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The crystals formed at 293 K by aerosol particles composed gt SBO;~, NH,*, and H™ are determined

by aerosol flow tube infrared spectroscopy. An innovative experimental protocol is employed to restore water
content to the aerosol particles and thus remove the ambiguity of their physical state after exposure to low
relative humidity. The six crystals formed include (NFBOi, (NH4)3H(SOy)2, NHHSO,, NH4NOs,
2NH4NO3+(NH4)2SOy, and 3NHNO3+(NH,4).SO;,. The dependence of which crystals form on aqueous chemical
composition is reported. The infrared signatures of these crystals are determined. The infrared spectra of
2NH4NO3:(NH,)2S0O4, and 3NHNO;+(NH,4),SO, and their formation in aerosol particles are reported for the
first time. The formation of NEHSO, and NH,NO; in initially homogeneous aerosol particles is also reported

for the first time: crystallization occurs only after another crystal has already formed, indicating that
heterogeneous nucleation is necessary for their formation. For some chemical compositions, in a fraction of
the aerosol particles, metastable crystals that form at low relative humidity reconstruct to thermodynamically
stable crystals at higher relative humidity. An externally mixed aerosol results. Contact ion pairs are apparent
in the infrared spectra of aerosol particles that do not crystallize even at 1% relative humidity. Taken together,
our findings suggest a more diverse array and more frequent occurrence of crystalfine ISO;™—NH, —

H* aerosol particles in the troposphere than currently considered in the literature.

1. Introduction dominant aerosol particles” in this paper), particles of significant

. . . . . SNA composition and significant quantities of other chemical
Atmosphenc_ae_rosol particles have an important direct impact species, and particles containing litle SNA. All three types
on Ea_rth S radlatlo_n 'budg'et because they ab_sorb anq Scattercommonly occur in the troposphere. The work reported herein
incoming .sollar rgdlatlon directly bapk to spaoBiven WF"C?" is most relevant to SNA-dominant aerosol particles. We
dry size dlstrlputlons of592_0_0 nm diameter, aqueous partl_cles specifically report on “SNA aerosol particles” (viz. 0.0 mole
scatter solar light more eff|C|_entIy than do crystalline parycles fraction of other species), and our results provide a baseline
and thus have a greater cooling efféd‘thereforg, to determ|.ne. against which the behavior of SNA-dominant aerosol particles
the magnitude of the effect of aerosol particles on radiative

forcing. it i o K hether at heri icles S0 be evaluated.
oreing, 11s necessary to know whether atmospheric particles 1 chemjcal composition of particles with varying amounts

are crystalline or aqueous. Aerosol particle phase and theOf SOZ-, NOs-, NHs", and H can be described iX—Y
associated radiative effect can be assessed quantitatively on th%pacé“’ C(') ordin aiex is th’e fraction of cations due to ammonium
global scale by employing atmospheric chemical transport with the balance coming from proton. Coordinateis the ’
madels?™® Mareover, aerosol particles also affect the chemistry fraction of anions due to sulfate, with thé balance coming from

of th‘? atmosphe_re by ser\{ing as a medium for heterogeneou%itrate_ For example X, Y] = [1, 1] corresponds to ammonium
reactions. Chemical reactions that occur on the surface of sulfate, and X, Y] = [1, 0.5] is an equimolar mixture of

aeros%: partifcles, Sl.JtCZ a?@t’ hyfdrolysis or SQ@ ?xilcjati?hn, ¢ ammonium sulfate and ammonium nitrate. Within this system,

g:esgmﬁres Oartr;rg:?gg—llg € faster tor aqueous particles than 10r gq, e gifferent crystals are reported for bulk volumes of material
y pa | ) _ at equilibrium?? including (NH;)2SOy (AS), (NH)3H(SOQy)2
Atmospheric particles are commonly internal mixtures of (LET), NH4HSO; (AHS), NHuNO3 (AN), 2NHsNO3*(NH2),SOx

sulfate, nitrate, ammonium, other inorganic and organic ions, (2AN-AS), 3NHNOs*(NH1),SOx(s) (3AN-AS), and NHHSOy
nondissociated organic molecules, and insoluble inclusions, such,\“_|4NO3 (:AN-AHS). '

as soot or mi_neral dustSulfate, nitra}te, ammonium, anc_l proton Predictions of aerosol particle phase require knowledge of
(SNA) mass is the largest contribution by anthropogenic sources e geliquescence relative humidity (DRH), the crystallization
to the global accumulation mode aerosdhdividual atmo- 1o 1ative humidity (CRH), and the ambient relative humidity (RH)
spheric particles can be classified as one of three types: partlcle%story_lg The DRH and CRH values depend on particle
of dominant SNA composition with up to 0.25 mole fracfidh chemical composition. Although the DRH values of SNA

of other material such as organic molecules (called "SNA- 461650] particles can be predicted based on thermodynamic
- ~_modelst?14 there is currently no physical model that can
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Figure 1. Schematic diagram of the experimental apparatus, including
elements for aerosol generation, aerosol processing, and detection o
aerosol phase. Valves are in place to program aerosol histories of (1)

RHhigh — RHiow — RHmedium (2) RHhigh = RHmedium and (3) Rhlign — 5000 4000 3000 2000 1000
RHow. A comparison of the condensed-phase water content from RH Wavenumber (cm™)
history 1 versus 2 is sufficient to determine if the particles crystallize Figure 2. Infrared spectra of (N,SQ, aerosol particles (i.e., [1, 1]

at RHow. composition) exposed to four different RH histories at 293 K. Spectra

. . . . 1 (85— 30) and 2 (85— 30 — 70) show no detectable condensed-
We did not, however, identify the crystal phases formed in these ;..o water, indicating that the particles are crystalline. Spectra 3 (85

particles. For any accurate effort to predict the particle phase — 40) and 4 (85— 40— 70) contain condensed-phase water, indicating
with atmospheric chemical transport models, the crystal phasesthat the particles are aqueous. Comparison of spectra 2 and 4 illustrates
formed with decreasing RH must be known. Only when these the hysteresis effect. (CRH(1, %) 35%, DRH(1, 1)= 80%.)
phases are known is it possible to predict the DRH with
increasing RH. In the present paper, we report the crystalsthus may or may not induce crystallization; Rédiumis below
formed at 293 K in SNA aerosol particles. DRH(X,Y) and, if the particles have not crystallized, restores
Previous experimental work providing information on the the condensed-phase water content to a level easily detected in
crystal phases formed by aerosol particles is limited to axes the IR spectrum. DREX,Y) is calculated using a data-validated
[X, 1] (i.e., mixtures of HSO, and (NH,),SOy) and [0,Y] (i.e., thermodynamic modéf Examples of specific values for
polar stratospheric cloudj.Although there is previous work ~ ammonium sulfate are Rign = 85%, RHyw = 30% versus
on the CRH values along the [¥] axis'®17 (i.e., mixtures of 40%, and Rbhedium = 70% (cf. Figure 2). In the usual
(NH4)2SO; and NHNO3z) and for mixed K, Y] chemical experimental protocol for a specifiX[ Y] chemical composition,
compositions? there are no previous reports on the crystals RHhigh and RHnedium are fixed whereas R, is variable, and
formed from aerosol particles of these chemical compositions. the CRH value is sought by the stepwise reduction of,RRH

For any accurate effort to predict the SNA aerosol particle phase  Another new aspect of our experimental approach is that RH
with atmospheric chemical transport models, the crystal phasesis adjusted by equilibration of the water activity of the flowing

formed with decreasing RH must be known. aerosol via gas-phase,@ exchange with stationary reservoir
. solutions of fixed water activity. This approach has the
2. Experimental Approach advantage that no dilution of the aerosol with dry flow is

The experimenta| apparatus (Figure 1) consists of three majornecessary, which avoids the pOSSlb”lty of artifacts introduced
elements, which in sequence provide for aerosol production, Py transient over-dried aerosol pockets when mixing dry and
programming of an aerosol RH history, and detection of aerosol Wet flows to obtain the desired intermediate RH. Spectral
phase. These elements are described in detail in sections 2.1 normalization, which requires the assumption of at least one
2.3. Briefly, aerosol is produced with specifiX,[Y] particle invariant peak accompanying a phase transition, is not necessary.
composition via atomization of an aqueous reservoir solution Avoiding spectral normalization is important, because our results
of the same X, Y] chemical composition. An RH history is ~ show that peak heights change upon aerosol crystallization, in
programmed by flowing the generated aerosol through a serieseither minor or major ways depending upon the specific crystals
of RH-controlled cells having a residence time sufficient for formed.
the water activity in the particles to equilibrate with cell RH. 2.1. Aerosol Production.An aerosol composed of aqueous
The processed aerosol then enters a flow cell, along the particles is produced with a TSI 3076 atomizer (35 psi, 3 Lpm
longitudinal axis of which an infrared (IR) extinction spectrum N, 98% RH at outlet). Reservoir solutions of specifl [Y]
of the aerosol is recorded. The IR spectrum is diagnostic of composition &1 M concentration are prepared by mixing the
aqueous versus crystalline particles and also indicative of which appropriate mole fractions of (NSO, and NHINO; crystals
specific crystals form. and HSO, and HNQ concentrated acids. Deionized (18.3M

An innovation of our experimental approach, compared to cm) and filtered (0.2m, hollow fiber filter) water is employed.
previous studies employing the AFT-IR for studies of aerosol Reservoir solutions fol M concentration are sufficiently
crystallizationt®2is the addition of a final RH-controlled cell ~ concentrated that the aerosol particle mass loading is high
to restore water content. Restoration of water content removesenough for strong extinction in the IR observation cell yet
ambiguity of the physical state at low RH: within the sensitivity sufficiently dilute so that frequent clogging of the atomizer is
of IR detection, the absence of water may arise either becauseavoided. The mode diameter and the number concentration of
the aerosol liquid water content is below the minimum detection the polydisperse (NF>SOy aerosol particles produced by this
limit (i.e., metastable aqueous particles) or because the particlesnethod are 300 nm and»6 1(° particles/crné-gas, respectively,
have crystallized. During the RH program, the aerosol is at low relative humidity’! We have previously shovhthat
sequentially processed through environments ofigRtd RHow aerosol produced via atomization has crystallization properties
t0 RHmedium RHhigh is above DRHX,Y) and initializes the similar to those of aerosol produced via vapor condensation (i.e.,
particles as aqueous; R is above or below CREX)Y) and inclusion-free particles). This result appears to rule out the
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presence of significant insoluble impurities in the aqueous beam passes along its axis from an infrared source (Nexus 670
solutions, which are always a concern as heterogeneous nucleiFT-IR) and focuses on an active region of an MCT-A detector.

2.2. Programming of Aerosol RH History. After generation, ~ One important improvement compared to our earlier descrip-
the aerosol flows at 3 Lpm through a set of RH-controlled cells tion**is that the ACI windows are purged with a perpendicular
to program an RH history (e.g., Rlgh — RHiow — RHmediun)- 1.5 Lpm N flow, which reduces aerosol deposition. The purge

Bottles (4 L, Wheaton Part No. 217402) connected in series flow is conditioned using an additional RH cell to equalize its
serve as RH cells. Three bottles in series constitute one cellRH with that of the entering aerosol flow. The absence of aerosol
(e.g., RHow), except for RH< 1%, for which one cell is deposition onto the AgCl windows is verified after each
composed of six bottles. More bottles are needed at 1% RH soexperiment by the collection of an IR spectrum in a flow of
that aerosol equilibration can be obtained:; the residence timespure N; this spectrum should be flat if the AgCl windows are
are 3.5 versus 7.0 min in three-bottle versus six-bottle cells, clean.

respectively. In its basin, each bottle contains 0.5 L of solution

(usually sulfuric acid of 1596% (w/w)) of fixed water activity. 3. Results and Discussion

Holes are drilled in the bottle caps for aerosol input and output
(1/2 in.) and temperature measurement (1/4 in., Pt-RTD). The
aerosol input line (1/2 in. polyethylene tubing) is inserted toward
the bottom of the bottle but above the solution, while the aerosol
output line remains near the cap. The water activity of the
aerosol particles equilibrates via gas-phag® ldxchange with

the basin solutions.

In a program of Righ = RHiow = RHmedium the second
cell having Rhby is employed to induce crystallization. Nine
different cells of Rk}, are employed, including 1% RH and
5-40% RH in steps of 5% RH. In the usual experimental
protocol, RH, is increased by cell swapping, beginning at 1%
RH and continuing until crystallization no longer occurs (&H
> CRH). The criterion for the absence of crystallization is that
the IR spectrum recorded for a program of igF— RHmedium
is identical to that for a program of Righ — RHiow — RHmedium

3.1. Crystallization Relative Humidities. The extinction
spectra shown in Figure 2 demonstrate the use of RH program-
ming to clearly reveal phase transitions. (N4$Q; aerosol
particles, which have a DRH of 80% and a CRH of 35%, are
subjected to four different relative humidity histories: (1)-85
30%, (2) 85— 30— 70% (ViZ. RHwigh - RH|0W i RHmediun‘),

(3) 85— 40%, and (4) 85> 40 — 70%. Spectrum 3 shows a
significant amount of condensed-phase water at 40% RH.
Spectrum 4 shows that the particles grow hygroscopically from
40 to 70% RH: there is increased absorption by condensed-
phase water and these swollen particles scatter light more
effectively above 4000 cni. Comparison of spectrum 2 with
spectrum 4 clearly reveals the hysteresis effect well-known for
aerosol particle$® spectrum 2 shows no detectable condensed-
phase water, even though the final RH is 70%. Spectrum 4
. " : shows that the aqueous particles are easily detected at 70% RH.
RHiow is a critical measurement in the accuracy of our results, s comparison demonstrates that the particles crystallize after

and the maximum change of Rl before and after an exposure to 30% RH, though not 40% RH, in agreement with
experiment is 2%. A secondary measurement and check ony,qo previous reports of a CRH value of 33%.

RHiow is performed based upon the gas-phase water absorbance In addition to the differences in the water content between

in the IR spectrum. _ _ the aqueous and the crystalline (§pBO; particles, there are
The relative humidity inside each cell is measured using a 5150 spectral differences in the sulfate and the ammonium peak
chilled mirror hygrometer (Kahn), which has a dew point nsitions, heights, and multiplicities that reflect the physical state
detecthn Ilmlt of =50 °C and an accuracy of 0.2C. The and the crystal form of the aerosol particles. The inset in Figure
uncertainty in the measured RH42% at 293 K. Because @ 2 compares the IR bands in spectra 2 (crystalline particles) and
constant exposure to aerosol particles would damage theg (aqueous particles) in the region between 950 and 1556.cm
hygrometer, the RH of each cell is measured with a flow of 3 Thevs(SO2) band at 1119 cmi sharpens upon crystallization,

Lpm N before and after each experiment. while the v4(NH4") band at 1435 cmi splits into a strong
Aerosol particles having nitrate content are subject to possible weak overlapping doublet (1435 and 1450 &ji?0.24
HNO; volatilization, which could affect), Y] by increasingy. The combination of the extinction spectra and the program-

For experiments on the sam¥, [Y] composition using the same  ming of the aerosol RH history is also useful for showing
number of cells, the amplitudes of the nitrate peaks do not that some chemical compositions do not crystallize at 293 K,
change after exposure to low RH, thus demonstrating Nno even at 1% RH. Figure 3 shows the extinction spectra collected
detectable evaporation of HNGFrom this result, we conclude  for an NHHSO, aerosol ([0.5, 1.0], Figure 3a) and for an
that changes inX, V], if any, are minimal. NHsNOs aerosol ([1.0, 0.0], Figure 3b) for three different
2.3. Detection of Aerosol PhaseAfter the programmed RH  relative humidity histories: (1) Rk — 1% (viz. 52— 1%),
history, the aerosol flow passes into a detection cell, along the (2) RHhgh — 1% — RHmedium (Viz. 52— 1 — 12%), and (3)
longitudinal axis of which infrared aerosol extinction spectra RHpigh — RHmedium (Viz. 52— 12%). In history 1, the absence
are recorded. The extinction spectra (software in absorbanceof detectable liquid water at 1% RH is in itself ambiguous as
mode, 100 scans, 2 crhresolution) result from absorbance by to whether these particles have crystallized. However, the
gas and particles and from scattering by particles. IR spectra ofextinction spectra for histories 2 and 3 are identical: the full
gas-phase water, obtained by passage of a particle-fréew restoration of the condensed-phase water content indicates the
through the Rigedium Cell, are collected before and after each absence of crystallization even at 1% RH. (The DRH values of
aerosol experiment. These gas-phase water spectra are used ystalline NHHSO,; and NH,NO;3 are 40% and 60%, respec-
subtract the gas-phase water lines from the extinction spectratively.) The absence of crystallization for aqueous N8O,
which leave residual spectra of the condensed-phase aerosohnd NH;NO; particles corroborates literature reports at room
constituents. These residual spectra are the extinction spectraemperaturé>18.2531
reported in the present paper (i.e., Figure 2 onward). The spectra collected for the aqueous/NSQ; and NHNO3
Details of the detection cell were reported previod8ly. particles reveal changes in the chemical environment of the ions
Briefly, the detection cell (50-mm diameter and 1-m length) is at 1% RH (insets of Figure 3). Aqueous bisulfate peaks occur
capped at both ends with AgCl windows. A collimated infrared at 876, 1050, and 1188 cth while a sulfate peak, which arises
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Figure 3. Infrared spectra of aerosol particles exposed to three different
RH histories. (a) NEHSO, (i.e., [0.5, 1.0] composition). (b) NHO;
(i.e., [1, O] composition). The uptake of condensed-phase water in bot
spectra a-2 and b-2 shows that neither aqueougH$i@, nor aqueous
NH4NO; crystallizes at 293 K, even at 1% RH. (DRH(0.5,1)40%,
DRH(1, 0)= 60%.)

from the partial dissociation of HSO, occurs at 1107 cnt
(Figure 3a, inset). There is an additional peak at 1300%cm
that does not arise from Nf, HSQ,, or SQ?", and the
intensity of this peak grows at 1% RH compared to 12% RH.
We hypothesize that the peak arises from ansNEHSO,~
contact ion paif?-3* To our knowledge, although this peak is
observable in IR spectra collected previou®ly® the present
report is the first to indicate that it does not arise from known
chemical species and to suggest a contact ion pair.

The infrared spectra of the aqueous /NKD; aerosol particles
show that the degenerate singlet at 830 tmf the aqueous
v2(NO3™) band® evolves into an unresolved doublet at 1% RH

(Figure 3b, inset). This loss of ion symmetry indicates a change

in the solvation environment of NS, which could arise because
of the loss of coordinating D, the approach of Nk into the
solvation shell (i.e., a contact ion pair), or a combination of

both of these factors. In addition to the changes observed in

the spectra of N|HSOy [0.5, 1.0] and NHNOs [1.0, 0] aqueous

Schlenker et al.

TABLE 1: Initial and Final CRH Values Measured for the
[X, Y] Compositions Studied

composition
[X, V] DRHinitiar DRHfinai CRHinitiar - CRHina
AS pole [1.0,1.0] 80 35
[1.0,0.82] 66 78 3134
[1.0, 0.60] 66 76 2632
[1.0,0.5] 67 75 2730
3AN-AS pole [1.0, 0.25] 64 69 45
AN pole [1.0,0.00] 62 62
[0.85, 1.00] 68 76 2629 16-24
[0.85, 0.75] 56 73 2730 18-23
[0.85, 0.50] 43 67 1318 1-13
[0.70, 1.00] 37 68 1927
[0.70, 0.75] 30 63 1520
[0.70, 0.50] 36 52 1618 1-5
[0.70, 0.25] 29 40 14
[0.70, 0.00] b 48
AHS pole [0.50, 1.00] 36 45
[0.50, 0.50] 18 20
[0.35, 1.00] b 32
[0.35, 0.50] c c
[0.35, 0.00] c c

aTable entries show upper and lower limit values of the range (e.g.,
31% < CRH < 34% for the [1.0, 0.82] composition). Also given are

hthe DRH values of initial water uptake (DRlk) (i.e., eutonic or

peritonic composition) and complete solid dissolution (QRHM The
DRH values are based on the AIM thermodynamic mégiél A solid

is in equilibrium with an aqueous acidic solution even at low RHA.
solid is not thermodynamically favored even at low RH; an acidic liquid
phase is favored.

0.16 2-6: Nitrate solid S =
7-8: NOy'(aq) [X, ¥]=[1.0, 0.82]
0.144 - 1
0.124
3 RH Histories
3 0.10- R !.'
: —32: 790155
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Figure 4. Determination of CRH value at 293 K for aerosol particles

particles at 1% RH, we also observe changes in the IR spectranaying composition [1.0, 0.82]. Spectra for particles exposed to eight

of all other [X, Y] compositions that remain aqueous to 1% RH
(Table 1), which we interpret as indicative of changes in the
coordination environments of the ions when feyCHmolecules
are available.

Whereas someX, Y] compositions do not crystallize even
at 1% RH, the CRH values of otheX[Y] compositions can be
determined by employing a combination of the extinction spectra
and the programming of the aerosol RH history. An example
for aerosol particles having a compositiofy [Y] = [1.0, 0.82]
is shown in Figure 4. Six Rkhh — RHow — RHmedium
experiments are shown for fixed R, variable Rhby, and
fixed RHmedium FOr RHow <= 31%, the IR spectra show that

different RH histories are shown. Condensed-phase water is present in
spectrum 7 (80— 34— 44) but is absent in spectrum 6 (80 31—

44). We therefore conclude that 31% CRH < 34%. The inset
shows that the peak for NO(aq) splits into a doublet of 825 and
834 cnrl, which is diagnostic for the formation of 2AMS.
(DRHinitar(1, 0.82) = 66% and DRHkha(l, 0.82) = 78% for the
equilibrium path predicted by the AIM mod#).

characteristic of particular crystals. The inset in Figure 4 shows
an example. The aqueous nitrate peak at 830'dspresent in

the spectra of particles that do not crystallize (RH 34%).
When crystallization occurs, peaks appear at 825 and 834 cm

there is no condensed-phase water. Water is apparent, howeve@nd disappear at 830 cth The new peaks are characteristic of

for RHiew = 34%, and the amount of water equals that obtained
by a RHigh — RHmedium profile, which rules out any possible
suggestion of partial crystallization at 34%. We therefore
conclude that 31%< CRH < 34% for [X, Y] = [1.0, 0.82].

An auxiliary analysis for a CRH determination is by the
detection of solid formation via observations of peak splitting

crystalline 2ANAS (cf. section 3.2).

The approach outlined in Figure 4 is applied to determine
the CRH values at 293 K of 19 differerX[Y] compositions to
provide a representative mapping of the crystallization behavior
of the SQ2~—NO3;"—NH4"—H™ system. The results are sum-
marized in Table 1. Fitting functions for the CRXJY) results
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TABLE 2: Spectral Assignments for Crystals Formed

peak
position  species AS LET AHS 2AMS  3AN-AS AN AN-AHS aqueous quality
590 HSQ~ Mme M M ambiguous
596 HSQ~ M M unique
619 SQz” M M M M M ambiguous
715 NG~ w
725 NG~ W
821 NG~ W W unique
825 NG~ W unique
830 NG~ W w w ambiguous
834 NG~ W unique
855 HSQ~ M
864 HSQ~ M M ambiguous
876 HSQ~ M ambiguous
883 HSQ~ M ambiguous
975 SQ* w unique
1020 HSQ™ M ambiguous
1050 HSQ™ M M M ambiguous
1050 NG~ w w ambiguous
1060 HSQ™ M
1084 SQ* S S M ambiguous
1095 HSQ?* S S ambiguous
1115 S S S ambiguous
1134 S@* S S ambiguous
1188 HSQ~ S S S ambiguous
1208 HSQ™ S S M ambiguous
1242 HSQ™ M
1333 NG~ S S S M S ambiguous
1365 \[ey S S S S S ambiguous
1426 NH*™ S S S S S S S S ambiguous
1451 NH;*" S S S S S S M S ambiguous
confidence very higt52  high?®5*  high?®%5  this study this study very highr>” this study very highf 6%

a2 Peak positions are approximate3 cm *in most cases antt6 cn! for AN-AHS measured by DRIFTS), and there are slight shifts of a given
peak (e.g., 619 and 830 cA) among the different crystals. To our knowledge, our reported IR spectra of ZAKaerosol), SANAS (aerosol),
and AN-AHS (DRIFTS) are new? Our designation “ambiguous” indicates the peak is shared by two or more crystals or with the aqueous phase;
the designation “unique” indicates the peak is diagnostic of a particular crystal. (We omftH8\from the comparison set for “unique” because
this crystal is not observed in any of our aerosol experimehegk intensities are classified as weak (W), medium (M), and strong (S).

and graphical depictions of the CRXKY) surface were previ- 3.2. Crystals Formed.The solids formed upon crystallization
ously reported® The solid line in the upper-left panel of Figure  of aerosol particles can be identified from their spectroscopic
9a shows the dividing line betweeX,[Y] compositions that do  signatures in the range 581550 cnt! (Table 2). In the case
and do not crystallize, even at 1% RH. Particles having of AS, the aerosol spectroscopic signature is well-known,
compositions close to that of ammonium sulfate have the highestincluding peak positions, widths, and intensities. In other cases,
CRH values; increasing either nitrate content or acidity decreasesincluding AHS, LET, and AN, the spectroscopic signatures are
the CRH value. Seven of the studied compositions do not available only as transmission measurements, and there are some
crystallize even at 1% RH. When crystallization does occur, differences between aerosol extinction and transmission mea-
40% < ARH(X,Y) < 55% for most cases, whereRH(X,Y) = surements of the same material, such as peak shifts due to
(DRH(X)Y) — CRH(X,Y)). differing contributions of the real and imaginary components
For several compositions away from crystal poles (e.g., of the refractive index to the observation. In other cases,
[1, 1] for AS or [0.75, 1] for LET), we observe an initial including 2AN-AS and 3ANAS, the spectroscopic signatures
crystallization at an elevated R}, which is then followed by have not been previously recorded, and we must infer these
a complete crystallization at a lower R Table 1 summarizes  signatures from our collected data. To do so, we analyze the
these results as CRda and CRHna. For RHow < CRHinal, subset of recorded spectra corresponding to complete crystal-
the condensed-phase water content is below detection forlization at 1% RH, and we empldylathematicéo fit the spectra
RHhigh = RHiow = RHmedium (Cf. Figures 2 and 4), which we  with Lorentzian curves, including global constraints on peak
interpret as the complete crystallization of all aerosol par- positions, widths, and intensities. The results of our analysis
ticles. In contrast, for CRida < RHiow < CRHitial, there is are summarized in Table 2.
a decrease in the condensed-phase water for a program of An example of the crystallization of AS and LET from
RHhigh = RHiow — RHmedium compared to one of Rign — aqueous aerosol particles having a composition of [0.85, 1.0]
RHmedium 1t may be that the aerosol at CRigy consists of an is shown in Figure 5. Significant spectral differences are
external mixture of completely crystalline versus aqueous apparent between the upper (Rj#— RHmedium Figure 5a) and

particles. If so, the implication is that the slop&di{an,o) is lower (RHigh — RHiow — RHmedium Figure 5b) sides of the
shallower than normal and that an increased residence timehysteresis loop. As shown in Table 2 and Figure 5b, several of
would lead to a greater extent of crystallization, whéis the the peaks on the lower side of the hysteresis loop are uniquely

homogeneous nucleation rate aago is the aqueous water  assignable to AS or LET, while other peaks such as the
activity 13 Alternatively, the aerosol at CRda may contain ammonium vibrations are common to both crystals. Moreover,
internally mixed particles, in which each individual particle has the absence of a sharp peak at 1050 tis evidence that no
crystalline and aqueous componefits® detectable AHS forms.
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Figure 5. Infrared spectra of (a) aqueous and (b) solid aerosol particles
of composition K, Y] = [0.85, 1.0]. Peak fits are shown in part b.
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Figure 6. Infrared spectra of (a) aqueous and (b) solid aerosol particles
of composition K, Y] = [1.0, 0.5]. Peak fits are shown in part b.

An example similar to Figure 5, but now for the crystallization
of AS and 3ANAS from aqueous aerosol particles having a
composition of [1.0, 0.5], is shown in Figure 6. Significant

Schlenker et al.
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Figure 7. Infrared spectra of (a) aqueous and (b) solid aerosol particles
of composition K, Y] = [0.7, 0.75]. Peak fits are shown in part b.

for the composition of [0.7, 0.75]. The implication is that an
externally mixed aerosol forms. The combination of the require-
ments of LET or AS in particles (to serve as heterogeneous
nuclei), of an average composition of [0.7, 0.75] in each patrticle,
and of the Gibbs phase rule leads to the conclusion that
individual particles are of type 1 (15% AS, 60% AHS, 25%
AN) or type 2 (35% LET, 45% AHS, 25% AN). The require-
ments do not constrain the ratio of type 1 to type 2 particles.
Other [X, Y] compositions having externally mixed populations
are noted in Table 3.

The crystallization mechanisms of aqueous particles having
chemical compositions different from the crystals formed can
be complex. Namely, histories of Righ— RHiow compared to
those of RHigh — RHiow — RHmedium for RHiow = 1% vyield
different crystals for someX], Y] compositions. An example
for aerosol particles having a composition of [1.0, 0.60] is shown
in Figure 8. Although the aerosol particles are crystalline for
both 80— 1% RH and 80— 1 — 40% RH (Figure 8a), the
crystals present are different. At 1% RH, the particles are
composed of AS and 3AMS (Figure 8b). In comparison, AS

spectral differences are apparent between the upper and th@nd 2ANAS are predicted thermodynamically. Increasing RH

lower sides of the hysteresis loop (Figure 6a versus 6b).
Strikingly, the 830 cm! nitrate peak splits into two sharp
peaks: the 821 and 830 crpeaks are signatures of 3AAS.

We believe our reports of the spectral characteristics of this
crystal and of the formation of this crystal in aerosol particles
are the first of their kind.

to 40% changes the mix of crystals to 3M8, 2AN-AS, and

AS (Figure 8c). Because the Gibbs phase rule allows only two
solids for [1.0, 0.6], the implication is that a uniform aerosol
population of{ 47% AS, 53% 3ANAS} metastable particles at
1% RH changes at 40% RH to a mixed populatiorn{ 47%
AS, 53% 3ANAS} metastable particles addi0% AS, 60%

Whereas the two previous examples (Figures 5 and 6) are2AN-AS} stable particles.

constrained to theX, 1] and [1,Y] axes, an off-axis example
showing the crystallization of LET, AHS, AS, and AN from

To explain the complex effect of RH history on the crystals
formed, we hypothesize that metastable crystals nucleate first

aqueous aerosol particles having a composition of [0.7, 0.75] at as,0 = 0.01, as predicted by Ostwald’s rule of stade®/e
is shown in Figure 7. Particles of this composition are composed hypothesize that enough water is surface-adsorbed atfRH
of sulfate, nitrate, ammonium, and proton, so both sulfate and that ions have sufficient mobilify so the metastable crystals

nitrate crystals are possible. LET, AHS, AS, and AN precipitate.
The sharp 830 cmi peak is characteristic of AN: crystalline
ammonium nitrate forms in an initially homogeneous aerosol
particle. Because aerosol particles of pure aqueougNdid do
not crystallize, we infer that one of AS or LET is a good
heterogeneous nucleus for AN. Previously, mineral @ustd
crystalline succinic acf inclusions inside aerosol particles have
also been shown to induce AN crystallization. Similarly, pure
aqueous NEHSO, aerosol particles do not crystallize. We
therefore conclude that one of LET or AS precipitates first,
followed by the heterogeneous nucleation of AHS and AN.
The Gibbs phase rule allows a maximum of three solids to
form for off-axis [X, Y] compositions, yet we report four solids

can transform into the thermodynamically stable forms. Analo-
gies can be made between this explanation of the effects of RH
history and theories of the effects of temperature programming
(i.e., quenching and annealing) in materials processing. In
support of our explanation, Table 3 summarizes the thermody-
namic predictions of crystals formed to those actually observed
at 1% RH and at RHeqium FOr compositions such as [0.70,
0.75] or [0.70, 0.50], a uniform aerosol population (i.e.,
internally mixed) composed of metastable phases forms at 1%
RH but transforms into a mixed aerosol population (i.e.,
externally mixed) at higher RH. This explanation implies that
only a fraction of the aerosol particles transforms at,Rkdm

We speculate, without ruling out other possibilities, that critical
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TABLE 3: Comparison of Crystals Predicted by AIM Thermodynamic Model 2 to Those Observed in Our Measurements for
RH Histories of RHhigh — 1 and RHhigh —1— RHmediuma

our results our results (RRedium
CompOSition K, Y_I AIM prediction RHhigh_’ 1% RHhigh_' 1% — RHmedium

[1.0, 1.0] AS AS AS (Rhhedgium= 70)
[1.0,0.82] AS, 2ANAS AS, 2AN-AS AS, 2AN-AS (55)
[1.0, 0.60] AS, 2ANAS AS,3ANAS AS, 2AN-AS, 3ANASD (41)
[1.0, 0.50] AS, 2ANAS AS,3AN-AS AS, 3ANAS(52)
[1.0, 0.25] 3ANAS 2AN.AS, 3AN-ASP 2AN-AS, 3AN-ASP (40)
[1.0,0.0] AN no crystal no crystal
[0.85, 1.00] AS, LET AS, LET AS, LET (48)
[0.85,0.75] AS, LET, 2ANAS AS, LET® AS, LET, 2AN-AS (30)
[0.85, 0.50] LET, AN, 3ANAS AS LET, AN AS LET, 2ANAS(12)
[0.70, 1.00] LET, AHS LET, AHSAS LET, AHS, A2 (30)
[0.70, 0.75] LET, AHS, ANAHS LET, AHS,AN LET, AS AHS, AN° (30)
[0.70, 0.50] LET, AN, ANAHS LET, AHS AN LET, AS AHS ANP (30)
[0.70, 0.25] AN, ANAHS ANe 2ANAS (24)
[0.70, 0.00] AN, aqueous no crystal no crystal
[0.50, 1.00] AHS no crystal no crystal
[0.50, 0.50] AHS, ANAHS, aqueous no crystal no crystal
[0.35, 1.00] no crystal no crystal no crystal
[0.35, 0.50] no crystal no crystal no crystal
[0.35, 0.00] no crystal no crystal no crystal

aThe differences between the predictions and the observations are in italics. Unresolved crystals (g.v. Figure 9) are not included in the comparison.
Although AN-AHS is predicted in many cases, we never find spectral evidence for its occurrence in the aerosol*speetibbs phase rule
requires an aerosol having two separate particle populations (i.e., externally niiXédje are additional solids present (q.v. Figure 9), but they
cannot be unambiguously identified by the collected infrared spectra. These additional solids allow the Gibbs phase rule to be satisfied for a
homogeneous aerosol population (i.e., internally mixed).

0.12 a. Dependence of liquid water content on RH history for [, ¥]=[1.0, 0.60]. amblg"“ty iS AS! WhICh has feW IR absorptions because Of the
0.10+ R T high symmetry of NE™ and SQ?~ (i.e., tetrahedral) and those
0.08+ ; n—— 1 few IR absorptions overlap with peaks of 2AAS, 3AN-AS,

0.06+ —ieia U and LET. Ambiguities also occur for the nitrate-bearing crystals
g-z:' :ij :g:i;m for several of the off-axisX{, Y] compositions because dis-

crimination among the unique but weak nitrate peaks over the

s . . ’ : : . range 821835 cnr! is made difficult by the tail of the 864
4000 3500 3000 2500 2000 1500 1000 cm~ !t HSO,~ peak. Figure 9 also shows that AHS occurs only
0.08—D- Crystals formed at final RH = 1% : AS and 3AN.AS when LET is also present; we infer that LET is a good
3 0.064 A heterogeneous nucleus for AHS.
= P » Data ) ) .
£ 0.04- — Sum of Peak Fits 835 835 815 3.3. Atmospheric Implications.Our new laboratory results
k: i =ras show that AN and AHS crystals form more readily in SNA
-5 0.02 oA — 3AN.AS . . ! 82531
= ) A 4 ey particles than previously believ&ds: and, therefore, could

A be more widespread in SNA-dominant aerosol particles in the
troposphere than previously anticipated. Our results show that
compositions enriched in N or H* crystallize via hetero-

- sierrom geneous pathways at conditions of sufficiently low RH. For
0.04~ — AS 835 825 815 example, LET and AS can serve as heterogeneous nuclei for
0.02- e iy both AN and AHS, crystals which do not crystallize homoge-
0.00 o~ Overlapping Peaks neously at 293 K. Therefore, the rule that has emerged from

laboratory studies that AN and AHS do not crystallize in
1600 1500 1400 1300 1200 1100 1000 900 800 700 600 inclusion-free aerosol particles above 273%f6:18.2531 myst
Mavesunibienice)) now be relaxed: an initially aqueous particle can form AN or

g_i?rufe ?-f For ﬁi Y] =t[a-86/0-§h tf(le)CéYStaLS f|°fm_3d at 12/; '?H are | AHS if AS or LET crystallizes first, assuming the remaining
ifferent from those a 6 RH. (a) Spectral evidence that aerosol y;, : ; ;

particles are crystalline both at 1% and 40% RH. There is an absenceIIqUId phase is saturated with respect t(_) AN or A_‘HS'
of condensed-phase water for RH histories of-8a and 80— 1 — Crystals of 2ANAS and 3ANAS, which are given scant

40. (b, c) Crystals formed at 1% versus 40% RH. attention in the literature of atmospheric aerogdlspuld also
be much more widespread in the troposphere than currently

germs (having mass too small for detection in our infrared considered. Our laboratory results show that agqueous Nen
extinction measurements) stochastically form at 1% RH in a crystallize as 2ANAS or 3AN-AS, provided sufficient aqueous
fraction of the particles and that these particles then recrystallizeSulfate is present. Tani et al. report that 2486 and 3ANAS
at higher RH when adsorbed water facilitates ion movement. @re¢ common crystals in atmospheric particles, at least those

The crystals formed at the studieX, [Y] compositions are  collected at a roadside station at Argonne National Laboratory
summarized in Figure 9 for histories of (a) Réd — 1% and in the winter?3
(b) RHhigh = 1% — RHmedium In some of the infrared spectra, Much more future work is needed on the temperature
the presence or absence of specific solids could not be dependence of our results (limited to 293 K) and their implica-
unambiguously determined; these cases are shown as solid gragions so that predictions relevant to the full range of tropospheric
squares in Figure 9. The most prevalent example of this temperatures will be possible. Literature reports concerning the
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(a) RHypp,—> 1% (b) RHigih —>1% —* RH,pegiiim sulfate particles (i.e., [1,1]) depends slightly, if at all, on
1.04 temperature from 234 to 298 R:*4 Furthermore, Czizco and
0sl’ Abbat®® report that agueous ammonium bisulfate and aqueous
) ammonium nitrate particles do not crystallize from 238 to 298
0.64 K. There are no other systematic studies of the temperature
dependence of the crystallization of othi} ] compositions.
041 Some insight can be gained along the 1] axis, however, by
o2 mCr comparison of our results for crystals formed at 293 K with
B Crystal-Not Present those of Colberg et al. at 264 8 We both report the formation
T : of LET near [0.75, 1] and at similar CRH values, thus indicating
s LET an absence of temperature dependence for that composition. In
0.8 g = 3 s m O contrast, whereas we observe no crystallization at room tem-
perature for particles of composition [0.5, 1], Colberg et al.
0.61 5 i E' & = E report that LET forms at 16% RH at 264 K. The report by
0.4 I Colberg et al. could suggest that the-Y region having CRH
- o . o > 1% for LET is larger at 264 K than at 293 K. The differences
0.21 I in the temperature dependence of the CRH values of AS versus
| LET (i.e., no dependence for AS at [1, 1] versus a strong
1.0 W OO dependence for LET at [0.5, 1]) are also reflected in the weak
0 AHS al AHS = and strong temperature dependencies, respectively, of the
=2 = m O liquidus curves (i.e., the DR}y values) of these solids.The
0.64 o 0 surety of the conclusion that the CRH value of particles of
®E OO E OO [0.5, 1] composition is temperature dependent must, however,
044 i be tempered by an apparent outstanding contradiction between
0.2 " = | “ = the report by Colberg et al. of the formation of LET from
g aqueous [0.5, 1] particles and the report by Czizco and Abbatt
g 1.0 = T o_f an abs_,ence of cr_yst_al fo_rr_nation,_ even to 238 K. Particle
2 JANAS JAN.AS diameter is one readily identifiable difference between the two
£ (.84 o o™ o= studies, namely 220 um for Colberg et al. and 0.36m for
@ Czizco and Abbatt. Particle size could thus play an important
0:64 1 role in crystallization behavior. Further work is necessary to
O oo om0 . I
0.44 I understand the effect of size and temperature on crystallization
a u - - behavior.
0.24 I An additional uncertainty arises in the extrapolation of our
] laboratory results obtained for the crystallization of SNA aerosol
L T - | E— particles to implications for the crystallization behavior of SNA-
el 3AN.AS | 2ANAS i dominant aerosol particles. There are several recent publications
' B oo concerning the effects of organic molecules on the crystallization
0.64 I of inorganic aerosol particles. Choi and Chan showed that for
oo oo mixtures of (NH)>,SOs and organic molecules in a 1:1 mole
0.44 i ratio, succinic, malonic, and glutaric acids increased the CRH
0.2 o | o of AS, while glycerol caused the CRH to decresia contrast,
Pant et al. found that the CRH of mixed (WpEO;—glutaric
—————— e acid particles was slightly lower than that of pure AS up to a
1.04 O O 0} o O . . . N K
AN AN glutaric acid mole fraction of 0.4 before significantly decreasing
0.84 — s o® at higher mole fraction&, in agreement with the discussion
offered in Martin et at® In contrast to Choi and Chan, Braban
0.61 i . il E and Abbatt reported that malonic acid decreases the CRH of
0.44 . n_ AS % In short, depending upon their specific chemical nature,
- o B ol organic molecules can increase, leave unchanged, or decrease
0.24 I the CRH of SNA-dominant particlésThere are also several
0.0 | studies on the effects of organic molecules on the deliquescence
00 02 04 06 08 1.0 02 04 06 08 1.0 of SNA-dominant particle$’-4950 Further work on the effects
Ammonium Fraction of organic molecules is warranted. The effects of insoluble cores
Figure 9. Summary of crystals formed at the studieq ¥] composi- such as mineral dust partiC'eS, which are coated by SNA Iayers,
tions for histories of (a) Rkyn— 1% and (b) Riigh — 1% — RHmedium have established that heterogeneous nucleation can significantly

Black squares indicate that a particular crystal is present, open squaresncrease the CRH of aqueous SNA lay&F3! 5!
indicate that the crystal is not present, and gray squares indicate that

the presence or absence of the crystal cannot be resolved using the .
spectroscopic data. Also shown in the top row are (left) a line separating - Conclusions

those compositions that do and do not crystalfiezen at 1% RH and .
(right) the thermodynamic phase diagfafior the crystals of the The crystals formed at 293 K by aqueous sultatérate-

SO2 —NO; —NH,*—H* system at 293 K. ammonium-proton aerosol particles have been identified. The
six crystals include AS, 2AMS, 3AN-AS, AN, LET, and AHS.

temperature dependence of crystallization can, however, beginThe infrared aerosol spectroscopic signatures of these crystals

to provide some guidance. Crystallization of aqueous ammonium are delineated. Our reports both of the infrared spectroscopic
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signatures of 2ANAS and 3ANAS and of their formation in
aerosol particles are the first we know of. Our report of the
formation of AHS and AN in aerosol particles from initially

J. Phys. Chem. A, Vol. 108, No. 43, 2002383

(16) Rood, M. J.; Larson, T. V.; Covert, D. S.; Ahlquist, N. &mos.
Environ. 1985 19, 1181.

(17) Tang, I. N. Deliquescence properties and particle size change of
hygroscopic aerosols. IBeneration of Aerosols and Facilities for Exposure

aqueous particles is also the first we know of: the crystallization ExperimentsWilleke, K., Ed.; Ann Arbor Science Publishers: Ann Arbor,
occurs via heterogeneous nucleation on AS or LET for aqueous1980.

particles having compositions different from the pure species

(i.e., more neutralized than NHSOy(ag) or more sulfate-
containing than NENOs(aq)). The implication of these results

(18) Cziczo, D. J.; Nowak, J. B.; Hu, J. H.; Abbatt, J. P.JDGeophys.
Res.1997 102 18843.

(19) Onasch, T. B.; Siefert, R. L.; Brooks, S. D.; Prenni, A. J.; Murray,
B.; Wilson, M. A.; Tolbert, M. A.J. Geophys. Re4.999 104, 21317.

is that these solid phases may be more widespread in the (20) Han, J. H.; Martin, S. TJ. Geophys. Red999 104, 3543.

troposphere than currently considered in the literature, although

(21) Hung, H. M.; Malinowski, A.; Martin, S. TJ. Phys. Chem. 2002

further studies on the effects of temperature, particle size, and 22) Chelf. J. H.: Martin. S. TJ. Geophys. Re€001, 106 1215.

other chemical constituents of ambient aerosol are needed for

more accurate predictions.
The crystallization pathways of aqueous sulfatérate—
ammonium-proton aerosol particles are complex. As an

example, the formation of one crystal such as LET inside an g71.

(23) Hung, H. M.; Malinowski, A.; Martin, S. TJ. Phys. Chem. 2003
107, 1296.

(24) Weis, D. D.; Ewing, G. EJ. Geophys. Red.996 101, 18709.

(25) Tang, I. N.; Munkelwitz, H. RJ. Aerosol Scil977, 8, 321.
(26) Richardson, C. B.; Hightower, R. |Atmos. Emiron. 1987, 21,

aerosol particle can lead to the heterogeneous nucleation of (27) Tang, I. N.; Munkelwitz, H. RJ. Geophys. Re4994 99, 18801.
another such as AHS. As a second example, whereas a uniform (28) Dougle, P. G.; Veefkind, J. P.; ten Brink, H. M. Aerosol. Sci.

population of metastable aerosol particles forms at 1% RH, this
population can transform into a mix of metastable and stable

1998 29, 375.
(29) Cziczo, D. J.; Abbatt, J. P. D. Phys. Chem. 2000 104, 2038.
(30) Lightstone, J. M.; Onasch, T. B.; Imre, D.; OatisJSPhys. Chem.

particles at higher relative humidity (i.e., an externally mixed A 200Q 104, 9337.

aerosol).
Knowledge of the crystals formed by aqueous suffate
nitrate—ammonium-proton aerosol particles can be incorpo-

rated into atmospheric chemical transport models to improve

(31) Han, J. H.,; Hung, H. M.; Martin, S. T. Geophys. Re®002
107, 4086.

(32) Zhang, Y. H.; Chan, C. KJ. Phys. Chem. 2002 106, 285.

(33) zhang, Y. H.; Chan, C. KJ. Phys. Chem. 200Q 104, 9191.

(34) Zhang, Y. H.; Choi, M. Y.; Chan, C. KI. Phys. Chem. 2004

the accuracy of particle phase prediction and the understandingl08 1712.

of the effect of aerosol particle phase on radiative forcing and

(35) Han, J. H.; Martin, S. TAerosol Sci. TechnoR001, 34, 363.
(36) Nakamoto, K.Infrared and Raman Spectra of Inorganic and

atmospheric chemical reactions. Uncertainties of the effects of . fination Compoundith ed.; Wiley: New York, 1986.

aerosol particles on climate can thereby be reduced.
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