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The formation of contact ion pairs in Mg(NO3)2 solutions and their effects on the hygroscopic properties of
the solutions were studied using Raman spectroscopy of Mg(NO3)2 droplets levitated in an electrodynamic
balance. Upon reduction in the ambient relative humidity (RH), Mg(NO3)2 droplets lose water but do not
effloresce. The molar water-to-solute ratio (WSR) decreases exponentially with decreasing RH, but it decreases
linearly with RH when it is less than 6. This transition of hygroscopicity at WSR) 6 coincides with an
abrupt blue shift of theν1 band of NO3

- from 1049 to 1055 cm-1 in the Raman spectra, which is due to
nitrate ions entering into the primary solvation shell of Mg2+ ions to form direct contact ion pairs. As the
WSR further decreases, a shoulder on the higher wavenumber side of theν1 band appears near 1060 cm-1

and the separation ofν3 bands increases because of the formation of more complex contact ion pairs. Raman
images of supersaturated droplets at WSR) 2.8 show structural heterogeneity not found in diluted droplets.
Overall, the NO3

- to Mg2+ ratio increases and the H2O to Mg2+ ratio decreases as the surface of the droplet
is approached. However, droplets at low concentration (WSR) 9.6) show a uniform distribution of
monodentates.

Introduction

The hygroscopic properties of atmospheric aerosols have been
the focus of many research studies because the water content
of the aerosols affects virtually all physical and chemical
properties, and in turn, the environmental and health effects of
aerosol particles have been investigated. Experimental measure-
ments of hygroscopicity include the use of gravimetric analysis
of filter samples,1 relative mass measurements of single particles
levitated in an electrodynamic balance (EDB),2-4 size distribu-
tion measurements in a tandem differential mobility analyzer,5-7

and the observation of water peaks in the FTIR spectra of
particles in an aerosol flow tube.8-10 Although the measurements
of water absorption are useful in understanding the hygroscopic
nature of the aerosols under study, they do not provide
information on the chemical interactions in aqueous solutions,
which are the molecular basis for water absorption. In particular,
the chemical interactions between ions and between water and
ions in concentrated aqueous aerosols, especially near ef-
florescence, are expected to be very different from those in
diluted aqueous aerosols.

Recently, we have used Raman spectroscopy to investigate
the relationship between the solute-water interactions and the
hygroscopicity of single levitated aqueous droplets of several
metal sulfate compounds and (NH4)2SO4 in an EDB.11,12 We
found that, at high concentrations, the chemical interactions
between water molecules, sulfate ions, and the countercations

are significant. The strong interactions between sulfate and metal
cations lead to the formation of contact ion pairs, which hinder
the mass transfer of water and affect the crystallization process
in MgSO4 and its mixtures with Na2SO4. More recently, we
have studied the structure of water molecules in NaClO4,
LiClO4, and Mg(ClO4)2 solutions from diluted concentrations
to high supersaturations.13 Raman spectra of water monomers
in highly supersaturated droplets were observed.

Nitrate is a common anion of atmospheric interest. Compared
with sulfate aerosols of the same cation, nitrate aerosols are
often found to crystallize at much lower relative humidities or
not to crystallize at all in well-controlled experiments. Under
these highly supersaturated conditions with little water, the
interactions between the cation and nitrate are very strong,
facilitating the formation of direct contact ion pairs. It has been
found that the Mg(NO3)2 droplets do not crystallize even at high
supersaturation. In this paper, the formation of contact ion pairs
in Mg(NO3)2 solutions and their effects on the hygroscopic
properties of the solution are examined. In addition, we
investigate the spatial distributions of the contact ion pairs by
Raman images of droplets. Structural heterogeneity of the
Raman images is found in the supersaturated droplets but not
in the diluted droplets.

Experimental Methods

The experimental setup and procedures used in this study
are identical to those used in our previous work.11-13 An
electrodynamic balance (EDB) was used to trap and levitate
single Mg(NO3)2 droplets. By proper adjustments of the electric
field strength, a charged particle can be held stationary. When
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exposed to a purified air stream of varying relative humidity,
the particle will absorb an equilibrium amount of water. The
equilibrium water content of the particle, in terms of the molar
water-to-salt ratio (WSR) on a dry basis, is determined by
measuring the applied voltage to balance a stationary particle.

The 514.5 nm line of an Ar+ laser was used as the excitation
light source. The nominal output power used was between 800
and 1000 mW in this study. A pair of lenses, matching thef/7
optics of the monochromator (Acton SpectraPro 500, Princeton
Instruments, TE/CCD-1100PFUV)), was used to focus the 90°
scattering of the levitated droplet to the slit of the monochro-
mator. A 514.5 nm Raman notch-filter was placed between the
two lenses to remove the strong Rayleigh scattering. The 300
g/m and 1200 g/mm gratings of the monochromator were
selected to obtain the Raman spectra of the Mg(NO3)2 droplets
for a wide spectral range (with a spectral resolution of about
10 cm-1) and for a high spectral resolution (about 2.3 cm-1),
respectively. The spectra reported in this work were the averages
of the 30 frames, each with an accumulation time of about 5 s.
All measurements were made at ambient temperatures of 22-
24 °C.

Figure 1 shows the experimental setup to measure the Raman
scattering and the Raman image of a droplet. Because the droplet
has a focus effect as a lens, there are two bright spots near at
the top and the bottom of the droplet as a result of the irradiation
of the laser. After focusing and the dispersion in the mono-
chromator, the two-dimensional Raman signal received by the
CCD detector provides a Raman image of the droplet. The
horizontal pixels of the CCD detector represent the wavenumber
and the vertical pixels represent the spatial (vertical) position
of the droplet. Hence, a double crest Raman image showing
maximum peak intensities at the top and bottom of a droplet
was observed. Raman images were recorded with an accumula-
tion time of 40-80 s. Binning of the vertical pixels was applied
when the overall Raman scattering, but not the detailed image,
was measured.

Results and Discussion

1. Hygroscopic Properties of Mg(NO3)2 Droplets. Figure
2 shows the hygroscopic properties of Mg(NO3)2 droplets in
terms of the equilibrium molar WSR as a function of decreasing
relative humidity (RH). Four particles were measured, and their

results are consistent with those reported by Chan et al.,14 who
measured the WSR at RH higher than 40% only. We have
extended the measurements to RH) 2.7%, corresponding to
an extremely high supersaturation condition of WSR) 2.1,
where one Mg2+ and two NO3

- ions share only about two water
molecules in the droplet on average. Overall, the WSR decreases
exponentially with decreasing RH but a transition point exists
at WSR) 6, below which the WSR decreases linearly with
the RH. No efflorescence, which would result in a sudden
decrease in the WSR, was observed in the evaporation experi-
ments. However, an amorphous particle was occasionally formed
with WSR) 2 without an efflorescence when the particle was
exposed to dry gas (RH about 3%) for more than 10 h. Structural
differences between a supersaturated droplet and the amorphous
particle will be discussed below. Neither anhydrous Mg(NO3)2

nor the hexahydrate Mg(NO3)2‚6H2O was observed in our
experiments.

2. Raman Spectra and the Formation of Contact Ion Pairs.
Free NO3

- has a plane structure withD3h symmetry and has
fundamental vibration bands at 1049, 830,∼1370, and 718
cm-1, which correspond to the in-phase symmetric stretching
mode (ν1(Α1′)), the out-of-plane deformation mode (ν2(Α2′′)),
the out-of-phase stretching mode (ν3(Ε′)), and the in-plane
bending mode (ν4(Ε′)), respectively. Theν3 andν4 modes are
both Raman and infrared active whereas theν1 mode is only
Raman active and theν2 mode is only infrared active.15-17

Figure 1. Experimental setup of single particle Raman spectroscopy.

Figure 2. Hygroscopic properties of Mg(NO3)2 droplets.
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However, even in diluted solutions, the Raman spectrum
contains a pair of closely spaced lines (ν3a andν3b) due to the
hydration of nitrate, instead of the singleν3 mode of the
unperturbed nitrate at 1370 cm-1.18

Figure 3a compares the Raman spectra of the droplets at
various WSR and the spectrum of bulk water. For the dilute
droplets of WSR) 13.6, four bands at 1049 (ν1), ∼1355 (ν3a),
∼1415 (ν3b), and∼720 cm-1 (ν4) were observed. Theν2 band
is Raman forbidden and was not observed. As the WSR
decreases, there is little change in the appearance of the bending
band (ν4). However, the symmetric stretching band (ν1 ) shifts
from 1049 to 1055 cm-1 when the WSR decreases from 6.8 to
5.2. This shift is shown clearly in the high-resolution spectra
in Figure 3b when the WSR decreases from 7.3 to 5.5.
Moreover, a weak shoulder on the higher wavenumber side of
the ν1 band is resolved at about 1060 cm-1 when the WSR
further decreases to 2.2. The splitting of the two antisymmetric
stretching bands (ν3a andν3b) increases with decreasing WSR,
from 60 cm-1 (the difference between 1355 and 1415 cm-1) at
WSR ) 13.6 to 90 cm-1 (between 1355 and 1445 cm-1) at
WSR ) 3.3 (Figure 3a).

Magnesium is an alkali earth metal element in the third period.
Having a large charge-to-radius ratio of 3.3 and a high hydration
energy,19 Mg2+ has a strong tendency to retain its hexahydrated
structure. The hydrated ions of Mg(H2O)62+ are therefore very
stable. Our previous Raman studies of MgSO4 droplets show
that theν1(SO4

2-) band shifts from 981 to 1007 cm-1 and its
full width at half-height (fwhh) increases from 12 to 54 cm-1,
when the WSR is reduced from 17.29 to 1.54.11,12 However,
most of the changes do not occur at the saturation WSR of 15.6.

Instead, they occur at WSR below 6, where a large number of
contact ion pairs including monodentates and bidentates are
formed. Similar to MgSO4, Mg(NO3)2 shows abrupt spectral
changes at WSR less than 6. The shift ofν1 from 1049 to 1055
cm-1 is an indicator of the formation of direct contact ion pairs
between Mg2+ and NO3

-; i.e., nitrate penetrates the first
solvation shell when there are not sufficient water molecules
to retain the hexahydrated structure of Mg2+.

The formation of solvent-separated ion pairs and contact ion
pairs distorts the symmetry of nitrate ions. This profoundly
changes the vibration bands of nitrate in bulk aqueous solutions.
For example, theν4 mode at 717 cm-1 has a new shoulder at
about 737-740 cm-1 in very concentrated solutions (>7 mol
L-1) of LiNO3, due to the formation of contact ion pairs between
Li+ and NO3

-.20 Theν1 band shifts from 1048.5 to 1054 cm-1

when the concentration increases from 0.202 to 9.02 mol
L-1.20,21 The Raman spectra of aqueous Zn(NO3)2 at high
pressure and high temperature have a shoulder on the lower
wavenumber side of theν1 band.22 Tang et al. found a peak at
812 cm-1 (ν2), which is Raman forbidden in bulk solutions, in
supersaturated Sr(NO3)2 metastable droplets.23 Theν1 bands of
amorphous Sr(NO3)2 and Ca(NO3)2 particles have a much wider
fwhh than their solid anhydrous particles.23

In Mg(NO3)2 solutions, contact ion pairs do not exist at
concentrations below 3.85 mol L-1.24 However, they exist at
higher concentrations. For example, Peleg25 measured the
Raman spectra of aqueous Mg(NO3)2 solutions at temperatures
between 90 and 120°C and found that most spectral changes
occurred at WSR less than 6. In particular, a blue shift of the
ν1 band from 1049 to 1053 cm-1 was observed when the WSR
decreased from 6 to 4.2.25 Peleg explained the shift as nitrate
overcoming the polarization effects to form direct contact ion
pairs of monodentates with Mg2+. Two new bands at 1034 and
1060 cm-1, which were not observed in solutions or in the melt
anhydrous salt, appeared in the Mg(NO3)2‚2.4H2O melt. They
then shifted to 1038 and 1066 cm-1 in the Mg(NO3)2‚2H2O
melt. These two bands were attributed to a perturbed quasi-
lattice structure of Mg2+-NO3

- contact ion pairs, even though
the detailed structures of the lattice were not reported.

The sudden shift ofν1 from 1049 to 1055 cm-1 at WSR)
6 in Figure 3 coincides with the existence of the transition point
of the hydroscopic curve observed in Figure 2. They are both
in agreement with the observation of the melt salt reported by
Peleg and are attributed to the formation of contact ion pairs
with monodentate structures at WSR of 6. A similar association
of the change of the hygroscopic property with the formation
of contact ion pairs has been reported for some sulfate salts.11,12

A further decrease in WSR of the droplet did not result in the
disappearance of the band at 1053 cm-1 and the formation of
the two new bands at 1034 and 1060 cm-1, as observed in the
hydrate melts (Mg(NO3)2‚2.4H2O). Instead, only a shoulder near
1060 cm-1 appeared, which may be related to more complex
structures such as bidentates with a composition of ([Mg2+-
(H2O)6-2x(NO3

-)x], x ) 1-3) or monodentates with different
WSR ([Mg2+(H2O)6-x(NO3

-)x], x ) 1-6). We will discuss them
in the next section. The increase in the separation of theν3 bands
is also a characteristic of the formation of the complex contact
ion pairs.24,25

When a droplet was exposed to dry air (RH) 3%) for 10 h,
an amorphous particle with WSR of about 2 was occasionally
formed. The Raman spectrum of the amorphous particle is
shown at the bottom of Figure 3. Theν1 band appears at 1046
cm-1, with two shoulders at 1035 and 1061 cm-1. In the bending

Figure 3. (a) Raman spectra Mg(NO3)2 droplets at various WSR (300
g/mm grating). (b) High-resolution Raman spectra of Mg(NO3)2 droplets
(1200 g/mm grating).
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vibration mode region, two weak peaks are resolved at∼673
and∼723 cm-1. The bands at 1362 and 1422 cm-1 are related
to the antisymmetric vibration modes. However, no peak was
resolved at 830 cm-1 (ν2), which is no longer Raman forbidden
and has been observed in amorphous Sr(NO3)2 particles by Tang
et al.23 All of the peaks of nitrate ions in the amorphous particle
show a narrow fwhh, which is a characteristic of freezing nitrate
ions and an indication of nitrate ions existing with fixed
orientations in microenvironments.

3. Water Structures in Mg(NO3)2 Droplets. In Figure 3a,
the O-H stretching bands of the droplets are very different from
the envelope of pure water, which is generally fitted by four
components, an ice-like component (C1) at ∼3230 cm-1, an
ice-like liquid component (C2) at ∼3420 cm-1, a liquidlike
amorphous phase (C3) at ∼3540 cm-1, and monomeric H2O
(C4) at 3620 cm-1.13 A main peak always appears at∼3463
cm-1 (C2) when the WSR decreases from 13.6 to 3.0. There is
a shoulder at 3269 cm-1 (C1) on the lower wavenumber side of
the main peak. Although the wide O-H stretching band is
complicated by the regular minor peaks due to Mie morphology
resonances, the shape of the envelope of the O-H stretching
band is independent of the WSR. After normalization with the
main peak at 3463 cm-1, the two spectra of WSR) 13.6 and
of WSR ) 3.0 are identical (not shown). In fact, the intensity
ratio of I3269/I3463 is constant from WSR) 3.0 to 13.6. These
results suggest that there is little concentration dependence of
the hydrogen bonding structures of water on the WSR. The
water molecules in the amorphous particles show much more
complex features with the four peaks at 3259, 3395, 3497, and
3581 cm-1, corresponding to the four types of water molecules
including water monomers.13

The hydration parameters of Mg2+ ions, e.g., the primary
hydration number and the distance of Mg-O (H2O)6, are not
sensitive to the counteranion.26 X-ray studies of Mg(NO3)2

solutions have revealed that Mg2+ ions have an inner hydration
shell of six water molecules and a second coordination shell of
twelve water molecules.26 In this study, the average number of
coordinated oxygen atoms per Mg2+ is not enough to retain the
second layer of Mg2+ even for the diluted droplet of WSR)
13.6. Therefore, solvent-separated ion pairs ([Mg2+(H2O)6]-
(H2O)12-y(NO3

-)2, y < 4.4) and direct contact ion pairs
of various monodentate ([Mg2+(H2O)6-x(NO3

-)x]) and bi-
dentate ([Mg2+(H2O)6-2x(NO3

-)x]) structures are found, as
illustrated in the Raman spectra shown in Figure 3a. On
the basis of Figure 3a, it can be concluded that the water
structures in these components have similar hydrogen bonding
properties.

4. Raman Image of the Supersaturated Droplets.Figure
4a shows the contour of the Raman image of a diluted droplet
with WSR ) 9.6. Thex-axis and they-axis correspond to the
Raman shift and the position in the particle along the path of
the incident light, respectively. The Raman intensity is repre-
sented by colors. The two areas of maximum intensities (red)
are the result of the enhanced light scattering at the top and the
bottom of the droplet. It is clear that there is a symmetry of the
Raman image atx ) 1049 cm-1, the peak of the Raman spectra
at any given position in the droplet. Although the scattering
intensities near the edges of the droplets are larger than those
at the center, there is no change in the band envelope (i.e., there
is a constant peak location) of the spectra at any position after
normalization. Thus, the structure of nitrate ions is the same
anywhere in the droplet and hence the droplet can be considered
homogeneous.

In contrast to a diluted droplet, a supersaturated droplet at
WSR) 2.8 is not structurally homogeneous, as evidenced by
the Raman image in Figure 4b. Maximum intensities are found
near the edges of the droplet. However, theν1(NO3

-) band shifts
to a higher wavenumber near the surface. Three regions can be
roughly mapped according to the extent of the band shifts. In
the core region, theν1(NO3

-) peak appears at 1055 cm-1 and
is symmetric. The intermediate region is characterized by a
decrease in the intensity gradient on the lower wavenumber side
toward the center of the droplet, indicating the presence of a
shoulder at 1039 cm-1. The outer region shows a shift of the
ν1(NO3

-) band from 1055 to 1060 cm-1 when approaching the
surface of the droplet.

Irish et al. have resolved two peaks at 1039 and 1064 cm-1

in the hydrate melt of WSR) 2.2.20 These peaks are related to
different bidentate structures of the contact ion pairs [Mg2+-
(H2O)6-2x(NO3

-)x] between NO3
- and Mg2+. They proposed

that the 1038 and 1060 cm-1 peaks correspond to the tetrahy-
drate bidentate ([Mg2+(H2O)4(NO3

-)]) and the dihydrate bi-
dentate ([Mg2+(H2O)2(NO3

-)2]), respectively.24 The positional
dependence of theν1(NO3

-) characteristic shown in Figure 4b
indicates that the supersaturated droplet is structurally hetero-
geneous.

To understand the relationship between theν1 band and the
structures of the contact ion pairs between Mg2+ and NO3

-,
we used the ab initio method to optimize the configurations of
the monodentate and bidentate contact ion pairs on the RHF
level with the 6-311++G basis set.27 Figure 5 shows the
optimized structures of monodentate and bidentate contact ion
pairs. All the monodentates ([Mg2+(H2O)6-x(NO3

-)x], x ) 1-6)
are local stationary points as minima with no imaginary
frequencies. For the bidentates ([Mg2+(H2O)6-2x(NO3

-)x], x )
1-3), the tetrahydrate bidentate and the anhydrate bidentate are
the local minima. No stable structure was optimized for the
dihydrate bidentate because three imaginary frequencies can
exist. The calculated frequencies of theν1 band of the stable
structures as well as their Raman activities are also shown in
Figure 5. The calculated vibration frequencies depend on the
calculation method and the basis set. The relative position of
each vibration mode of NO3-, with the calculated frequency of
free NO3

- as a reference, provides an insight of the band shift
in the hydration of NO3- and the formation of contact ion pairs
of NO3

- with cations. Kelley et al. have performed theoretical
analyses on the separation of the degenerate band pairs (the
difference betweenν3a andν3b) for nitrate-water complexes at
the ab initio Hartree-Fock level with the consideration of
diffuse and polarization functions.18 In our calculations, all the
monodentates have calculated frequencies higher than the
calculatedν1 of free NO3

- ions (1094.3 cm-1) whereas the
bidentate contact ion pairs have calculated frequencies lower
than that of free NO3- ions.

At WSR ) 2.8, it is unlikely that free NO3- or solvent-
separated ion pairs exist with so little water in the droplets. Thus,
Figure 4b can be viewed as an indication of the spatial distri-
bution of various contact ion pairs. The core region has a sym-
metric band at 1055 cm-1 and predominantly contains mono-
dentate contact ion pairs of [Mg2+(H2O)5(NO3

-)], supported by
the result that the calculated frequency of [Mg2+(H2O)5(NO3

-)]
is 1114.9 cm-1, higher than that of free NO3- at 1094.3 cm-1.

The intermediate region has the main peak at about 1055
cm-1 with a shoulder at∼1039 cm-1. According to the
calculated frequencies, we propose that the tetrahydrate bidentate
([Mg2+(H2O)4(NO3

-)]) (1038.0 cm-1) exists in the intermediate
region even though the main component is still [Mg2+(H2O)5-
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(NO3
-)]. Because the overall NO3- to Mg2+ ratio of the droplet

is 2 and the core region has a ratio close to unity, the nitrate
deficit must be compensated in the outer regions. Thus we
attribute the main peak at 1060 cm-1 to the monodentates of
([Mg2+(H2O)6-x(NO3

-)x], x ) 3-6), of which the calculated
frequencies with maximum Raman activity are all higher than
that of [Mg2+(H2O)5(NO3

-)]. To maintain the hexacoordinated
structure of Mg2+, the increase of the NO3- to Mg2+ ratio will
be accompanied by the decrease of the H2O to Mg2+ ratio as
the surface of the droplet is approached.

Conclusions

Combining the use of an EDB and Raman spectroscopy, we
have shown that the hexacoordination structure of Mg2+ has a
profound effect on the molecular structures and the hygroscopic

properties of Mg(NO3)2 solutions. The formation of contact ion
pairs at WSR) 6 has resulted in significant changes in the
Raman spectra of theν1 nitrate peak and a transition of the
measured hygroscopicity. These observations are consistent with
our earlier work on sulfates of Mg2+ and other metal ions.
Furthermore, the formation of high NO3

-/Mg2+ ratio contact
ion pairs can be a plausible explanation of the absence of
efflorescence in the evaporation of Mg(NO3)2 droplets. In this
paper, we have advanced our single particle Raman spectro-
scopic analysis to study the structural heterogeneity of droplets.
Our Raman imagining analysis has qualitatively suggested that
the NO3

- to Mg2+ ratio of the contact ion pairs increases but
the H2O to Mg2+ ratio decreases as the surface of a highly
supersaturated droplet is approached. Recently, preferential
surface enrichments of anions near droplet surfaces have been

Figure 4. (a) Spatially resolved Raman contours of a dilute Mg(NO3)2 droplet equilibrated at RH) 70.1% (molar solute-to-water ratio) 9.6). The
x-axis andy-axis correspond to the Raman shift and the position along the vertical axis of the particle, respectively. (b) Spatially resolved Raman
contours of a supersaturated Mg(NO3)2 droplet equilibrated at RH) 2.7% (molar solute-to-water ratio) 2.8).
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associated with the enhanced role of sea-salt aerosols in gas-
phase atmospheric chemistry.28-30 According to the Raman
characteristics of contact ion pairs, the “surface enrichment” of
contact ion pairs of high NO3- to Mg2+ ratio only exists in
supersaturated droplets. Although this work may not be directly
relevant to surface enrichment of anions, which potentially exist
even in diluted droplets, it provides experimental evidence to
the observation of heterogeneity of droplets. Our laboratory is
currently exploring the use of fluorescence spectroscopy to study
the surface enhancement of anions of levitated droplets at low
concentrations to supersaturation.31
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