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The formation of contact ion pairs in Mg(NJ solutions and their effects on the hygroscopic properties of
the solutions were studied using Raman spectroscopy of Mg@\itoplets levitated in an electrodynamic
balance. Upon reduction in the ambient relative humidity (RH), Mg{@roplets 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 WS coincides with an
abrupt blue shift of the; band of NQ~ from 1049 to 1055 cmt in the Raman spectra, which is due to
nitrate ions entering into the primary solvation shell of Mdons to form direct contact ion pairs. As the
WSR further decreases, a shoulder on the higher wavenumber sideaflthed appears near 1060 ¢

and the separation of bands increases because of the formation of more complex contact ion pairs. Raman
images of supersaturated droplets at WSR.8 show structural heterogeneity not found in diluted droplets.
Overall, the N@ to Mg?* ratio increases and the,8 to Mg?* ratio decreases as the surface of the droplet

is approached. However, droplets at low concentration (WSR.6) show a uniform distribution of
monodentates.

Introduction are significant. The strong interactions between sulfate and metal

cations lead to the formation of contact ion pairs, which hinder

h Trf1e hygr(;scoplc propertlis of 3§mozpher|c aerhosols have been[he mass transfer of water and affect the crystallization process
the focus of many research studies because the water content, MgSQu and its mixtures with Ng8Q,. More recently, we

of the .aerosols. affects wrtua}ly all physical and chemical have studied the structure of water molecules in NaClO

properties, and in turn, the environmental and health effects of LiClO4, and Mg(CIQ), solutions from diluted concentrations

aerosol particles ha\_/e_ bgen investigated. Exper_lmen'gal measurey, high supersaturatiod8.Raman spectra of water monomers

ments of hygroscopicity include the use of gravimetric analysis in highly supersaturated droplets were observed

of filter samples, relative mass measurements of single particles . . . . )

levitated in an electrodynamic balance (E¥Bj,size distribu- _Nltrate is & common anion of atmospherlc interest. Compared

tion measurements in a tandem differential mo,bility anal§zér with sulfate aerosols of the same cation, nitrate aerosols are

and the observation of water peaks in the FTIR spectra’l of often found to crystallize at much lower relative humidities or
not to crystallize at all in well-controlled experiments. Under

icles in an aerosol flow 10 Although the m remen . o e
particles in an aerosol flow tutie? Although the measurements these highly supersaturated conditions with little water, the

of water absorption are useful in understanding the hygroscopic. . . .
nature of the aerosols under study, they do not provide interactions between the cation and nitrate are very strong,

information on the chemical interactions in agueous solutions, ;acméa;[rl‘ngt] tt:]'e,{/?m:\lat'og of (illrtec(; conttact |<)tn|Fa|rs. I hafr?eﬁn
which are the molecular basis for water absorption. In particular, ound that the 9 Qz ropiets do not crystafiize even at hign
the chemical interactions between ions and between water and> Persaturation. In this paper, the formation of contact ion pairs

ions in concentrated aqueous aerosols, especially near ef!N Mg(NQs). solutions and their effects on the hygroscopic

florescence, are expected to be very different from those in properties of the solution are examined. In addition, we

diluted aqueous aerosols investigate the spatial distributions of the contact ion pairs by

Recently. we have used Raman spectroscony to investiaat Raman images of droplets. Structural heterogeneity of the

1y, W pec Py 93 aman images is found in the supersaturated droplets but not
the relationship between the soluteater interactions and the . .

> ) - in the diluted droplets.

hygroscopicity of single levitated aqueous droplets of several
metal sulfate compounds and (WpBO, in an EDB!12 We
found that, at high concentrations, the chemical interactions
between water molecules, sulfate ions, and the countercations e experimental setup and procedures used in this study

Experimental Methods

are identical to those used in our previous worid3 An
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Figure 1. Experimental setup of single particle Raman spectroscopy.
exposed to a purified air stream of varying relative humidity, 16 T Fomrer 12
the particle will absorb an equilibrium amount of water. The 14 ® Particle1
S . . A Particle 2
equilibrium water content of the particle, in terms of the molar O Partidle 3
water-to-salt ratio (WSR) on a dry basis, is determined by 129 6 Particle 4 +$
measuring the applied voltage to balance a stationary particle. 104 A
The 514.5 nm line of an Arlaser was used as the excitation o saturated Mg(NO,),6H,0 o
light source. The nominal output power used was between 800 g 81 ﬁg_:_*(.').-""
and 1000 mW in this study. A pair of lenses, matchingfifie 6oL M _________________________
optics of the monochromator (Acton SpectraPro 500, Princeton —_
Instruments, TE/CCD-1100PFUV)), was used to focus tHe 90 44 a8
scattering of the levitated droplet to the slit of the monochro- 2] O‘.%@EP
mator. A 514.5 nm Raman notch-filter was placed between the N amorphous
two lenses to remove the strong Rayleigh scattering. The 300 0 T T T . T T T —
g/m and 1200 g/mm gratings of the monochromator were 0 10 20 30 40 S50 60 70 8 90 100
selected to obtain the Raman spectra of the Mg{@oplets RH (%)

for a wide spectral range (with a spectral resolution of about Figure 2. Hygroscopic properties of Mg(Ng, droplets.
10 cnm?) and for a high spectral resolution (about 2.37¢jn
respectively. The spectra reported in this work were the averagesresults are consistent with those reported by Chan ét aho
of the 30 frames, each with an accumulation time of about 5 s. measured the WSR at RH higher than 40% only. We have
All measurements were made at ambient temperatures-of 22 extended the measurements to RH2.7%, corresponding to
24 °C. an extremely high supersaturation condition of WSR2.1,
Figure 1 shows the experimental setup to measure the Ramarwhere one Mg" and two NQ™ ions share only about two water
scattering and the Raman image of a droplet. Because the dropletnolecules in the droplet on average. Overall, the WSR decreases
has a focus effect as a lens, there are two bright spots near aexponentially with decreasing RH but a transition point exists
the top and the bottom of the droplet as a result of the irradiation at WSR= 6, below which the WSR decreases linearly with
of the laser. After focusing and the dispersion in the mono- the RH. No efflorescence, which would result in a sudden
chromator, the two-dimensional Raman signal received by the decrease in the WSR, was observed in the evaporation experi-
CCD detector provides a Raman image of the droplet. The ments. However, an amorphous particle was occasionally formed
horizontal pixels of the CCD detector represent the wavenumberwith WSR = 2 without an efflorescence when the particle was
and the vertical pixels represent the spatial (vertical) position exposed to dry gas (RH about 3%) for more than 10 h. Structural
of the droplet. Hence, a double crest Raman image showingdifferences between a supersaturated droplet and the amorphous
maximum peak intensities at the top and bottom of a droplet particle will be discussed below. Neither anhydrous MggNO
was observed. Raman images were recorded with an accumulanor the hexahydrate Mg(Ng»-6H,O was observed in our
tion time of 40-80 s. Binning of the vertical pixels was applied experiments.
when the overall Raman scattering, but not the detailed image, 2. Raman Spectra and the Formation of Contact lon Pairs.
was measured. Free NQ~ has a plane structure witbs, symmetry and has
fundamental vibration bands at 1049, 8301370, and 718
cm~1, which correspond to the in-phase symmetric stretching
mode §1(A1")), the out-of-plane deformation modex(A2")),
1. Hygroscopic Properties of Mg(NQ), Droplets. Figure the out-of-phase stretching modes(E')), and the in-plane
2 shows the hygroscopic properties of Mg(®£droplets in bending modes(E")), respectively. The’z andv, modes are
terms of the equilibrium molar WSR as a function of decreasing both Raman and infrared active whereas thenode is only
relative humidity (RH). Four particles were measured, and their Raman active and the, mode is only infrared activ&® 17

Results and Discussion
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(a) Instead, they occur at WSR below 6, where a large number of
9 contact ion pairs including monodentates and bidentates are
8 formed. Similar to MgS@ Mg(NOs), shows abrupt spectral
| changes at WSR less than 6. The shifvpfrom 1049 to 1055

3230

] e bulk water cmtis an indicator of the formation of direct contact ion pairs
/// f\ between M§" and NQ; i.e., nitrate penetrates the first
//W\ 13.6 solvation shell when there are not sufficient water molecules
] Mk 10.2 to retain the hexahydrated structure of g
8.0 ) . . .
B W\«\\\\\:: 6.8 The formation of solvent-separated ion pairs and contact ion
M://«fo\w 52 pairs distorts the symmetry of nitrate ions. This profoundly
,4/;\ ‘3‘*-4 changes the vibration bands of nitrate in bulk aqueous solutions.
5 ] ™~ 3'g For example, the’; mode at 717 cm! has a new shoulder at
—_— T e o 30 about 737740 cnt! in very concentrated solutions ¥ mol
g 89 f? L™1) of LiINO3, due to the formation of contact ion pairs between
: : : . ,,.wﬂ/L/"\”\_, 2.0(am) Li™ and NGQ~.2° The v, band shifts from 1048.5 to 1054 cth
750 10b0 12'50 ”30'00 32|50 35|00 37'50 when the concentration increases from 0.202 to 9.02 mol

L~12021 The Raman spectra of aqueous Zn@Oat high
pressure and high temperature have a shoulder on the lower
wavenumber side of the, band?? Tang et al. found a peak at
812 cnt! (1), which is Raman forbidden in bulk solutions, in
supersaturated Sr(N{2 metastable drople.Thev; bands of
amorphous Sr(Ng), and Ca(NG), particles have a much wider

3
0
73 % fwhh than their solid anhydrous particl€s.
Z? % In Mg(NOg), solutions, contact ion pairs do not exist at

Raman shift (cm'1)
(b)

10.0

concentrations below 3.85 molL24 However, they exist at
higher concentrations. For example, Péfeqeasured the
Raman spectra of aqueous Mg(By&solutions at temperatures

38
34
238 8 !

22 T o
. . . - . , between 90 and 128C and found that most spectral changes
1000 1020 1040 1060 1080 1100 occurred at WSR less than 6. In particular, a blue shift of the
Raman shift (cm’) 1 band from 1049 to 1053 cm was observed when the WSR

Figure 3. (a) Raman spectra Mg(N{2 droplets at various WSR (300 decreased from 6 to 422 .Peleg explained the shift as nitrate
g/mm grating). (b) High-resolution Raman spectra of Mgg§@roplets  gyercoming the polarization effects to form direct contact ion
(1200 g/mm grating). pairs of monodentates with Mg. Two new bands at 1034 and
L . 1060 cn1?, which were not observed in solutions or in the melt
However, even in diluted solutions, the Raman spectrum anhydrous salt, appeared in the Mg(€2.4H,0 melt. They
contains a pair of closely spaced linegs(@ndvs) due to the 0 " cpiried 1o 1038 and 1066 cinin the Mg(NQy)s2H,0
Bzd:earifrge%f n?t':;atlgeét'qsg?gd cr‘?nfs the single mode of the melt. These two bands were attributed to a perturbed quasi-
p. ’ lattice structure of Mg§"—NOs™ contact ion pairs, even though
valr:ilguusreV\?;Ranm dp?iziss;heitﬁ;rwni? I:;SLﬁEC\}vr:teorf tgl:r (tjr:gp(lj?ltusteatthe detailed structures of the lattice were not reported.
N The sudden shift of; from 1049 to 1055 cm* at WSR=
droplets of WSR= 13.6, four bands at 10490, ~1355 ), 6 in Figure 3 coincides with the existence of the transition point

~ ~ 1
1415 ), and~720 cm * (va) were observed. The, band R of the hydroscopic curve observed in Figure 2. They are both

is Raman forbidden and was not observed. As the WSR . ith the ob . fth it sal db
decreases, there is little change in the appearance of the bendin agreement with the observation of the melt sa't reported by
eleg and are attributed to the formation of contact ion pairs

band ¢4). However, the symmetric stretching band  shifts ; o S
from 1049 to 1055 crmt when the WSR decreases from 6.8 to  With monodentate structures at WSR of 6. A s!mllar association
5.2. This shift is shown clearly in the high-resolution spectra ©f the change of the hygroscopic property with the formation
in Figure 3b when the WSR decreases from 7.3 to 5.5. Of contaction pairs has been reported for some sulfate'safts.

Moreover, a weak shoulder on the higher wavenumber side of A further decrease in WSR of the droplet did not result in the
the v, band is resolved at about 1060 chwhen the WSR  disappearance of the band at 1053 ¢rand the formation of

further decreases to 2.2. The splitting of the two antisymmetric the two new bands at 1034 and 1060 ¢imas observed in the
stretching bandsvg andvay) increases with decreasing WSR, ~ hydrate melts (Mg(Ng)2-2.4H;0). Instead, only a shoulder near

from 60 cnt? (the difference between 1355 and 1415 é)rat 1060 cnt* appeared, which may be related to more complex
WSR = 13.6 to 90 cm? (between 1355 and 1445 cf) at structures such as bidentates with a composition of Mg
WSR = 3.3 (Figure 3a). (H20)6-2¢(NO37)y], x = 1—3) or monodentates with different

Magnesium is an alkali earth metal element in the third period. WSR (Mg (H20)6-x(NOs7)4, x= 1-6). We will discuss them
Having a large charge-to-radius ratio of 3.3 and a high hydration In the next section. The increase in the separation ofsbends
energy!® Mg2* has a strong tendency to retain its hexahydrated S also.a characteristic of the formation of the complex contact
structure. The hydrated ions of Mg{8)¢2* are therefore very ~ ion pairsz42°
stable. Our previous Raman studies of MgS{Poplets show When a droplet was exposed to dry air (RH3%) for 10 h,
that thev1(SO42") band shifts from 981 to 1007 crhand its an amorphous particle with WSR of about 2 was occasionally
full width at half-height (fwhh) increases from 12 to 54 cin formed. The Raman spectrum of the amorphous particle is
when the WSR is reduced from 17.29 to 11542 However, shown at the bottom of Figure 3. The band appears at 1046
most of the changes do not occur at the saturation WSR of 15.6.cm™, with two shoulders at 1035 and 1061 tinin the bending
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vibration mode region, two weak peaks are resolved @3 In contrast to a diluted droplet, a supersaturated droplet at
and~723 cnTl. The bands at 1362 and 1422 chare related WSR= 2.8 is not structurally homogeneous, as evidenced by
to the antisymmetric vibration modes. However, no peak was the Raman image in Figure 4b. Maximum intensities are found
resolved at 830 cri (v,), which is no longer Raman forbidden  near the edges of the droplet. However, #i{@&O3~) band shifts
and has been observed in amorphous Sgjbarticles by Tang to a higher wavenumber near the surface. Three regions can be
et al23 All of the peaks of nitrate ions in the amorphous particle roughly mapped according to the extent of the band shifts. In
show a narrow fwhh, which is a characteristic of freezing nitrate the core region, the:(NOs~) peak appears at 1055 cfand
ions and an indication of nitrate ions existing with fixed is symmetric. The intermediate region is characterized by a
orientations in microenvironments. decrease in the intensity gradient on the lower wavenumber side
3. Water Structures in Mg(NO3), Droplets. In Figure 3a, toward the center of the droplet, ino!icating the presence of a
the O-H stretching bands of the droplets are very different from Shoulder at 1039 cnt. The outer region shows a shift of the
the envelope of pure water, which is generally fitted by four v1(NO;57) band from 1055 to 1060 cm when approaching the

components, an ice-like component;Y@t ~3230 cnT?, an surface of the droplet.

ice-like liquid component (§ at ~3420 cnt?, a liquidlike Irish et al. have resolved two peaks at 1039 and 1064'cm
amorphous phase Cat ~3540 cnl, and monomeric bD in the hydrate melt of WSR= 2.220 These peaks are related to
(Cs) at 3620 cmiL.13 A main peak always appears a8463 different bidentate structures of the contact ion pairs {Mg

cm1 (C;) when the WSR decreases from 13.6 to 3.0. There is (H20)s-(NOs7)4 between N@™ and Mg". They proposed

a shoulder at 3269 cm (C;) on the lower wavenumber side of ~ that the 1038 and 1060 crhpeaks correspond to the tetrahy-
the main peak. Although the wide-@4 stretching band is ~ drate bidentate (Mg (H,0),(NOs7)]) and the dihydrate bi-
complicated by the regular minor peaks due to Mie morphology dentate (IM§"(H20):(NOs")2]), respe_ctlyelyz.“ The positional
resonances, the shape of the envelope of th¢iGtretching  dependence of they(NOs™) characteristic shown in Figure 4b
band is independent of the WSR. After normalization with the indicates that the supersaturated droplet is structurally hetero-
main peak at 3463 cm, the two spectra of WSR: 13.6 and geneous. _ )

of WSR= 3.0 are identical (not shown). In fact, the intensity ~_ TO understand the relationship between tgdand and the
ratio of I36dl3463iS constant from WSRe 3.0 to 13.6. These ~ Structures of the contact ion pairs between*Mand NQ,
results suggest that there is little concentration dependence ofV€ used the ab initio method to optimize the configurations of
the hydrogen bonding structures of water on the WSR. The the mor_lodentate and bldentaFe contact ion pairs on the RHF
water molecules in the amorphous particles show much more!€ve! With the 6-31%+G basis set’ Figure 5 shows the
complex features with the four peaks at 3259, 3395, 3497, and optimized structures of monodentate and bidentate contact ion

3581 e, corresponding to the four types of water molecules Pars: All the monodentates ([Mg(Hz0)s—«(NOs ), x = 1-6)
including water monomers. are local stationary points as minima with no imaginary

. . . frequencies. For the bidentates ([RigH20)e—2x(NO37)y], X =
The_hydratlon parameter§ of Mgions, e.g., the primary 1-3), the tetrahydrate bidentate and the anhydrate bidentate are
hydration number and the distance of M@ (HO)s, are not the local minima. No stable structure was optimized for the
sensitive to the counteraniéh.X-ray studies of Mg(N@) dihydrate bidentate because three imaginary frequencies can
solutions have revealed that Kgions have an inner hydration  oyist The calculated frequencies of theband of the stable
shell of six water molecules and a second coordination shell of

* structures as well as their Raman activities are also shown in
twelve water molecule®. In this study, the average number of - Figyre 5. The calculated vibration frequencies depend on the

coordinated oxygen atoms per ffgs not enough to retainthe  ¢5jcyjation method and the basis set. The relative position of

second layer of Mg even for the diluted droplet of WSR each vibration mode of N§, with the calculated frequency of
13.6. Therefore, solvent-separated ion pairs (MB20)sl-  free NO;~ as a reference, provides an insight of the band shift
(H20)12-y(NO37)2, y < 4.4) and direct contact ion pairs i the hydration of NG~ and the formation of contact ion pairs
of various monodentate ([Mg(H20)s—x(NOs™)4]) and bi- of NOs~ with cations. Kelley et al. have performed theoretical

dentate ([Mg"(H20)s-2((NO3™)x]) structures are found, as analyses on the separation of the degenerate band pairs (the
illustrated in the Raman spectra shown in Figure 3a. On difference betweens,andvsy,) for nitrate—water complexes at
the basis of Figure 3a, it can be concluded that the water the ab initio Hartree Fock level with the consideration of
structures in these components have similar hydrogen bondingdiffuse and polarization functior.In our calculations, all the
properties. monodentates have calculated frequencies higher than the
4. Raman Image of the Supersaturated DropletsFigure calculatedv; of free NG~ ions (1094.3 cm') whereas the
4a shows the contour of the Raman image of a diluted droplet bidentate contact ion pairs have calculated frequencies lower
with WSR = 9.6. Thex-axis and they-axis correspond to the  than that of free N@ ions.
Raman shift and the position in the particle along the path of At WSR = 2.8, it is unlikely that free N@ or solvent-
the incident light, respectively. The Raman intensity is repre- separated ion pairs exist with so little water in the droplets. Thus,
sented by colors. The two areas of maximum intensities (red) Figure 4b can be viewed as an indication of the spatial distri-
are the result of the enhanced light scattering at the top and thebution of various contact ion pairs. The core region has a sym-
bottom of the droplet. It is clear that there is a symmetry of the metric band at 1055 cnt and predominantly contains mono-
Raman image at= 1049 cnt?, the peak of the Raman spectra dentate contact ion pairs of [Mt(H20)s(NO3~)], supported by
at any given position in the droplet. Although the scattering the result that the calculated frequency of fVigH,0)s(NOs )]
intensities near the edges of the droplets are larger than thosds 1114.9 cm?, higher than that of free N© at 1094.3 cm™.
at the center, there is no change in the band envelope (i.e., there The intermediate region has the main peak at about 1055
is a constant peak location) of the spectra at any position aftercm=! with a shoulder at~1039 cml. According to the
normalization. Thus, the structure of nitrate ions is the same calculated frequencies, we propose that the tetrahydrate bidentate
anywhere in the droplet and hence the droplet can be considered[Mg?2™(H,0)4(NO3z7)]) (1038.0 cntl) exists in the intermediate
homogeneous. region even though the main component is still fVigH,0)s-
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Figure 4. (a) Spatially resolved Raman contours of a dilute MggN@roplet equilibrated at RH: 70.1% (molar solute-to-water rati 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(p©droplet equilibrated at RH= 2.7% (molar solute-to-water ratis 2.8).

(NO37)]. Because the overall N to Mg?" ratio of the droplet properties of Mg(N@), solutions. The formation of contact ion
is 2 and the core region has a ratio close to unity, the nitrate pairs at WSR= 6 has resulted in significant changes in the
deficit must be compensated in the outer regions. Thus we Raman spectra of the; nitrate peak and a transition of the
attribute the main peak at 1060 chto the monodentates of  measured hygroscopicity. These observations are consistent with
(IMg?*(H20)s-x(NO3")y], x = 3—6), of which the calculated  our earlier work on sulfates of Mg and other metal ions.
frequencies with maximum Raman activity are all higher than Furthermore, the formation of high NO'Mg?* ratio contact
that of [Mg?*(H20)s(NO3™)]. To maintain the hexacoordinated jon pairs can be a plausible explanation of the absence of
structure of M@*, the increase of the N to Mg?* ratio will efflorescence in the evaporation of Mg(N@droplets. In this
be accompanied by the decrease of th©Ho Mg?* ratio as  paper, we have advanced our single particle Raman spectro-
the surface of the droplet is approached. scopic analysis to study the structural heterogeneity of droplets.
Our Raman imagining analysis has qualitatively suggested that
the NG~ to Mg?" ratio of the contact ion pairs increases but
Combining the use of an EDB and Raman spectroscopy, wethe HO to Mg?" ratio decreases as the surface of a highly
have shown that the hexacoordination structure ofMups a supersaturated droplet is approached. Recently, preferential
profound effect on the molecular structures and the hygroscopicsurface enrichments of anions near droplet surfaces have been

Conclusions
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Monodentates
* )
9 o 2
) "
1114.9(16.2) cm’™ 1118.6(3.8), 1118.9(34.6) cm™ 1114.9(18.9), 1115.9(8.3),
1119.9(33.2) em™
Mg*(H,0)5(NO5) (Cy) Mg*(H,0)4(NO5); (C,) Mg*(H,0)5(NO5); (C;)
1115.6(16.1), 1117.0% (0.0), 1104.1(9.5), 1104.9(34.4), 1116.6%(10.4), 1118.2%(0.0),
1117.9 (70.4) cm™ 1130.6(3.3), 1131.6(35.1), 1118.5(0.0), 1119.5(105.8) cm™
1136.5(25.1) ecm™
Mg* (H,0)5(NO5 )4 (Cav) Mg*(H,0)(NO5)s (Cs) Mg (NO3)s ( Cav)
Bidentates

&

T

1038.0(12.6) cm’™* 1062.0%(4.5), 1066.5(38.5) cm’™ -
Mg* (H,0),(NO5) (Cy) Mg*(NO;); (C) Mg*(H;0),(NO5"); (Cay)
*two-fold degenerate

Figure 5. Optimized structures (RHF/633H-G) of the monodentate ([Mg(H20)s-x(NOs™)y], x = 1—6) and the bidentate ([Mg(H20)s-2(NOs7)y],
x = 1-3) contact ion pairs, their calculated frequencies®rand Raman activities (in parentheses) ofthbands: (red ball) oxygen atom; (blue
ball) nitrogen atom; (yellow ball) magnesium atom; (white ball) hydrogen atom.
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