are sensitive
= 55%—57% in levitated aqueous MaQ, droplets?~10 to the countercation species, the salt concentration, and
Starting at RH= 80.8%, the WSR decreases as the RH temperatur@®21.27-36.54-56 \We have recently reported the ap-
decreases. A transition point (A in Figure 2) appears at a WSR pearance of a shoulder at 995 thwhen monodentate contact
of about 18.9 (at RH= 67%), where the WSR becomes more ion pairs are formed in concentrated MgSéblutions!! The
sensitive to RH until the ratio reaches about 7.7 (at=RBR.6%; corresponding shoulders of Zng@nd CdSQ solutions have
point B). As the RH continues to decrease to below 52.6%, the been resolved at 987 and 989 threspectively?>-5* Figure 4
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Figure 4. Raman spectra of dilute solution droplets of the sulfate
systems studied.

shows that the Raman spectra of dilute @S0y, MgSQ,, 1:1
NaSO/MgSQOy, ZnSQ, and CdSQdroplets (at WSR of 15.8,
17.4, 25.3, 18.2, and 16.4) have theSO2~ bands at 981,
983, 984, 981, and 984 crh respectively. The;-SO2~ bands
of 1.5 mol L™ (WSR = 37) bulk ZnSQ and CdSQ solutions

: &
appear at 981 and 982 ¢ while those of ZnS@7H,0 crystal e N R —
and CdS@8/3H,0 crystal appear at 983 and 1004 ¢irSlight R e T i
asymmetries on the high-frequency side of theSO,2~ band 182 wmwgwww 16 srpotlggurt
were observed for diluted MgSQ1:1 NaSOy/MgSQy, ZnSQ, P ——
and CdSQdroplets but were not seen in (NSO, solutionst? 900 1000 1100 800 1000 1100 900 1000 1100

The stretching mode of MO—(H20)s (M = Mg?*, Zr?*, © @ ©
or Cd®™) has been observed by Rudolph e2%254In Figure Figure 5. Raman spectra of (a) (N}SQs, (b) MgSQ, (c) 1:1 Na-
4, this mode appears at 390 and 350 &ror bulk ZnSQ, and SQ/MgSQ, (d) ZnSQ, and (e) CdS@droplets at various molar water-
CdSQ aqueous solutions, respectively. However, it was not to-solute ratios.

observed in the droplet spectra because its intensity was Very,,-S02- band of (NH),SO: droplets has only a small red shift
weak. Itis interesting to note that Zng@H,O solid has apeak  om 981 to 977 cm® when the WSR decreases from 15.8 to
at 390 cnt?, similar to its bulk agueous solution while Cd$O 1.7 (Figure 5a). MgS@droplets (Figure 5b), however, have a
8/3H,0 solid has a large blue shift from 350 to 325Crmvhen significant blue shift from 983 to 1007 cthand an increase
compared with its bulk aqueous solution. of the fwhh from 12 to 54 cmt of thev1-SQ,2~ band when the

3. Raman Spectra of Concentrated Sulfate DropletsThe WSR decreases from 17.4 to 1.5. Such spectral changes have
most direct approach to investigating the formation of contact peen assigned to the formation of the contact ion pairs with
ion pairs is to obtain the vibration spectra of the bond between structures of monodentate and bidentate in highly supersaturated
two partners. However, the strong quasi-elastic Rayleigh wing, solutions!! The asymmetry of the;-SO;2~ band at high WSR
extending to 500 cmt, complicates the detection of the weak (17.4-8.4) is attributed to the presence of a shoulder at 995
low-frequency modes of the metedulfate bond. Using the  c¢m1, which has been associated to the formation of the
difference spectroscopy method to obtain spectral information monodentate contact ion pair between@nd SQ?~. This
in the low-frequency region of the peak of contact ion pairs, shoulder becomes a peak at WSR5.3. As the WSR further
Rudolph et ak?2932355%have obtained significant findings on  decreases, another peak at 1007 t@merges, probably due
the contact ion pairs of sulfate salt solutions. In particular, they tg the formation of bidentates.
resolved a band at 240 cthfrom the Cd(Il)-O stretching The evolution of the spectrum of M&QO/MgSQ; droplets
vibration mode of the hexaaquo complex near 350 tand (Figure 5c) is complex. At high WSR-23), a shoulder appears
assigned it to the Cd(H)O stretching vibration of Cd(IfyO— at 995 cml. This shoulder grows as WSR decreases. The
SO~ in bulk CdSQ solutions?® The Mg*—0(SG?") and growth becomes more pronounced at WSR8.9. This WSR
Zn?*—0(SQ?") stretching vibration bands were resolved at 245 corresponds to the transition point A of the water activity data
and 275 cm?, respectively’>?9%In our study, the Raman  shown in Figure 2. As the WSR further decreases, another
signals of the droplets were too weak for the observation of shoulder at about 1002 crhbegins to emerge. The intensities
these bands as mentioned above. Even though the two bendingf the two shoulders increase simultaneously until WSB.7,
modes and the anti-symmetric stretching mode were seen neaghere the shoulder at 1002 cbecomes a peak. At WSR
455, 615 and 1120 cm, their intensities and the signal-to-  pelow 5.5, two new peaks at 1007 and 1043 &mppear.
noise ratios were too low to provide useful information on the  The Raman spectra of Zn$@roplets (Figure 5d) show that
formation on contact ion pairs. Instead, theSO?~ band the “free” v1-SO2~ band is resolved at 981 crh which
characteristic is sensitive to the strong interactions between theincludes free SG¥ ions as well as the outeouter ion pairs
metal and sulfate ions and therefore it provides much informa- gnd outer-inner ion pairs as proposed by Rudolph eté&t.,
tion on the contact ion pairs. and remains a main peak untii WSR reaches 9.3. At WSR

Figure 5a-e show thev;-SQ2~ bands of (a) (NH)>SQy, (b) between 9.3 and 6.7, the droplet is rich in monodentate, as

MgSQy, (c) 1:1 NgSQ/MgSQy, (d) ZnSQ, and (e) CAS®
droplets at various WSR. The aqueous @30, solution is

evidenced by the presence of the shoulder at 987'cis the
WSR further decreases to 4.3, a peak near 1009 gnadually

usually considered to be a model of “free” sulfate systems. The evolves.
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A shoulder corresponding to the monodentate contact ion pair
of CdSQ has been observed at 989 ¢hi® As shown in Figure

5e, this shoulder becomes a main peak when WSR is between

10.3 and 7.8. Another shoulder at 993 ¢rsvolves into a main
peak at a ratio between 6.7 and 4.9. Finally, a third shoulder at
1008 cnt! emerges at WSR= 4.9 and becomes a main peak
at WSR= 4.5

Discussion

As shown in Figure 5, asymmetry in thg-SOs2~ band was
observed in all diluted droplets of the metal sulfate systems
studied except (NSO Similar asymmetry has been reported
for most metal sulfate bulk solutiod$.36 The cause of the
asymmetry of the;;-SOs2~ band has been a controversial issue
in the literature. Some research@r® 56 attributed it to the
change of the local potential field experienced by the sulfate
ion because of the interactions with hydration water or the
electrostatic interactions with the counterion, while oth-
erg0.27.29.3435%rgued that the presence of the shoulder peak at
995 cntl, which causes the asymmetry, is an indicator of the
presence of the contact ion pairs in MgS&jueous solutions.
This uncertainty has arisen partially because of the small
population of contact ion pairs in dilute or even saturated
solutions in bulk solutions, thus limiting the intensity of the
shoulder in the spectra. The limitation was relaxed by studying
highly supersaturated droplets in this study. Although the signal-

to-noise ratio of the Raman scattering of the supersaturated

droplets shown in Figure 5 is not as good as those of bulk
solutions, the spectral characteristic of theSO;2~ band

provides clear evidence of the presence of the contact ion pairs
of different structures in these highly concentrated (supersatu-

rated) droplets. We have observed that the shoulder at 995 cm
develops into a main peak and the fwhh shows an abrupt
increase when the WSR of Mg3@roplets decreases to below
6, where M@"™ and SQ?~ ions form direct contact ion pairs to
maintain the six coordination structuteThe increase of fwhh
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Figure 6. (a) lgodlgss Vs WSR of MgSQ. (b) logs/less VS WSR of 1:1
Na,SOy/ MgSO4 (C) l100d 1984 VS WSR of 1:1 NﬁQ/MgSQ (d) logd
lgg1 VS WSR of ZnSQ droplets.

Similar to MgSQ droplets, the WSR of N&Oy droplets was
reduced to below the minimum value (WSR12) required to

form a hydrated-inner-sphere structure so that contact pairs can

values in these supersaturated droplets is an indication of thebe formed. However, as shown in Figure 5b (the bottom

presence of contact ion pairs of different structures, which is
also the reason for the difficulty in determining the association
constants of the contact paf%.2!

Although it is difficult to conduct a quantitative analysis on
the composition distribution of the contact pairs, the intensity
ratio of the signals of the peak at 995 thand the freev;-
SOs2~ peak at 983 cm! (lgod/logz) can be used as an indicator
for the relative abundance of monodentate and the “free” sulfate
ions, especially in the initial process of the formation of contact

spectrum), no obvious change of the-SO2~ band was
observed from NgO, droplets at WSR= 8.7.

Crystallization of NaSQ/MgSQO, droplets was not observed
even at WSR as low as 4.2. Figure 6b shows that the intensity
ratio of the signals at 995 and 984 chof the v1-SO,2~ band
(lgodlogg) starts to increase when WSR decreases to 18.9. This
WSR ratio is close to the minimum value (WSR18) required
to maintain the hexaaquo structures for all¥gnd N& ions.
Thus, the transition point A in Figure 2 can also be explained

ion pairs. Figure 6a summarizes the results of hygroscopic andby the formation of contact ion pairs giving rise to the shoulder

Raman measurements of Mgs@roplets in the form of RH
andlgod/lggz as a function of WSR. It is very interesting to note
that, as WSR decreases, an abrupt increasey#fogs appears
at WSR= 7.9, the transition point D shown in Figure 3. Hence,
the change of the hygroscopic property of MgSfoplets is
related to the formation of monodentate contact ion pairs.

In general, Ng&SQO, is assumed to be completely dissociative
in water®’~59 although there are reports on the formation of
NaSQ~ ion pairs®-3 In particular, Daly et al. reported Raman
spectra of the contact ion pair between™ad HSQ™ ions83

at 995 cnil. The experimental water activity data of )0,/
MgSQO, droplets are not consistent with the predictions of simple
mixing rules such as the ZSR and the KM models, which work
well for other Na/Mg systems studied with an electrodynamic
balance. Thus, the contact ion pair mixtures that give rise to
the shoulder do not merely consist of simple noninteracting
mixtures of [MgSQ] and [NaSQ] contact ion pairs. Instead,
the increase oOffgos/l9g4 When WSR decreases from 18.9 can be
explained by the formation of a mixture of MgDs—(SO2 ) Oy
(H20)-Na"Os-(SO:27)0,+(H20), where the (6— x) oxygen

On the other hand, Rull et al. studied the dependence of theatoms associated with magnesium ions and the {§ oxygen

dynamics of SG#~ ions in Li,SOy, NaoSOQy, and K:SO, aqueous
solutions on the solution concentration and temperdtifbey
found that the fine asymmetry of the;-SO2~ band was

atoms associated with sodium ions are from sulfate ions and
the other oxygen atoms (@nd Q) are from water molecules.
Because Mg (—1922.1 kJ.motl) has a higher hydration

dependent on the nature of the cation species and they explaine@nergy than that of Na(—405.4 kJ.mot?),%5 the contact ion
the dependence by the perturbation of the cations on thepairs between Naand SQ?~ should be the first to form in

dynamics of the water molecules around the;50ons rather
than by the formation of contact ion pairs.

this mixed system at WSR 18.9, i.e.,y < x < 6, although
the contact ion pairs between Nand SQ?~ have little effect
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(2) (b)

Figure 7. (a) The crystal structure of the bloedite and (b) a possible structure of a mixture contact ion pair in the supersaturated droplet of
1:1NaSQO/MgSQ..

TABLE 1: Hydration Properties of the Metal Cations

parameters Na Mg?* Zn?t CPt
ionic radius (Af® 0.95 0.65 0.74 0.97
distance of M-O (H.0)s (A) 2.40—2.50°% 2.00-2.15% 2.08-2.15™ 2.29-2.316%5b
hydration energy(kJ mot) 6 —405.4 —1922.1 —2044.3 —2384.9
»-M—0(SQ2")(H20)s (crm~1)20.29.54 245 275 240

on thev1-SO2~ band as shown in Figure 5b (bottom spectrum). [Zn(H20)e]2" unit is well-known®8€ The hexaaquo Zn(ll)
This is consistent with the structure of the double salt of-Na complex obstructs the direct contact between?S@nd Zr#*.
SO*MgSOy+4H,0 in whichx = 4 andy = 256 In these Na& Thus, thev;-SO2~ band of the ZnS®7H,0 solid appears at
MgSQ, contact pairs, the Na and the Mg contact pairs are 983 cnT?, similar to that found in its aqueous solution shown
connected by sharing a sulfate and a water molecule. It is in Figure 4. A similar conclusion can be made for thR&n?"—
therefore not surprising that empirical models such as the ZSR O(H,O)s peak at 390 cmt! in the spectra of both ZnSEYH,0
and KM models, which assume no chemical interactions solid and its bulk solution.
between the different solutes, give poor predictions of this  In Figure 6d, an abrupt change lg§/l9s1in ZnSQ, droplets
system. occurs when the WSR decreases to 11.3. This is the transition
Figure 6¢ shows that the intensity ratio of the signals at 1002 point C shown in Figure 3. Although such a molar ratio is
and at 984 cm! (110041984) €xhibits an abrupt increase as WSR  sufficient for each zinc ion to maintain a hexaaquo [Zs@h#] 2"
decreases to 7.7, which is the second transition point B in Figure complex in the droplet, it appears that a large number of
2, where the WSR becomes much less sensitive to further monodentate contact ion pairs exist. Other kinds of contact ion

decreases in RH. pairs, possibly bidendate or bridge-bidentate contact ion pairs
At saturation, the double salt of M&0O-MgS0O,-4H,0 is corresponding to the peak at 1009 ¢mare formed gradually
formed from equal molar N&O,—MgS0O; bulk solutions?® As when WSR further decreases as shown in Figure 5d.

shown in Figure 2, the WSR remains approximately constant Octahedral [Cd(kO)e]2" has been observed in both aqueous
at 4 at RH< 20%, which is also consistent with the observation solutions and in solid Cd(CIg-6H,0.5%2°In our experiments,
by Chan et al. The droplet at low RH has a stoichiometry of monodentate contact ion pairs exist at WSR between 10.3 and
NaSQ..MgSQy-4H,0 without crystallization. Hence the particle 7.8, based on the intensities at 989 and 984 > There
may be in the less thermodynamically stable amorphous state.are two shoulders beside the shoulder at 989'arnrresponding
Mass transfer limitations may have suppressed the delay ofto the monodentate contact ion pairs. These two shoulders
crystallization. Nevertheless, two peaks at 1007 and 1043 cm  develop into a major peak at lower WSR, indicating the presence
in Figure 5c can be assigned to the tetraaquo double salt of contact ion pairs other than the monodentate. For example,
The structure of the double salt has been described in termsthe shoulder at 993 cm becomes a major peak at WSR of 6.7
of layers built up by MgQ(H»0), and NaQ(H»0), octahedra to 4.9, which is probably from the bidentate contact ion pairs.
lying on the (001) plane®. These layers contain infinite chains ~ Another peak at 1008 crd may be related to anionic com-
of alternating MgQ(H.0), and NaQ(H,0), sharing corners and  plexes®’38
pairs of NaQ(H20), octahedra sharing one edge, as shown in  As discussed above, unlike in Mg$@nd NaSO/MgSQO,
Figure 7a. Adjacent octahedral layers are interconnected ky SO droplets, both the monodentate and bidentate contact ion pairs
tetrahedra. Similar to the double salt structure, a structure are formed in ZnS@and CdSQdroplets at a WSR higher than
consisting of one magnesium ion bridge connecting with a 6, the minimum number to maintain the full hydrated inner-
sodium ion by a sulfate ion or a water molecule can also form sphere of the cations. In general, the interaction between the
a chain. Figure 7b shows an example of such a structure of asecond-layer hydration water molecules and the primary shell
mixture of contact ion pairs. The formation of such a chain can water molecules is stronger than that among bulk water
possibly explain the observation of significant reduction of the molecules because of the polarization effect of cations on the
mass transfer rates in the drying experiments made by Chan efprimary shell water molecules. Table 1 lists the ionic radius,
al’ the atomic M-O (H,O)s distance, the hydration energy and
[Zn(H,0)e]?" has been observed with non-coordinating anions some spectroscopic data of the cations. The polarization effect
such as nitrate, sulfate in many aqueous solufioasd even is proportional to the charge-to-radius ratio of the cations in
in crystals®® For example, a ZnS£7H,0 solid with octahedral ~ the following order, namely, Mg > Zn?t > Cd?™ (>Na").



Hygroscopic Properties of Supersaturated Droplets J. Phys. Chem. A, Vol. 106, No. 2, 200291

The contribution of the second and higher layer water molecules octahedra units could form some chain structures, which possibly
to the total hydration energy also follows the same order. On explains the observation of the significant reduction of the mass
the other hand, the hydration energy of2CdzZr?* and Mg+ transfer rates in the drying experiments. A spectroscopic
are —2384.9,—2044.3, and-1922.1 kJ.mot?, respectivelyf> evolution from such mixture of contact ion pairs to the double
Hence, the strength of the interaction between the metal cationssalts of NaSO;-MgS0O,-4H,0 was also observed with further
and the primary shell water molecules in the hexaaquo decrease of WSR. The covalent nature between metal ions and
complexes decreases in the order offCd Zn?" > Mg?" sulfate ions in the contact ion pairs increases in the following
(>Na"), which is consistent with the trend of the difference of order: Na—SQ2-, Mg2'—SQ2 < Zm"*—SO2-, Ckt—
the distance of M-O(H,0)s and the ionic radius, accordingto  SO2".
Table 1. Thus, CH and Zri#* have a higher tendency to remain . )
in their hexaaquo complex structures compared with?Mg Acknowledgment. Financial support of the Hong Kong
However, our results show that contact ion pairs are formed at RGC Earm_arked Grant (HKUST6042/01P) and the HKUST
a WSR higher than 6 in ZnS@nd CdSQdroplets while they - PF grant is gratefully acknowledged.
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