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The [u1|.'|p|=1'u1.|.|.ﬂ.*-ihp|:'nd.|=r:l phaxz dingmrru., lreem A0 o —50 °C, of the ]'.'ﬁi:n.tr'_t.' {NT'L}:ECFJH:D SYELEM are
derived from data collected in a low-temperature, single-levitated-particle apparatus,  The conditions of vapor
pEessEre, lemperalure, and composition, al which particle phase iransitions occur along the path of increasing
relative humidity, define the equilibnum phase diagram, whereas the sei of condions thal nduce timsatvons
inn the reverse direction defines the metastability phase diagram. A new, siable crystalline phase of (WHa k-
50u-4H:0 15 identified. Below —19.35 £ 0005 *C, the anhydrous (NH):50s=1ce eulechic poinl, ammoniem
sulfate does not deliquesce as the BH is increased but insicad undergocs a solid—solid phase wansition s
form o tetrahydrate phase. (NH 50,410 incongroently melts at = 1935 "C, Equilibrium phase iransiton,
as well as medasiahle 1o siable phase ransiions, for this system are mapped out, and the derived phase digprams
allow for prediction of the composition and phase of (NHy )50y aerosols under the full range of atmospheric
conditions and paths. Present ohservations are in excellent agreement with previous dota

L. Intraduction

Aimuspheric acrosols play imporient moles in wisibiliog
degradation and climate change.! Asrosols inpect Uwe global
climate direcily, by the scatvering of significant portions of solar
radiztion to space, and indirectly, & they control cloud opical
properics and formation.? The indirect effect of acrosols on
cloud coverage and cloud optical propertics™! still remains the
largest unceniainty in the estimaie of arbropegenic emissions
and their impact on climate. Aerosols and clood droplets also
provide sites for important heterogensows reaction pathways,
which alicr atmospheric chemistiny and composition.” For thess
Tensams, processes relaced to aimospheric acrosols have recently
fuken center stage in almospheric science research.

Sulfnt=s are the most importanl class of anthroposenic
atmipspheric oerosols. They ane the prodwct of the oxidation of
50 0 Ha50,.7% In the remote aimosphere, where acrosol
concentrations are low, soffuric acid molecules mecheate to form
new perticles.” In polhuted environments, where particles are
whundant, sulluric acid molecules lend 1o condense on preesist-
ing pariicles. In the polluled lower roposphere, whers ammonia
comcenirations fend fo be high, sulfuric acid particles can be
nentralized all the way o ammonium salfabe, while at highsr
altitudes und in the presenee of lwer ammonia concentrations,
azrosnls may be omly partially ammonizted.* Recenl Expen-
mental resulis, however, which study comtrail ard cirrus choud
formation, show that ammoniaed sulfate aerosols can be
iranspored to the apper roposphers by convection.®

In this paper we present the ammonium sulfate walcr phase
dhagram which we denved from observations of single leviltaled
partecles over a broad mnge of kempernibumes and vapor pressures,
Droplet growth and evaporation sludies of single levitaled
aerosol paticles, including (NHalz5%0, have been camied owl
in our laboratory since 1976 by Tang et al.'" " A reproduction
of one ol lhese room-lemperalure experiments on (NH 30,
particles o illugisated in Figure 1. The change o partscle o,
as a resull of water vapor condensation {open symbols) or
evaporatdon (filled symbala), 18 expressed a5 moles of water
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Figure 1. Ammomnium sulfate growth and evapomation cycle at 25 50
(peproduced from Tang and Munkelviz™). Opes svmbols designate
the growth phase: filled symbols designale cvaporation. The groath
cycle starts at poant | with &n anhydrows ammeonivm sulfate crysial
that remairs in that phase wp o the deliguescenos poinl 2. Path 2 1w 3
represents the deliguescence process, during which the particle sheorhs
the exact amount of water nequined 1o form 4 saraied solution phass
(in this case ®.56) w point 3. The droplet contimes i graw as BH
Nether meresses beyond the deliquescence poist (3 10 4L Daring the
resverse cycle (4 1o 1) the solatan droplet pesses the del:quescence
painl 3; thene, malesd of undergomp a ranstion back o e golid phase,
the pariscle remains a homogeneons solution phase io poim 5. Al poisd
5 il eMoresces sddenly and Joses of all ita waler 1 reTurm o anhydooes
crysial forme The region 55 represents the supersaturaied solutiom.

per moles of sobuee and plowed as a functlon of relative humbdicy
(BH). As RH increases, the solid (NH. S0y panicle remains
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Temperatore-Dependent Phase Diagram of (WH,):50H0

unchanged {1 to X), until RH reaches 80%. Ad this poim the
particle deliquesces spontanecaaly (2 o 3) w form a sturied
solution droplet thiat contains %6 water molecubss per molecale
of sedute, Point 2 defines the deliquescenee poand of &mmondum
sulfate al room wmperaiore. The droplet contbnuoes o grow as
RH forther increases bevond the deliquescence point (3 1o 4).
During evaporation, the soluten dropbe passes the debguescence
poinl without a phase change and becomess o kghly supersato
rated mesastable droplet (4 w30 Fnally, cryscallzzation occurs
at 3T BH (5 fo 6), Simdlar resulis were alse reposied by
Richardson ot al. (19841, Rood en al. (198930 Coben e al,
(198711 and Chan et al. (1992),'%

A low-lemperature, single-particle levitation system, recently
developed in owr lshoratory, allowed ws 1o exiend earlier
studies and explore the behovior of this binary system over
an expanded lemperalure range. In this paper, we teport the
firsd, complete single-partache-denved (WHa 2500 Ho 0 equilib-
rowrm and metastahilily phase diagrums, as well o5 the discovery
ol & new. low-lemperature crystalline (NHyp503-4H20 phase.
A brel description of the experimental system is provided in
seciwm 2. Section 3 discusses the experimental results, Section
4 15 devoled 0 the phase dingrams and also provides some
thermodynamic parmmelers for tbe salurated solution.

L, Experimental Section

A detailed description of this lw-temperatre single-particle
apparatus will be piven in a separaie publication. here we
provide a brief cutline of its principal componsmps.

d. The Chamber. Figure 2 15 a schemalic representalion
of the low-tempeaime apparatus.  The sangle-particle levitabion
cell is comstructed of copper, to ensure thermal eguilibration,
and is suspended inside & inselating vacuuwm shooud, The cell
maimizing thermal contsct with a lgukd microgen bath througl
beal-trznsfer siraps (511, Two resstive heating elements ()
allow for precise wemperalure control i the range of =140 10
W °C. The system can be operated m fixed or scanming
iemperamre modes.  Cell wemperature 15 monilored on Lhe
outside, in comtact with the cell wall, and nsade, above and
below the particle (Ta). All reponed dats points correspond 1o
conditions in which the lemperalunes, above and bhelow e
particle, are within (025 *%C. The system is calibraed agaimst
ice pressure af an estimsted absolute securacy af 2002

b. The Particle Trawp. A DC poential is impressed
symanelncally om the op (L) and bodtom (b} sheets of the two
hyperboloidal elecirodes. The symmetry of the D polential
i% mainlained by i senas of varable poteniomesiers over a rangs
up b 20V, An AC potential is impressed upon the hyperbo-
izl conducior (ack. The AC potential & vares over & mogs
of 500 ¥V, Under optimal conditions, an eleetrically charged
aerosel pariicle can be contained for over 8 wesk at the mill
pend in Spece by an aliemating electnic feld, where the particle
i# balanced against grvity by a [¥C potential, Yoo, The theory
and design of the single-particle levitation cell, also known as
an  electrodynamic  bolance, have been treated fully by
ilbers, |- 14H19-21

A charped particle is obtadned from a doubly fikesed, 4 we
% solistion of known compasition. That selution is loaded fnio
a particle pun, from which a single parick: is produced by
impact and injected inbe the trap. The particle is captured in
dry mitrogen i the center of ibe cell by the tweaking of AC
andd DC voltages applied to the electrodes. The diameter of
the dry particle is typically betwesn 5 and 10 gm. A linear,
verically polarized HeMe laser beam penciraics the cell through
A sife winibow and is fogesed on the particle at all imes. The
intensity of the scattered light is continuously monitored &t W°
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Figure 2. Schemalic represeniation of the low-temperature cell. The
particle, shawm at the imersection af the two laser beams, is levitated
&l the cemter of the eleciroslalic rap crealed by the ficlds generated by
the AC clectrode dac) ond halanced agains gravity by the DO field
crealed between the bop (t) and bottom (b) electrodex. The imlerzcbon
chamber, shown in solid, made of copper, is thermally connected by
heat-transfer strags (5T 0 the Bguid matrogen reservoir (LNzL Healers
[H) are used to contral the lemperature, which is msoniiored at thres
punls, above, Below, and ouside (Tq).

o the laser parh. Phase transiions (sold —Hguid) ane resdily
detected from changes in Mie scanerng. Since this single-
particle levilation sysiem 15 capable of operating over & wide
wemperature range and under controlled gas phase conditbons,
it provides & very powerful wol for the study of physical and
chemical properies of panscles wider realistie atmospheric
comditiong.

i MH 500 H 0 particles were generated and capiured ar — 10
. The system was then closed and purmped o a pressare lowes
than 107" Torr. For copsiant iemperalure experiments, e
chamber wemperature was sel, the chamber was filled wath -~ 10
Torr of dev mitrogen, and the D valage (Vy) required w
poaition the dry partbcle at the eull poine was pofed. Vi the
voltage correaponding o the mass of puse (WH 250y particle.
Aller Vy was measured, te baffer pas was removed, wales vapor
was abowly inroduced inw the system, and the pamicles mass
and its phase were monitored a5 a funciion of waler vapos
pressune. Mo buffer pas was wed a0 peessures bower Uidn jce,
and the total pressune was assumed io be thar of water.

In the present study we alse conducted & se1 of expesiments
desipned to establish the propentes of the syvsiem al lemperalares
and waler pressures whese Use solution s i equblibrivm siib
ice. Here (NHL 2500 particles were deliquesced al a constant
temperature below 0 °C, and the water vapor pressuse was
increascd, unedl jce plated on the cell walls, To facabitate
equilibrium 5 Torr of nitrogen was added as buetfer pas. Ao
this point the cell was sealed and Lhe paricle compositon was
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Figure 3. Ammosium suligee growih and evaporabion cycle at =94
"C. Symbols are identical W these wed for the 23 °C cycle shown in
Figere |, The deligeescence point 2 ol this vermperature is slightly higher
than thal observed al 25 °C, and the sansrated sodution is composed of
11 waeers for each ammonium suifaie molecubs. The highest RH dala
paict (4} correspends 1o ice pressure. Mote thal whils ihe delsuescence
RH g1 this temperabare is only ~2% higher than that a8 25 °C, the
efflorescence paint i %% higher.

monitored as the temperstone wad reduced  This procedure
ensured thal the system was malitadned an egailibiiom with ice
throughout the ealire path

3. Resualts

The duts reporied hers is 2 product of & large sumber of
experiments on many partickes, In Figures 3 and 4 we provide
an example of two such expeniments, one 3l Consian Emper-
glure and the second a hybrid experiment, censisting of a
consiant lemperuture hydmition followed by & lemperalune scain
along the ice line.

Figure 3 illustrates a hydradion/delydration cyele as a plot
ol minle ratin Hy O MEL 500 vs relative humidity at a consdant
temperature of =94 °C, The cycle shown in this figure is
qualitatively wery similar to the room-iemperaiure cyele shown
in Figure 1, In the path 1o 2 in Figure 3, the pamicle exisis
a= anhydroms (MH 50y, which is the stable phase up 10 RH
= RL.2%: (point 2), the deliguescence RH ar —9.4 °C. At this
poind, the particle rapidly absorbs water and forms a saturased
{MHR50y soluton droplet (path 2 1o 3), with abour 11 waber
molecules per {NTL 150 solute molecule. As BH is increased
beyond (the deliquescence podnt, the periicle takes up waler,
which causes (he (NH: 50y concentratbon deop (point 4). On
the reverse path, where BH is decreased, the particle remains
in the liguid phase [ar beyond the deliguescence poini and
prosuces o supersaturated solution. The debydration path (4
o 5 exhubits pypecal bysteseses. amd from point 3 10 5 the particle
i i a metastable supessarurated saaic, AL this iemperatare {—9.4
“C) the eMorescence paint (5) 15 &1 BH = 46% and the panicl:
suddenly crysiallizes v foem anhydrows (MEL)LS0,, by shedding
of all excas water, MNole teat while the deliguescence point of
the present run, al —9.4 *C. 15 only 2.25% differes in BH from
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Figure 4. Composite cyele, designsd to obtam information abang e
icatsndutiom ecquilihrium lne. The constant lemperabine growt pach (1—
4) camied ol at —13.3 *C |5 analopous o that shown in Figures 1 and
3, To bring the water pressure in the chamber into equdlbriem witk
ice, lhe chamber Lesrperamune was lowered o —15.0 °C while the waler
imlet walve was kept fully opon. Consianl pressure s indicative af
equilibrium with ice, and the path § wo & regresents the cooling cycle
alomp the ice line, At o iemperssure of —37.5 °C (paint 6), the solusion
droplet suddenly ransforms o & solid namiicle compessd of ~7.5 walers
for each ammoniom sulfole molecule. Al constant IEMPEraTUre: amd
pressure, the composition of this solid changes grodually by a loss of
waler {path & 1o T, until o reaches its [inal letrahydrase sate, The
tetrahydrate phase 18 s1able 1w any funber iemperuiere chamges up o
—19.3% *C, Here the pamicle melts and abserhs waner o foem 2
hamagenees solution al poind %. Toe clase the c¥che the lemperatare is
chevared p —17.5 *C (paoint 1) and kept comstant. while the chansher
pressure is decreased. The evaporstion eycle (190 1o 11) produces the
wjg,r_n.l anhydrous crysial by efflarsscence (podnl 12

that at 25 °C, the eflorescence BH has increased from 37% o
46%. This large tepperatune effect on efflorescence RH 15 a
consisiend fealure m llns sysiem

Figur: 4 illusirates a hybrid cycle that was designed o study
the properties of this system along the water—ice frost ling. This
cycle stars with the hydrawon of an anhydrous particle (path 1
i b, ml @ comestand lempecaiens of —13.5 °C, At this iemperalare
the ﬂ:liqu:q:gm::’ |:||.;|i.'|'|; (2 1o 3145 at 1.353 Torr (RH = B2.4%)
and the ssiurated solutbon droplet composition is 11,6 water
molecules per (NHy )50y solutz moleculs. The path 3 o 4
produces @ ddilule soludon where the water pressure is that o
ice at =135 "7, To ensure thal the system is al the ice frost
paint, the lemperature 15 decreased to —15.0 °C while the waler
VAPOr source Temaing open. A waiting period of 8 few hours
alloars the syslem 1o resch cquilibrium, as noled by constant
iemperatare and water pressuse equal 1o that of ice. Al the end
of the waiting period the chamber walls are coated with ice,
and 25 lomg as the wemperature is pol allowed wo fse ahove =15.0
% the waler vapor pressune i the cell is 2goal to and thereafler
contrelled by the vapor pressure of ice. To facilitate thermil
equilibrium the cell 15 Qlled with 3 Torm of nirogen. The
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remperature-dependent composition of the {NHy S50 solution
that is at egquilibriem with ice 15 deterniined by the expression
of particle mass as a fumction of lemperature (path 5 10 6). As
shown in Figure 4, the (NHy S0, particle in this mun remained
s & homopeneosus superconled sofution droplet down Ly <375
°C (point 6} At that temperature it swddenly tramsformead mio
a =ofid particle composed of approximatzly 7.5 waler molecules
per molecule of ammonium sulfale. When maintained for over
0.5 h a1l constand temperature and pressure, the paricle Jost
additional waler and atisined s final stable composition of
(MH 50-4H:0 {path & to 7). While the path 4 to 6 is
pecfectly reproduciblbe, the efflorescence tempersiures of the
pamicles were found te vary between —41 aod —346.5 °C.

The tetrahydrate phase, once formed. remains stable as the
tcmperature is vared abong the ice line up o —19.35 °C (path
Tio 8). At —19.35 °C the particle incongruently melis inlo the
anhydrous phase and iis saturabed soluton, Since — 19,533 °C
is the ewiectic point between ice and the anhydrows phase, it is
also the anhydrows deliquescence temperature &l ice pressuns,
which is the water vapor peessure throughowt this experment.
Consequently, the mel composad of the anbydrous particle amd
its {MHy 50y samerated solodon prompily deliquesces 1o Form
2 singhe-phase droplet (8w 9 (NHSO4H0 was also
ohserved 1o meh ar —19.35 °C under lower-than-ice pressure.
Undeér thews comditions the melting particle progsptly wansfosms
inle the anbydrous phase,

The vao distiscl pathways that the system takes following
incongruent mehing at loe and bower-than-ice pressares delineate
some of the sharp differences between bolk and particle
hehaviar, In paticle form the system must make a chodice
between an all Hguld stale—for pressuses equal 1o or higher than
ice, and a purely sobd swse—{or pressores lower than ice. In
wontrast, when 2 bulk semple of (NH,SO-AH20 incogreently
mells al = 19,35 °C, it produces 2 oaxed phase of an anbydrous
precimtale in @ salurated solulon

As parl of our routine qualily assurance, we reguire that all
reporied data depive fromm expenmens in which closure was
demonsiraied, To ensure that ihe data is free from anifacts sach
a5 charge Joss of conlaminalion, we end every experment at
in% 51=.r-|i|'p]_ pninl. Tno close the cycle '|'.|1':m:|'|l::d i Fagunz 4,
111:1l'i11: amnd ﬂ:]il.tl.l.EI:ETl'_E were lollowed by a 5|.'i;|:|l ITICEEa R
in temperature iy — 175 *C {path 9w 100 and o dehydration al
comskanl Eemperilare (path 10 o 11 o 12). AL poenl 11 the
partick: effloresces o complets the cycle 2t the anbydrous phase
(poimt 123,

The ieirahydrate phase can alsoe be produced by a direct
unbrydrous G ietrabydrale iransiton, These experiments arc
carried out under nonequilibrivm  conditions, m which ihe
temperature is maintained st less than <1935 " and the waler
pressure: momentan |y inereased above the equabbnuem ce vapor
pressure, At the point whese the waler pressure 15 mereassd o
the expecied deliquescence point of the anhydrous phase, we
observe & phase chanps, It can be described qualitatively as a
purtial deliqguescence, the end resull of which is the absorplion
of four water molecules by the anhydrous phose and the
formation of (MHe)250s=4H0.

Oince produced, and ns lomg s the lemperature is kepd below
—19.35 =C, the tetmhyidrale phase does mol reverl L the
anhydrous phase, even when the pressure is reduced 1o 1007
Torr and maimained there for several days, This behavior
appears 1o be @ unigue property of aerosols, As o perseral nle,
phase transitions induced by an increase in RH ke place at
equilibrium, while those induced by o decrense m RH take placs
far from equilibrium, from o metastzhle (o a sizhle phase. In

J. Phys. Chem. B, Vol 102, No, 38 1088 7465

parthcular, the persisicace of crystalline hydrates at water vapor
pressures far below the equilibrivm pressure appears o be
commonplace. Similar observations were made in the case of
NHHSO,8H0 and LiCHOu-Hy0 22 The persistence of
water-rich pbases deep into the metastable region may have
imporianl implicaions for a vargery of aimospheric pro-
CESSES,

The combination of daia as presenied in Figures 1, 3, and 4
of the vapor pressure Lemperabures and compositions where
deliguescence occur with an increase in RH provides an
equilibrium phase diapram. Similagly, the conditions of phass
Lransfmmations that are mduced with a decrease in BH provids
the dsta for the constriciion of a metastahility phase diagram.
Bath types of phase diagrams are prosenied below.

4, Discussion

f. Phase Diagram. [. Equeilibrivm Phase Diagram. Figune
Sa shows the (NH, 2504 H20 equilibriom phase diagram i s
compasition/temperature domaim,  The pure solubion regeea 15
indicaied by horizonial lines. The observed debguescence podls
(open circles) define the (MH 50 —selution coexistence line,
The ice—solutdon coexistence line down o =37.5 " is labelecd
with filled diamonds. The dats points extending beyond the
catsctic paint (ELT) a2 —19.35 represent the supercoolad slultion
al cquilibriom with icz. The tetrahydrate meongroent melling
point at —19.35 °C is represented by the horzontal line {IM),
The data points labeled with flled squares repressnt the
temperaiunes in which the tetrabydrate is formed,

Figurz 5b shows the same phase diagram as in Figure Sa,
presenicd in the waler vapor pressunefemperaline doma a5 a
plot of log(Ped vs 100VT. The symbols in this figune are
comsisient with thoss in Figure 5a. Also shown in Figure 5b
are the waler—ice fmost line amd the bouid water vapor pressune
as functions of UT. The anhydrous deliquescence points form
& nearly siraight line in this plot

The observed anhydrous o tetrahydrate solid—sobd phase
transitions are labeled as checkered sgquares.  These 1ransiions
were induced o temperatunes bebow = 19,35 °C through  rapid
incTease of waler pressure 1o above thal of sce. The dara,
although nol &= precise as the rest of the meawrements in thas
study, suggest that this transition occurs along the anhydrous
deliquescence line. The light scaniering patern during thas
transition indicates o partial solid-lo-hguul anaton that s
immadiately followed by the formation of a new solid, whose
composition is consistend with thal of the etahydrae. The
incomgruent mehing point (M3 is shown as & vertical line in
this represemation. and the tetmbydmle sabality region fies 1o
the right of that line. Tt is interesting to note that the hydrated
solid forms for ammonium solfade as well os for emmonium
hisulfate, tetrahydrate, and octahyirste, respectively, [orm upon
cooling & solotion droplet along the ice fine, a5 well as through
solid—solid phass ransilkons.

2. Merastability Phase Dagram.  Becaose phase merasiabil-
ity in acrosels is the “rule”, rather than the exception, the phase
diagram abowe is @ map in pressure, lemperatune, and composi-
tiom of the conditions at which phase Iransbons take place witls
an increass in BH alone. In conrast, phase transformations
along the reverse path, almost always commence from highly
metastable states. Thas is o manifestation of & free energy barricer
that mst be overcome in order o form a critical nuchsus. '

The value of & similar map (or phase wansitions along the
path of decreasing RH would depend on the depgree 1o which
these melastable-io-stable phase transitions are reproducitle. In
a pecent, similar shsdy on e phase transformations of am-
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s well All the dala poinks helow the esicesle iemperstire comespanid to & metastable splation whose vapor pressuse equals that af . (D) Ammonium
sulfaiewater sgailibrium phase dingrem as logl Py vs 1T domain, The pane solution is repmesented by the siriped region, The ice— salniion coesxisieni
lime is shown as Alled dimomds amd the anhydrous—sohicion equilibrium, ie., the deliguescence poinis, as open arcles. The solechs poant &
— 19,35 2 (3,94 in the figure) and ice pressure is labeled by EL. The region where the wemabydrsie is the siable phase is indicaled as well, The
checkered squeres neprosent the anhydnous w werehydmie ransiton poincs.
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Figure 6. {a) Ammuosium sulfaleteaier mesabilioy phase diagran in temperaiure vs composition damain, The pure sclulyon equilibrians region
15 represemied by the open simiped regioe, while the metastable solotion i3 shown as the gray siripsd ares, All oheerved efflorescence poinls are
indicated with iled squares. Homogeneous ice nucleanion from pure water is labeled with the ociagon. The dushed line i Based on a8 exmapolstion
deseribed in the text, X marks ihe lpwes: lemperaiare where solution mricrodreplets can be fous. (B Ammoniem sulfase’waler metastabality phase
dizgram in the log{Py) v U'T domain. The pure equilibrium soletion region i represented by the open siriped region, while the metasiable sobation
i shiwn as the grey smiped area. All chserved efflorescence poims are indicated with tikad squarss. Homogensons ice nucleation from pure wiler
is labelod with the ostagon. The dasked line is based on an exirapodagion described in the text. X marks the Jowest lemperatine whers soston
enlerodeoples can be found,
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Figare 7, jwin Berwees our currenl ditk, previossly published
dete, nnd Ioiesi model, oll showing pood agreement as Tar as the
auturaled salulson 1."I.II:I:q:I'I.I-ﬁI.H.I.I'I i# comeormed

muenium basuallate, we have shown thal in that sysieny, metastahle-
1o-stable phase iransitions 1ake place within a very narmow range
of reproducitle and therefore prediciable condiions ™ The
present cxperimental resulis on ammeaium sulfae exhibit
mmilar hehavior, The elllorescence trandiums take place slong
reasomably well-delfined Hoes, repestedly prodocing the same
© phase withim @ very narow sange of pressunes and icmperatures,
W merprel these ehservaions 1o be indicztive of a shamp onset
al necleation, 28 supersatration of undercealing is increased
heyand the thresbodd for the (it ohaervable nucbealion o occar.
The hnes i thede plase daagrams conpect points of ap-
promimalely equal necleation ssies, which for our experimental
system 15 ~1 = 10101 = 1Y eventsfoc s

W comstruct the (NHy LS00 mecascabiliny phase dizgram
by comilvining the condiions {lemperalore, waler vapor pressure,
and dropler comppsition) where the efflorescence ransitions
huve been observed.  The metastability phase diagram in
Lemperalursicomposition a5 well as pressusefiemperatur: do-
mins 1% shown in Figuee bab, sespectively. The metastable
solution ceghon i3 repeesented by the gray arca, and the
melastable solution-o-anhy drows wansidons ae marked by tiled
squares.  These comprises all of e efflorescence poinds that
can be accesied by our curenl expermental system. The data
sugpest 3 shghily mereasing spread o efflorescence conditions
wilh 3 decrease m lemperatwre. The three lowest temperaiurs
data ponts are all o the joe Hae.

The rematmder of U melasiable-w-siable mansitions ke
place under conditons thai require the gas phase 1o be
superdatirated with respect 1o wee formation, and these comditions
are in@ccessible 10 our corrent apparatos.  The well-known
horepenenus nocleatbon of water to o 2t —38 °C is labsled
by the octazen in both figures. This section of the mesastababity
phase diagram i3 construecied by a linear extrapolation=in log-
(o) vs LT space—of the observed efflorescence tramsition al
wemperatares below 0 °C o extend the ammaoniom sulfole
pucleation line beyond the frost line. To demwve the ice
mucleation line, we assume that 0L s linear in the same
represcniation and that the slope is the same &= that of pure ice,
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Ii"unt B. Summary of all ohserved phase mansitions @ the bnary
amempeiuem sellaeiwater syalem in 4 BRH w5 iemperabere plot. The pure
equilihrium solofion region 15 represenied by the open sriped region,
while the neetasiable soletion &3 shown as the gruy striped area. The
deliquescence points form an almeast strasght line n this domain and
imdicale oaly a slisht change o BH wits iempersture. The efflorescence
perrings, Inbeled with tiled squures, represent anhydnous Tofmeation. The
filled squares cormsspess o efflorsscence trunsisons that form the
tetrahydrate phase. The dashed line s based on am cxwapolation
described s the wext X misks the lowes! iemperamre where solubon
microdroplels can be found. The checkered squares isdicms ankiydrpis-
wo-letsabydrate solid—soldd phase mensitons. The points labeled AL B,
C, X, and I3 mark bowndaries along the pecleation pad & m [} whers
phase changes ke place, They are described in the texd and listed in
Tenle 1.

The dazhed lines in Figure dab indicate the two extrapolaled
lises, and the imersection between them at —49 °C s lubeled
by an X_ This is the lowest temperainre ab which micron-size
Liguid ammonium sulfae droplets can be founsd.

The region defined by the line indicating the incongroent
meling point &1 —1935 °C {L00WT = 3.9 K"} marks the
sizbility reglon of the etrahydraic. We find thnt once the
Letrabydrate phase is formed and as long vs the temmperuture
remasis below — 1935 °C this phase remains stable for sevens|
davs even if waler prossures are reduced to 1077 Tomr, This
fimding 15 conpsssient with our previous observations cn TaC10,:
H;0" and NHHSO,-8H0.2

The path aken v reach the gray region #i tomperatures
hetseen — 1935 and —49 *C dezimines its phase; meinstable
salution, ice, anlydrous, or tetrahivdrate phases can all be fooumd

Figure 7 shows the good apreement betweon our curmenl
ohservations and data obtained from past “bulk” experiments,™
This agrecmenl undarbines the vility of single-pamicls sxperi-
ments lor e comstrection of swch phase dipgrams, The
advamtage thal seivgle-particle experiments offer is their ability
i investigate homoganeous phase transitions in an envimonment
free of walls amd iopurites. Soch systems also allow one 1o
camstrict, withoul additienal effon, pressure/lsmperaiure phase
afizgrams.
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TABLE 1: Metastable-to-Stahle Tramsitions in the
(WHp50, Water System

Imal pas
replon® emp, *C RH. %  phese® nuclens  phase”
A—H d0ip —1935 3553 AR (M H S0 —
B—C -1935w—-38 5368 AST (NHO80, =
C=X —38wm—49 BE—E5 AST. doe  (NHa S0 +
X=D =0 jm =18 BE=I0 e, AST e +

* The regions are defined acconding to Figume B * A5, (NH 250
AST, (NHap30e4HA, © A + in (his eplzmn isdicmes thal the vapor
phizse 1 melastshle with respect | ioe foemation.

A surmmary of all observed phase imsinons (deliguescence,
efflorescence, and solid—solid) are shown in Figure 8, a5 2 phol
of BH vs tempetaturs, The symbols remiin consistent with
those in Figare Ga,b, This is the mos natuml represenialion ol
the data for atmospheric sysiems, [ shows the deliguescence
transitions as open crcles and ifastraies the very shghl changes
in deliguescence with l=mperature, In shap comirast, el-
Norescence ransilions are shown e be highly temperatune-
dependent. In this fipure the meipstable-to-stable transifions
occur along the line A—B-C-—-X-D. Table 1 lisis the
iemperatures, RHs, and the solids that form in each ol these
sections. With the aid of Figure 8 and Table | below, one can
preddice the phass of an ammonium sulfale particle umsber any
atmesphenic condition. 11 i5 imposiant (o keep in mind thad the
region C—X—DF 5 based on an approximate extrapolation amd
that line A—I is expecied to be size-dependent,

b. Thermodynamic Properties of the Satorated Solution.
i (INH YO Solution Coexiztence Line, Mensurement of the
WAPOT Pressure over & satutated solution provides imformation
on the enthalpies of that selulion. Toe derive these quanbities
we follow Tang and Munkelwite, where the change in In RH

with respect 10 iemperalure is expressed as

din RH _ %3 ﬂﬁ']

=
— i1
dr =z \ar’
1)1z b8 the maolar rtio (solutefselvent), and AR, 13 the integral
beal of solution,
The meodar ratio a1 the deliquescence point can expressed as
a palynomial in T

e, =a+ bT+ T (2)

Eoguation 3 below is obtained when eg 2 15 substituted o eg
1 and the resnlting expression then integruted rom a refemence
temperature T

RH(T ] _AHJ 1 1 T .
1|J[R"{?.:}] T[a[]—, |- bhS—dT-™)| 1)

where T* is defined 2= o (aed reference temperalire, 0 OUf
cuse TF = ME1 K

The coefficients in eq 2 are derived from a quadratie fit o
the observed molar ratio. A plol of the observed xafx) in Che
present s21 of experiments (open circles) and that previowsly
available ([lled circles) s shown ad o functeon of lemgedatuns
in Figure ¥ whare the solid curve represents the quadratic fit 1o
the combimed data, lor a tolal of 35 poins, whese parameters
are given im Tl 2,

2, lpe=Selwion Coexisterce Line, The data presented in
Figure 5a ahove can alio he wed w derive an empirical
relutionship hetwesn lempersiure and compostion alorg the

Xu gl al,
0.11 —_— -
=T
0,108 - -
2l
T
aF
.?g E oail ]
hr
o=
0,088 - -
um o 1 L a1 i L

260 b1 2] zr I 1] zBD 1] 3o
Temparature K

Fipare %. Plot af the composiison of the seurnted solubion, in molbes
aof saluze per male of waler, as a function of wapersure, The bne is
a quadralss GL 1o e didn; 13 coelficients are given in Tabls 2 and are
used to derive the beat of salution (see beat Cor detable), The fit i o
the cansbined presest aad past dazs for o iniel of 35 dab poanls.

TABLE 2: Empirical Parameters for Eg 3

AR @ b :
e, 1 {.OTTH =183 x 10 Q.21 = 107

ice—solution coexistence line, To desve this line we combine
our current experimenial dutu with previgusly available resulis,
fior A total of 85 data poinls over o lemperslune range from O o
—37.5 °C. Eguuton 4 describes the emprical relationship
betwesn lemperature, in degrees Belvin, and solwtion compsosi-
tion (W, in weight percent;

T{K) = 273,15 = 0,282W — 51520 = 107 'W" +
3.537 x 107'W' — 902 x 10w (4

. Estimating Uncerfainties. Figure 9 can be used o
catimate the uncertainties in the composition measunements. Om
the scale of this fgune the +0.2 K uncertainly in lemperature
is insignificant and the scatter in the daia is, therefore, endrely
due o the composition messurements.  The wicerainty is
derived by caleulating the rms daviation about the line given
ineg 2. When transluted fo pmmomuen sulfste weight percent,
it vickls +0.5%.

To estimate the uocenainty in RH measurements, we use the
deliquescence data shown in Figure B, The spazad of observed
deliquescence RH about the Fine in eq 3 implies a rendom eror
on the order of +0.2% in RH, By comparison with previous
MmeRsuTEments, we esimate an absolite sccoracy of =0.5% in
RH. Al lvwer lemperbures and bowes waler prossurcs the emor
is closer 1o 1%,

&, Conclusion

These data provide strong suppoert for the wility of single-
panicle experimenis for the penemtion of complete and accurate
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thermodynamic phase diegrams. The frsl study Tor which we
have wsed this spproach was of ammoninm bisullfabe—a sysiem
o which virtwally mo previous data bos been available for
cimmparisai. Ln comrssy, for the case of (WHaSOWH20, the
equilibriom phase diagram kas been previously well-character-
1zed, amd we found almost perfiect agreement beteeen published
hulk dama and oor derived cquilibrium phase diagram.

The equilibiium and metasiability phase dingrams in the
region of 40w —50 °C of the kinory (MH:)800H20 sysiem
have been reposied i tes paper for the first time, and & new,
lgw-lemperaure erystalline phase composed of (NHapS0,:
AH0 was discoversd, We were able o cxiend the data amd
estimate the conditlons neoessary for ice nucleation as well,
Simce no daa is currently avallable for this region of the phase
dapram, our approximaion of it can serve &5 o guide. This
extrapolation suggests that —50 °C closely approximates the
lipw-temperature limit in shich Bguid microparicles can exis
O the basis of these phase diagrams, it is possibls to predicl
the pliase: and composition, for a given path, of any (NHa 250
acreanl under any thermodynomic condition. The RIT vs
temperatare representatlon of the complete phase dingram
appears Lo be most suitable for smospheric applications,

The reproducibilivgprediciability of metastable-1o-stable phase
ansiwes 10 olirapune sysicms is an imporianl issoe with
implicalions in a varewy of ficlds. The sysiems that we have
cxanuined (ammonium sulfae, ammomem bisulfae, and sulfurc
acid) all indicate highly reproducible, mednsiable-to-stable phase
transforenations and therefors band credence to the utility of the
correspoisding phase diagrams. 1f is imporiant to recognize that
metastambity phase diagrams are somewhat dependenl om
particke size: ie., small particles show deeper supersaturations
for similar ohservadon wmes than de larper ones. In a separate
publicsibon we show that it is possible, on the basis of the present
* siudy, o effectively express relationships betwesn particls size
and nocleation conditions,
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