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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 molar Na2SO4/MgSO4 mixture, Na2SO4,
(NH4)2SO4, MgSO4, ZnSO4, and CdSO4 in 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 the Na2SO4/MgSO4 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 995 cm-1 of the ν1-SO4

2- band of the
Raman spectrum shows an abrupt change in the ratio of the intensity at 995 cm-1 to that at 984 cm-1. This
WSR is close to the minimum ratio (18) required to support the hexaaquo structures for both Mg2+ and Na+

ions. A mixture of the contact ion pairs of Mg2+O6-x(SO4
2-)Ox(H2O)‚Na+O6-y(SO4

2-)Oy(H2O) (y < x < 6),
which change the spectral characteristic of the shoulder at 995 cm-1, is formed. 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 1002 cm-1 appears in the
spectrum. The mixture of the contact ion pairs finally evolves into the double salt of MgSO4‚Na2SO4‚4H2O,
giving two new Raman peaks at 1007 and 1043 cm-1. Transitions of the hygroscopic properties coinciding
with the formation of monodentates were also observed for MgSO4 and ZnSO4 droplets.

Introduction

Sulfate is ubiquitously present in atmospheric aerosols.
Atmospheric sulfate particles are hygroscopic. In the fine mode
sulfate is usually associated with ammonium and nitrate. In the
coarse mode, it can be associated with seasalt and crustal ions.
Research attention on the hygrosopic properties of atmospheric
aerosols has been focused on mixtures of ammonium, sulfate
and nitrate,1-5 and mixtures of sodium, magnesium, and sulfate
salts.6,7 Recently, Chan and Ha7 measured the water activities
of evaporating droplets of mixed salts of Na and Mg with an
Electrodynamic Balance (EDB). They found that the ZSR
(Zdanovskii-Stokes-Robinson) and the KM (Kusik and Meiss-
ner) models give accurate predictions for all Na/Mg systems
they studied (NaCl/MgCl2, NaNO3/Mg(NO3)2, NaCl/Mg(NO3)2,
NaCl/MgSO4, and NaNO3/MgSO4) except Na2SO4/MgSO4.7

Using an EDB to study the drying of ceramic precursor droplets,
Chan et al.8 observed an abrupt and significant reduction in the
evaporation rate of most zirconium salts and some magnesium
salts including magnesium sulfate and magnesium acetate at
high concentrations. Chan et al.7 also found that MgSO4 and
Na2SO4/MgSO4 mixtures exhibit a significant delay in water
evaporation at high concentrations. Such delay was not found
in the other systems they studied including the nitrates, chlorides,
and sulfates of sodium and ammonium and their mixtures7,9,10

and the chloride and nitrate of magnesium and their mixtures
with sodium salts.6,7

Unlike typical electrolytes such as NaCl and (NH4)2SO4,
MgSO4 does not effloresce at low RH in single particle
experiments. Gel formation in concentrated MgSO4 solutions
has been postulated to explain the significant reduction in
evaporation rate at high concentrations and the inhibition of
crystalization.8,11Growth measurements of MgSO4 particles also
show significant mass transfer limitations at low RH (unpub-
lished data). These special characteristics of MgSO4 droplets
have prompted us to study the molecular structures of levitated
diluted and supersaturated (NH4)2SO4 and MgSO4 droplets using
Raman spectroscopy.11 A significant shift of theν1-SO4

2- band
from 983 to 1007 cm-1 and an increase of its full width at half
height (fwhh) from 12 to 54 cm-1 were observed when the molar
water-to-solute ratio (WSR) decreased from 17.4 to 1.5. Such
spectral changes have been attributed to the formation of contact
ion pairs of Mg2+ and SO4

2- in supersaturated droplets of
MgSO4 at WSR smaller than 6, where there are insufficient
water molecules to maintain the hexaaquo structure of fully
hydrated Mg2+. In these contact pairs, Mg2+ and SO4

2- are
bonded without water molecules between the ions. These contact
pairs include monodentate and bidentate, which can form a chain
structure incorporating water, inhibiting mass transfer and
suppressing crystallization. Contact pairs of NH4

+ and SO4
2-

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 theν1-SO4
2- band from

981 to 977 cm-1.
The formation of contact ion pairs in aqueous sulfate salt

solutions has been associated to the crystal growth of double
sulfate salts, such as LiASO4 (A ) Na, K, Rh, Ag, etc.), which
have applications in ionic conductors and ferroelectric
materials.12-14 Classical experimental methods such as freezing
point measurements, potentiometric measurements, ultrasonic
absorption, and solubility measurements, which measure the
macrophysical bulk properties of solutions in which the contact
ion pairs may exist, cannot yield direct information about contact
ion pairs at the molecular level.15-19 Although there are many
studies on the equilibrium distributions of free ions, outer sphere
ion pairs, outer-inner ion pairs and contact ion pairs in salt
solutions in the literature, there has not yet been an agreement
on the association constants of sulfate salts such as MgSO4,
ZnSO4 and CdSO4, especially those at higher concentrations.20,21

Sulfate has been found to be coordinated with metal ions in the
form of monodentate, bidentate as well as bridge-bidentate forms
in solid sulfate salts, as shown in Chart 1.22-26 Spectroscopic
techniques, including Raman scattering, infrared spectroscopy,
and NMR, provide information about contact ion pairs on a
molecular level.27-36 However, most of the studies are limited
to diluted concentrations because of the constraints of saturation
in bulk samples. By using an electrodynamic balance in which
single supersaturated droplets were levitated in an electric field,
we found that both monodentate and dibentate exist in super-
saturated MgSO4 droplets.11 Bidentate contact ion pairs of a
series of anionic complexes from [M(SO4)2]2- to [M(SO4)5]8-

(M ) Zn(II) or Cd(II)) in their bulk solutions have been
proposed by Fedorov et al.37,38 There are also some reports on
the theoretical calculations of the structures of contact ion pairs,
but they are all focused on monodentates.20

In this paper, we extend our earlier work of Raman
characterization of levitated droplets of MgSO4 to Na2SO4/
MgSO4, a system in which strong molecular interactions
between the ions are expected based on the significant mass
transfer effects in the hygroscopic measurements observed
earlier by our group.7 In particular, the hygroscopic properties
and the Raman spectra of the Na2SO4/MgSO4 droplets, will be
compared with (NH4)2SO4, MgSO4, ZnSO4, and CdSO4 droplets.
Although the last two sulfate systems have less atmospheric
significance, a large body of literature on their spectroscopic
properties is available for comparison. The ultimate aim of this
study is to understand the hygroscopic properties of the metal
sulfate systems at high concentrations at molecular levels using
Raman spectroscopy. The formation of contact pairs in these
systems will also be discussed.

Experimental Section

Since a droplet is freely levitated in an electric field in an
electrodynamic balance (EDB), heterogeneous nucleation is

suppressed and therefore supersaturated droplets can be studied.
Many thermodynamic studies of supersaturated solutions of
inorganic salts using an EDB have been reported. In addition
to the study of contact pairs, the phase transformation and
metastability of supersaturated microparticles can be studied by
combining an EDB system with a Raman spectroscopic
system.39,40 Other applications of single particle Raman spec-
troscopy include studies of transport properties and chemical
reactions of suspended aerosols.41-45

The experimental setup and procedures used in this study
are identical to those used in Zhang and Chan.11 Figure 1 shows
the schematic diagram of the apparatus for the water cycle and
Raman scattering measurements of levitated droplets. A charged
single droplet, illuminated by a He-Ne laser and observed by
a 20× microscope, was held stationary at the center in the EDB.
The relative humidity in the EDB was adjusted by mixing a
stream of saturated air and another of dry air at controlled
flowrates. The dew point of the gas was measured by a
hygrometer (EG&G Dew Prime Model 2000). At equilibrium
the water activity of the droplet is related to the ambient relative
humidity (RH1) by aw ) Pw/Pw

sat ) RH1/100. The DC voltage
(DC1) was adjusted so that the weight of the droplet balanced
the electrostatic force it experienced. The DC1 value is related
to the mass fraction of solute (mfs1) of the droplet by mfs1 )
mfs0DC1/DC0, where DC0 and mfs0 are the values at a particular
reference state, such as the saturation point (RH) 84%; mfs0
) 0.362) of bloedite for the 1:1 Na2SO4/MgSO4 droplet. The
water-to-solute ratio (WSR) of the droplet isW(1 - mfs)/
(18mfs), whereW is the molecular weight of the sulfate salt.
For the 1:1 Na2SO4/MgSO4 droplets, W is the sum of the
molecular weight of the two components. The size of the
droplets studied was about 30-60 µm. The water activities of
the bulk solutions were measured by an AquaLab water activity
meter (model series III, Decagon Device, Inc).

In the Raman measurements, a 5 Wargon ion laser (Coherent
I90-5) was used as an excitation source. The output power of
the 514.5 nm excitation line was between 800 and 1000 mW.
A 0.5m monochromator (Acton SpectraPro 500) attached to a
CCD (Princeton Instruments, TE/CCD-1100PFUV) detector was
used. A 1200 g/mm grating of the monochromator was selected.
A pair of lenses, which matches the f/6.9 optics of the
monochromator, was used to focus the 90° scattering of the
levitated droplet to the slit of the monochromator. A 514.5 nm
Raman notch filter was placed between the two lenses to remove
the strong Rayleigh scattering. The resolution of the spectra
obtained was 2.3 cm-1 at 981 cm-1. The spectra reported in
this work were the averages of the 30 frames, each with an
accumulation time of 5 s. All measurements were made at
ambient temperatures of 22-24 °C.

Morphological resonances in Mie scattering sometimes
complicate the Raman spectra of droplets. There are two types

CHART 1: Structures of Contact Ion Pairs between
Sulfate and Metal Cations

Figure 1. The schematic of an EDB- Raman system.
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of morphological resonance effects. The first type is that the
excitation wavelength is at a resonance wavelength and scat-
tering (elastic and Raman) signals at all wavelengths are
enhanced. This type of resonance does not affect our analysis.
The second type is that the Raman emissions at selected
wavelengths are at resonance, which complicate the analysis
of the molecular changes of the droplets. To reduce the effect
of the resonance on the Raman scattering, we used relatively
large droplets from 30 to 60 micron in diameter. Generally, the
morphological resonances have sharp peaks with fwhh of 1-5
cm-1. For dilute droplets, it is difficult to differentiate these
resonance peaks from the true Raman peaks because the fwhh
of ν1-SO4

2- is about 10 cm-1, close to that of the resonance
peaks. However, in the supersaturated droplets, the fwhhs of
the Raman peaks ofν1-SO4

2- of MgSO4, ZnSO4, and the
mixture MgSO4/Na2SO4 are much wider (30-60 cm-1). At each
RH, over 50 Raman spectra of the droplet were measured. The
spectra affected by the resonance effects were identified and
excluded from our analysis. The reported spectra are the
averages from those not affected by the morphological reso-
nance.

Raman spectra of bulk solutions and solid samples were
measured using a Renishaw 3000 micro-Raman system with
an Olympus BH-2 microscope at 20× magnification. The
excitation source used was a helium-neon laser operating at
632.8 nm with an output power of 25 mW. The spectral
resolution was approximately 1.0 cm-1.

Results

1. The Molar Water-to-Solute Ratio (WSR) of Sulfate
Droplets. Figure 2 shows the hygroscopic properties of equal
molar Na2SO4/MgSO4 droplets before (plus) and after (open
circle) each Raman measurement, in terms of the equilibrium
WSR as a function of decreasing RH. The saturation point (aw

) 0.84; WSR) 25.75) of the double salt Na2SO4.MgSO4‚4H2O
(bloedite) was used as the reference state for calculating the
WSR at other RH.46 The data are consistent with Chan et al.7

(solid square). It can be seen that the Raman measurements did
not affect the hygroscopic properties of the droplets. Ef-
florescence, which would lead to a sudden decrease in the WSR,
was not observed even at RH) 13%. The addition of MgSO4
suppressed the crystallization of Na2SO4, which occurred at RH
) 55%-57% in levitated aqueous Na2SO4 droplets.9-10

Starting at RH) 80.8%, the WSR decreases as the RH
decreases. A transition point (A in Figure 2) appears at a WSR
of about 18.9 (at RH) 67%), where the WSR becomes more
sensitive to RH until the ratio reaches about 7.7 (at RH) 52.6%;
point B). As the RH continues to decrease to below 52.6%, the

WSR changes only slightly and the droplet approaches a
stoichiometry of a Na2SO4.MgSO4‚4H2O without crystallization.
The particle remains spherical at low RH as observed through
the microscope. Considering that there are six water molecules
in the first-full-layer of each sodium ion47-49 and magnesium
ion,50,5118 H2O molecules are needed to be shared by one Mg2+

and two Na+ ions. Contact ion pairs should start to form at
WSR ) 18 and below, close to the first transition point (A)
observed in Figure 2. In next section, we will discuss the spectral
evidence of the formation of contact ion pairs.

The WSR of ZnSO4 and CdSO4 droplets as a function of
RH is shown in Figure 3. Bulk saturated solutions of ZnSO4‚
7H2O (aw ) 0.90; WSR) 16.08)52,53 and of CdSO4‚8/3H2O
(at aw ) 0.889 and WSR) 15.16) were chosen as reference
states. Literature reports on MgSO4 and (NH4)2SO4 solutions
are also shown for comparison.11,39The WSR of ZnSO4 droplets
decreases continuously when RH decreases. Similar to 1:1 Na2-
SO4/MgSO4 droplets, a transition point (point C in Figure 3)
exists near RH) 56.7%. Between RH) 56.7% and 24%, the
ratio decreases steeply from 11.3 to 5.5. At RH below 24%,
the ratio is relatively insensitive to RH. Albeit less obvious,
there is also a transition point (point D in Figure 3) of the data
of MgSO4 droplet. The WSR of the CdSO4 droplet decreases
continuously from 16.4 to 5.4 when RH decreases from 90%
to 47%. As the RH further decreases, the ratio slightly decreases
from 5.4 to 4.5. No obvious transition point of the data was
observed for CdSO4 droplets.

Except for (NH4)2SO4, all sulfate systems we studied do not
crystallize. The lowest WSR achieved was 1.7, 1.5, 4.2, 4.3,
and 4.5 for (NH4)2SO4, MgSO4, Na2SO4/MgSO4, ZnSO4, and
CdSO4 droplets, respectively. Such low WSR facilitates the
formation of contact pairs, resulting in changes of the symmetric
stretching vibration band of SO42- (ν1-SO4

2-) at 980-983 cm-1

of the Raman spectra.
2. Raman Spectra of the Dilute Droplets.There are many

Raman studies of the contact ion pairs of sulfate salts in the
literature. Free SO42- ions haveTd symmetry and nine modes
of internal vibration spanning the representationΓvib ) A1 + E
+ 2F2. All modes are Raman active, but only the F2 modes are
IR active. The symmetric stretching vibration band of SO4

2-

(ν1-SO4
2-) appears in the range of 980-983 cm-1, whose

detailed characteristics of peak location and fwhh, are sensitive
to the countercation species, the salt concentration, and
temperature.20,21,27-36,54-56 We have recently reported the ap-
pearance of a shoulder at 995 cm-1 when monodentate contact
ion pairs are formed in concentrated MgSO4 solutions.11 The
corresponding shoulders of ZnSO4 and CdSO4 solutions have
been resolved at 987 and 989 cm-1, respectively.20,54 Figure 4

Figure 2. The water to solute molar ratios of 1:1 Na2SO4/MgSO4

droplets as a function of RH.
Figure 3. Molar water-to-solute ratio of ZnSO4, CdSO4, (NH4)2SO4,
and MgSO4 droplets at various ambient RH.
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shows that the Raman spectra of dilute (NH4)2SO4, MgSO4, 1:1
Na2SO4/MgSO4, ZnSO4, and CdSO4 droplets (at WSR of 15.8,
17.4, 25.3, 18.2, and 16.4) have theν1-SO4

2- bands at 981,
983, 984, 981, and 984 cm-1, respectively. Theν1-SO4

2- bands
of 1.5 mol L-1 (WSR) 37) bulk ZnSO4 and CdSO4 solutions
appear at 981 and 982 cm-1, while those of ZnSO4‚7H2O crystal
and CdSO4‚8/3H2O crystal appear at 983 and 1004 cm-1. Slight
asymmetries on the high-frequency side of theν1-SO4

2- band
were observed for diluted MgSO4, 1:1 Na2SO4/MgSO4, ZnSO4,
and CdSO4 droplets but were not seen in (NH4)2SO4 solutions.11

The stretching mode of M-O-(H2O)6 (M ) Mg2+, Zn2+,
or Cd2+) has been observed by Rudolph et al.20,29,54In Figure
4, this mode appears at 390 and 350 cm-1 for bulk ZnSO4 and
CdSO4 aqueous solutions, respectively. However, it was not
observed in the droplet spectra because its intensity was very
weak. It is interesting to note that ZnSO4‚7H2O solid has a peak
at 390 cm-1, similar to its bulk aqueous solution while CdSO4‚
8/3H2O solid has a large blue shift from 350 to 325 cm-1 when
compared with its bulk aqueous solution.

3. Raman Spectra of Concentrated Sulfate Droplets.The
most direct approach to investigating the formation of contact
ion pairs is to obtain the vibration spectra of the bond between
two partners. However, the strong quasi-elastic Rayleigh wing,
extending to 500 cm-1, complicates the detection of the weak
low-frequency modes of the metal-sulfate bond. Using the
difference spectroscopy method to obtain spectral information
in the low-frequency region of the peak of contact ion pairs,
Rudolph et al.20,29,32-35,54have obtained significant findings on
the contact ion pairs of sulfate salt solutions. In particular, they
resolved a band at 240 cm-1 from the Cd(II)-O stretching
vibration mode of the hexaaquo complex near 350 cm-1 and
assigned it to the Cd(II)-O stretching vibration of Cd(II)-O-
SO3

2- in bulk CdSO4 solutions.20 The Mg2+-O(SO4
2-) and

Zn2+-O(SO4
2-) stretching vibration bands were resolved at 245

and 275 cm-1, respectively.20,29,54 In our study, the Raman
signals of the droplets were too weak for the observation of
these bands as mentioned above. Even though the two bending
modes and the anti-symmetric stretching mode were seen near
455, 615 and 1120 cm-1, their intensities and the signal-to-
noise ratios were too low to provide useful information on the
formation on contact ion pairs. Instead, theν1-SO4

2- band
characteristic is sensitive to the strong interactions between the
metal and sulfate ions and therefore it provides much informa-
tion on the contact ion pairs.

Figure 5a-e show theν1-SO4
2- bands of (a) (NH4)2SO4, (b)

MgSO4, (c) 1:1 Na2SO4/MgSO4, (d) ZnSO4, and (e) CdSO4
droplets at various WSR. The aqueous (NH4)2SO4 solution is
usually considered to be a model of “free” sulfate systems. The

ν1-SO4
2- band of (NH4)2SO4 droplets has only a small red shift

from 981 to 977 cm-1 when the WSR decreases from 15.8 to
1.7 (Figure 5a). MgSO4 droplets (Figure 5b), however, have a
significant blue shift from 983 to 1007 cm-1 and an increase
of the fwhh from 12 to 54 cm-1 of theν1-SO4

2- band when the
WSR decreases from 17.4 to 1.5. Such spectral changes have
been assigned to the formation of the contact ion pairs with
structures of monodentate and bidentate in highly supersaturated
solutions.11 The asymmetry of theν1-SO4

2- band at high WSR
(17.4-8.4) is attributed to the presence of a shoulder at 995
cm-1, which has been associated to the formation of the
monodentate contact ion pair between Mg2+ and SO4

2-. This
shoulder becomes a peak at WSR) 5.3. As the WSR further
decreases, another peak at 1007 cm-1 emerges, probably due
to the formation of bidentates.

The evolution of the spectrum of Na2SO4/MgSO4 droplets
(Figure 5c) is complex. At high WSR (>23), a shoulder appears
at 995 cm-1. This shoulder grows as WSR decreases. The
growth becomes more pronounced at WSR) 18.9. This WSR
corresponds to the transition point A of the water activity data
shown in Figure 2. As the WSR further decreases, another
shoulder at about 1002 cm-1 begins to emerge. The intensities
of the two shoulders increase simultaneously until WSR) 8.7,
where the shoulder at 1002 cm-1 becomes a peak. At WSR
below 5.5, two new peaks at 1007 and 1043 cm-1 appear.

The Raman spectra of ZnSO4 droplets (Figure 5d) show that
the “free” ν1-SO4

2- band is resolved at 981 cm-1, which
includes free SO42- ions as well as the outer-outer ion pairs
and outer-inner ion pairs as proposed by Rudolph et al.,20,54

and remains a main peak until WSR reaches 9.3. At WSR
between 9.3 and 6.7, the droplet is rich in monodentate, as
evidenced by the presence of the shoulder at 987 cm-1. As the
WSR further decreases to 4.3, a peak near 1009 cm-1 gradually
evolves.

Figure 4. Raman spectra of dilute solution droplets of the sulfate
systems studied.

Figure 5. Raman spectra of (a) (NH4)2SO4, (b) MgSO4, (c) 1:1 Na2-
SO4/MgSO4, (d) ZnSO4, and (e) CdSO4 droplets at various molar water-
to-solute ratios.
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A shoulder corresponding to the monodentate contact ion pair
of CdSO4 has been observed at 989 cm-1.20 As shown in Figure
5e, this shoulder becomes a main peak when WSR is between
10.3 and 7.8. Another shoulder at 993 cm-1 evolves into a main
peak at a ratio between 6.7 and 4.9. Finally, a third shoulder at
1008 cm-1 emerges at WSR) 4.9 and becomes a main peak
at WSR) 4.5

Discussion

As shown in Figure 5, asymmetry in theν1-SO4
2- band was

observed in all diluted droplets of the metal sulfate systems
studied except (NH4)2SO4. Similar asymmetry has been reported
for most metal sulfate bulk solutions.27-36 The cause of the
asymmetry of theν1-SO4

2- band has been a controversial issue
in the literature. Some researchers21,55,56 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-
ers20,27,29,34,35argued that the presence of the shoulder peak at
995 cm-1, which causes the asymmetry, is an indicator of the
presence of the contact ion pairs in MgSO4 aqueous 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 theν1-SO4

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-1

develops into a main peak and the fwhh shows an abrupt
increase when the WSR of MgSO4 droplets decreases to below
6, where Mg2+ and SO4

2- ions form direct contact ion pairs to
maintain the six coordination structure.11 The increase of fwhh
values in these supersaturated droplets is an indication of the
presence of contact ion pairs of different structures, which is
also the reason for the difficulty in determining the association
constants of the contact pairs.20-21

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 cm-1 and the freeν1-
SO4

2- peak at 983 cm-1 (I995/I983) 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
ion pairs. Figure 6a summarizes the results of hygroscopic and
Raman measurements of MgSO4 droplets in the form of RH
andI995/I983 as a function of WSR. It is very interesting to note
that, as WSR decreases, an abrupt increase ofI995/I983 appears
at WSR) 7.9, the transition point D shown in Figure 3. Hence,
the change of the hygroscopic property of MgSO4 droplets is
related to the formation of monodentate contact ion pairs.

In general, Na2SO4 is assumed to be completely dissociative
in water,57-59 although there are reports on the formation of
NaSO4

- ion pairs.60-63 In particular, Daly et al. reported Raman
spectra of the contact ion pair between Na+ and HSO4

- ions.63

On the other hand, Rull et al. studied the dependence of the
dynamics of SO42- ions in Li2SO4, Na2SO4, and K2SO4 aqueous
solutions on the solution concentration and temperature.64 They
found that the fine asymmetry of theν1-SO4

2- band was
dependent on the nature of the cation species and they explained
the dependence by the perturbation of the cations on the
dynamics of the water molecules around the SO4

2- ions rather
than by the formation of contact ion pairs.

Similar to MgSO4 droplets, the WSR of Na2SO4 droplets was
reduced to below the minimum value (WSR) 12) required to
form a hydrated-inner-sphere structure so that contact pairs can
be formed. However, as shown in Figure 5b (the bottom
spectrum), no obvious change of theν1-SO4

2- band was
observed from Na2SO4 droplets at WSR) 8.7.

Crystallization of Na2SO4/MgSO4 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 cm-1 of the ν1-SO4

2- band
(I995/I984) starts to increase when WSR decreases to 18.9. This
WSR ratio is close to the minimum value (WSR) 18) required
to maintain the hexaaquo structures for all Mg2+ and Na+ ions.
Thus, the transition point A in Figure 2 can also be explained
by the formation of contact ion pairs giving rise to the shoulder
at 995 cm-1. The experimental water activity data of Na2SO4/
MgSO4 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 [MgSO4] and [NaSO4

-] contact ion pairs. Instead,
the increase ofI995/I984 when WSR decreases from 18.9 can be
explained by the formation of a mixture of Mg2+O6-x(SO4

2-)Ox-
(H2O)‚Na+O6-y(SO4

2-)Oy‚(H2O), where the (6- x) oxygen
atoms associated with magnesium ions and the (6- y) oxygen
atoms associated with sodium ions are from sulfate ions and
the other oxygen atoms (Ox and Oy) are from water molecules.
Because Mg2+ (-1922.1 kJ.mol-1) has a higher hydration
energy than that of Na+ (-405.4 kJ.mol-1),65 the contact ion
pairs between Na+ and SO4

2- should be the first to form in
this mixed system at WSR) 18.9, i.e.,y < x < 6, although
the contact ion pairs between Na+ and SO4

2- have little effect

Figure 6. (a) I995/I983 vs WSR of MgSO4. (b) I995/I984 vs WSR of 1:1
Na2SO4/ MgSO4. (c) I1002/I984 vs WSR of 1:1 Na2SO4/MgSO4. (d) I987/
I981 vs WSR of ZnSO4 droplets.
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on theν1-SO4
2- band as shown in Figure 5b (bottom spectrum).

This is consistent with the structure of the double salt of Na2-
SO4‚MgSO4‚4H2O in which x ) 4 andy ) 2.66 In these Na-
MgSO4 contact pairs, the Na and the Mg contact pairs are
connected by sharing a sulfate and a water molecule. It is
therefore not surprising that empirical models such as the ZSR
and KM models, which assume no chemical interactions
between the different solutes, give poor predictions of this
system.

Figure 6c shows that the intensity ratio of the signals at 1002
and at 984 cm-1 (I1002/I984) exhibits an abrupt increase as WSR
decreases to 7.7, which is the second transition point B in Figure
2, where the WSR becomes much less sensitive to further
decreases in RH.

At saturation, the double salt of Na2SO4‚MgSO4‚4H2O is
formed from equal molar Na2SO4-MgSO4 bulk solutions.46 As
shown in Figure 2, the WSR remains approximately constant
at 4 at RH< 20%, which is also consistent with the observation
by Chan et al.7 The droplet at low RH has a stoichiometry of
Na2SO4.MgSO4‚4H2O without crystallization. Hence the particle
may be in the less thermodynamically stable amorphous state.
Mass transfer limitations may have suppressed the delay of
crystallization. Nevertheless, two peaks at 1007 and 1043 cm-1

in Figure 5c can be assigned to the tetraaquo double salt.
The structure of the double salt has been described in terms

of layers built up by MgO2(H2O)4 and NaO4(H2O)2 octahedra
lying on the (001) planes.66 These layers contain infinite chains
of alternating MgO2(H2O)4 and NaO4(H2O)2 sharing corners and
pairs of NaO4(H2O)2 octahedra sharing one edge, as shown in
Figure 7a. Adjacent octahedral layers are interconnected by SO4

tetrahedra. Similar to the double salt structure, a structure
consisting of one magnesium ion bridge connecting with a
sodium ion by a sulfate ion or a water molecule can also form
a chain. Figure 7b shows an example of such a structure of a
mixture of contact ion pairs. The formation of such a chain can
possibly explain the observation of significant reduction of the
mass transfer rates in the drying experiments made by Chan et
al.7

[Zn(H2O)6]2+ has been observed with non-coordinating anions
such as nitrate, sulfate in many aqueous solutions67 and even
in crystals.68 For example, a ZnSO4‚7H2O solid with octahedral

[Zn(H2O)6]2+ unit is well-known.68e The hexaaquo Zn(II)
complex obstructs the direct contact between SO4

2- and Zn2+.
Thus, theν1-SO4

2- band of the ZnSO4‚7H2O solid appears at
983 cm-1, similar to that found in its aqueous solution shown
in Figure 4. A similar conclusion can be made for theν-Zn2+-
O(H2O)6 peak at 390 cm-1 in the spectra of both ZnSO4‚7H2O
solid and its bulk solution.

In Figure 6d, an abrupt change ofI987/I981 in ZnSO4 droplets
occurs when the WSR decreases to 11.3. This is the transition
point C shown in Figure 3. Although such a molar ratio is
sufficient for each zinc ion to maintain a hexaaquo [Zn(H2O)6]2+

complex in the droplet, it appears that a large number of
monodentate contact ion pairs exist. Other kinds of contact ion
pairs, possibly bidendate or bridge-bidentate contact ion pairs
corresponding to the peak at 1009 cm-1, are formed gradually
when WSR further decreases as shown in Figure 5d.

Octahedral [Cd(H2O)6]2+ has been observed in both aqueous
solutions and in solid Cd(ClO4)2‚6H2O.69a,bIn our experiments,
monodentate contact ion pairs exist at WSR between 10.3 and
7.8, based on the intensities at 989 and 984 cm-1.12,54 There
are two shoulders beside the shoulder at 989 cm-1 corresponding
to the monodentate contact ion pairs. These two shoulders
develop into a major peak at lower WSR, indicating the presence
of contact ion pairs other than the monodentate. For example,
the shoulder at 993 cm-1 becomes a major peak at WSR of 6.7
to 4.9, which is probably from the bidentate contact ion pairs.
Another peak at 1008 cm-1 may be related to anionic com-
plexes.37,38

As discussed above, unlike in MgSO4 and Na2SO4/MgSO4

droplets, both the monodentate and bidentate contact ion pairs
are formed in ZnSO4 and CdSO4 droplets at a WSR higher than
6, the minimum number to maintain the full hydrated inner-
sphere of the cations. In general, the interaction between the
second-layer hydration water molecules and the primary shell
water molecules is stronger than that among bulk water
molecules because of the polarization effect of cations on the
primary shell water molecules. Table 1 lists the ionic radius,
the atomic M-O (H2O)6 distance, the hydration energy and
some spectroscopic data of the cations. The polarization effect
is proportional to the charge-to-radius ratio of the cations in
the following order, namely, Mg2+ > Zn2+ > Cd2+ (.Na+).

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
1:1Na2SO4/MgSO4.

TABLE 1: Hydration Properties of the Metal Cations

parameters Na+ Mg2+ Zn2+ Cd2+

ionic radius (Å)65 0.95 0.65 0.74 0.97
distance of M-O (H2O)6 (Å) 2.40-2.5069d 2.00-2.1569f 2.08-2.1567b 2.29-2.3169a,b

hydration energy(kJ mol-1) 65 -405.4 -1922.1 -2044.3 -2384.9
ν-M-O(SO4

2-)(H2O)5 (cm-1)20,29,54 245 275 240
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The contribution of the second and higher layer water molecules
to the total hydration energy also follows the same order. On
the other hand, the hydration energy of Cd2+, Zn2+ and Mg2+

are-2384.9,-2044.3, and-1922.1 kJ.mol-1, respectively.65

Hence, the strength of the interaction between the metal cations
and the primary shell water molecules in the hexaaquo
complexes decreases in the order of Cd2+ > Zn2+ > Mg2+

(.Na+), which is consistent with the trend of the difference of
the distance of M-O(H2O)6 and the ionic radius, according to
Table 1. Thus, Cd2+ and Zn2+ have a higher tendency to remain
in their hexaaquo complex structures compared with Mg2+.
However, our results show that contact ion pairs are formed at
a WSR higher than 6 in ZnSO4 and CdSO4 droplets while they
are formed only when there are insufficient water molecules to
maintain the primary shell of the hexaaquo complex of Na+ or
Mg2+ in MgSO4 and 1:1 Na2SO4/MgSO4 droplets. This suggests
that the interaction between Cd2+ and SO4

2- (and between Zn2+

and SO4
2-) in the contact ion pairs must be stronger than that

between Mg2+ and SO4
2- (and much stronger than that between

Na+ and SO4
2-). This is also supported by the observed

frequencies of the M-O(SO4
2-)(H2O)5 stretching vibration, as

shown in Table 1. Even though the atomic weight of Zn is much
higher than that of Mg, theν-Zn(II)-O(SO4

2-)(H2O)5 is at 275
cm-1, which is much higher than that ofν-Mg2+-O(SO4

2-)-
(H2O)5. Considering that the spherically filled 18-e d electron
cloud of Cd2+ and Zn2+ is more easily polarized by anions than
the 8-e shell of Na+ and Mg2+, we propose that the covalent
nature of contact ion pairs increases in the following order:
Na+-SO4

2-, Mg2+-SO4
2- < Zn2+-SO4

2-, Cd2+-SO4
2-.

Conclusion

This paper demonstrates how an EDB-Raman system can
be used to correlate changes in molecular structures, specifically
in the formation of contact ion pairs to the hygroscopic
properties of sulfate salts when RH decreases. An EDB-Raman
system is a unique combination to measure spectroscopic
signatures of contact ion pairs, which may be difficult to detect
otherwise. Similar studies can be extended to metal-organic
ion systems, which have generated much atmospheric interest
recently.

All the monodentate contact ion pairs of the metal sulfates
studied were observed when the droplets were in supersaturation
states. This observation cannot be achieved in bulk solutions.
The spectra of bulk solutions show only a weak shoulder on
the higher wavenumber side ofν1-SO4

2- band for monodentate
for most metal sulfate systems. The shoulders are often too weak
for molecular assignment. Continuous formation of other forms
of contact ion pairs, possibly bidentate and bridge bidentate and
even some chain structures, results in the increase of fwhh for
MgSO4 and ZnSO4 droplets. Although it is difficult to determine
the association constants in the formation of different contact
pairs, qualitative analysis of the ratios of the signal intensities
(I995/I983 for MgSO4, I987/I981 for ZnSO4 as well asI995/I984 and
I1002/I984 for 1:1 Na2SO4/MgSO4 droplets) is useful to relate the
formation of contact ion pairs and the hygroscopic properties
of these sulfate systems. In particular, the two transition points
of the hygroscopic curve of 1:1 Na2SO4/MgSO4 droplet at WSR
) 18.9 and 7.7 are related to the abrupt increases ofI995/I984

and I1002/I984. Although the structures of the contact ion pairs
corresponding to 995 and 1002 cm-1 shoulders are not well-
understood, we propose that they are built up by Mg2+O6-x-
(SO4

2-)Ox(H2O) and Na+O6-y(SO4
2-)Oy(H2O) octahedra units

sharing water molecules or sulfate ions, similar to the double
salt. The Mg2+O6-x(SO4

2-)Ox(H2O) and Na+O6-y(SO4
2-)Oy(H2O)

octahedra units could form some chain structures, which possibly
explains the observation of the significant reduction of the mass
transfer rates in the drying experiments. A spectroscopic
evolution from such mixture of contact ion pairs to the double
salts of Na2SO4‚MgSO4‚4H2O was also observed with further
decrease of WSR. The covalent nature between metal ions and
sulfate ions in the contact ion pairs increases in the following
order: Na+-SO4

2-, Mg2+-SO4
2-< Zn2+-SO4

2-, Cd2+-
SO4

2-.
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