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Abstract: We have investigated the nucleation and growth of sodium chloride in both single quiescent
charged droplets and charged droplet populations that were levitated in an electrodynamic levitation trap
(EDLT). In both cases, the magnitude of a droplet’s net excess charge (ionspnec) influenced NaCl nucleation
and growth, albeit in different capacities. We have termed the phenomenon ion-induced nucleation in
solution. For single quiescent levitated droplets, an increase in ionspnec resulted in a significant promotion
of NaCl nucleation, as determined by the number of crystals observed. For levitated droplet populations,
a change in NaCl crystal habit, from regular cubic shapes to dome-shaped dendrites, was observed once
a surface charge density threshold of —9 x 107* e-nm~2 was surpassed. Although promotion of NacCl
nucleation was observed for droplet population experiments, this can be attributed in part to the increased
rate of solvent evaporation observed for levitated droplet populations having a high net charge. Promotion
of nucleation was also observed for two organic acids, 2,4,6-trihydroxyacetophenone monohydrate (THAP)
and a-cyano-4-hydroxycinnamic acid (CHCA). These results are of direct relevance to processes that occur
in both soft-ionization techniques for mass spectrometry and to a variety of industrial processes. To this
end, we have demonstrated the use of ion-induced nucleation in solution to form ammonium nitrate particles
from levitated droplets to be used in in vitro toxicology studies of ambient particle types.

Introduction packed in some regular arrangement, is considered the transition

The nucleation of crystals from solution is a phenomenon of State for nucleatiof.
widespread importance with many biological, environmental, ~From a mechanistic point of view, solute nucleation is a two-
atmospheric, and industrial implications. The desired, distinct Step process: a result derived from the bulk diffusion of growth
physiochemical properties of a chemical material can be units through a mass transfer boundary layer and their subse-
obtained by controlling crystallite preparatiérd For example, ~ duent incorporation into the growing crystal lattic&!o!t
different crystalline forms of a drug can vary in solubility, Although both steps are governed by different mechanisms, they
absorption, and stability propertiésé As such, control of the are both influenced by experimental variables such as temper-
crystallization process is one of the most valuable techniquesature, solvent evaporation rate, solution stirring rate, the addition
used in separation and purification processes employed by aof nucleation agents and stabilizers, and the influence of
variety of industries, including not only pharmaceuticals but magnetié? 4 and electric field$> " Changes in the experi-
agrochemicals, pigments, foods, and explosi/es. mental variables result in changes to the rates of nucleation and

However, solute nucleation from a supersaturated solution crystal growth, which influence changes in crystal habit and
is a complex operation. Similar to a chemical reaction, it is an mMorphology.
activated process with a transition state. Unlike the formation ~ The effect of an external electric field on nucleation kinetics
of covalent bonds and a transition state molecular complex for and crystal growth in saturated solutions was first investigated
a chemical reaction, a cluster composed of a few tens of by both Shubnikov and Kozlovskii, who determined that
molecules, held together by weak intermolecular forces and
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nucleation rates of ammonium chloride and ammonium bromide regards to atmospheric processes, where ions provide condensa-

increased in the presence of an external electric el
Recently, electric field strengths of greater thah\tém~—! were
also shown to have significant controlling effects on PRCO
and NaCl nucleatio?'~23 Although several reports confirm that
externally applied electric fields have a stimulating effect on

tion sites for sulfuric acid and water vapors to form new aerosol
particles that can grow into sizes needed for cloud condensation
nuclei and ice nuclei. This in turn affects the particle size
distribution and lifetimes of clouds and hence the radiative
properties that factor into atmospheric albedo forcing climate

the nucleation rate of small molecule crystals in saturated changet*4°

solutions?324a significant decrease in the number of nuclei was

Although the physics of droplets that possess net charge is a

observed when an external electric field was used for the sypject that continues to receive attention, the condensed phase

crystallization of the protein lysozynt®26 As such, the

chemistry occurring within such droplets, as a result of the net

lysozyme crystals obtained were fewer in number, larger in size, charge localized in the diffuse layer at the dropiair interface,
and of better crystallographic quality as quantified by a reduction i not well characterize?®-53 Mass spectrometry studies of

in their mosaic spread upon X-ray diffractiém;?® a most

important goal for crystallogenesis studies on biological mac-

romoleculeg?3°This contrasting result certainly suggests that

cluster ions released from charged droplets in an electrospray
have identified shifts in chemical equilib¥fe®>and the formation
of preferred nanocrystalline structuf®sé! It has also been

more research is necessary to better understand the mechanisgserved by Pruppacher that sulfur particles, which typically

of nucleation and crystal growth in the presence of electric fields.

act as poor ice nuclei at20 °C, are able to cause ice formation

Unfortunately, there are only a few theoretical considerations ;, supercooled droplets at8 °C when they are electrifietf:62

concerning this proble?243%35 most of them related to
processes that occur in Wilson cloud chambers.

Wilson was the first person to quantitatively investigate ion-
induced nucleatiof®-3”which has been defined as the promotion

of cluster growth around an ion which acts as a heterogeneou

nucleus for the condensation of supersaturated va&gotsThe

strong ion-dipole interaction between ions and vapor molecules
lowers the activation barrier and hence reduces the supersatu

ration necessary for nucleatiéh.In the microelectronics
industry, it has been shown that gaseous€luces the critical

cluster radius required for nucleation and that the net charge of
the resulting cluster promotes further growth of the nucleus

during the low-pressure synthesis of diamofe¥.Nucleation

rates of silicone particles, via the condensation of neutral silicone
vapor on Si in processing plasmas, have also been modeled

using ion-induced nucleation thedt§Moreover, the phenom-
enon of ion-induced nucleation has important implications with

This charge-enhanced contact nucleation is usually described
as field-induced electrofreezing, the process whereby an electric
field causes the freezing of a supercooled water d¢6p.57

Thus, there could be a wealth of knowledge regarding the

Schemistry that occurs in charged droplets as a result of their

violation of electroneutralityl52

In our previous electrodynamic levitation studies with charged
droplets, we have reported the enhancementcafyano-4-
hydroxycinnamic acid (CHCA) cocrystallization with one or
more peptide€d and the promotion of NaCl precipitatiGhpoth
a function of the magnitude of the droplet’'s net charge. This
phenomenon of promoted solute nucleation was termed ion-
induced nucleatioim solutionand has several implications for
laboratory, industrial, and natural processes involving media
with net charge ranging from fundamental aspects of soft
ionization for mass spectromef®f® to the preparation of
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Figure 1. Schematic of the electrodynamic levitation trap (EDLT) showing the important operational components. The inset is a representative image of
laser light scattered by a population of droplets levitated in the EDLT.

nanophase materials with improved propertfe8.Preliminary these droplets then passed into an electrodynamic levitation trap (EDLT)
characterization of its threshold behavior is described in this where they were trapped and levitated.

paper. Furthermore, a method that uses ion-induced nucleation Measurement of Initial Volume Dispensed and Droplet Net

in solution to prepare ammonium nitrate particles that are Charge. The initial volume of a droplet was determined using
subsequently used im vitro toxicology studies of ambient  fluorescence emission microscopy. After loading a dispensey.(40
particle types has been developed. We anticipate that this typediameter orifice) reserv_oir with an aqueous solution Qf FluoSpheres
of heterogeneous nucleation in charged levitated droplets will (30 #L of FluoSpheres in 25 mL of di), a predetermined number

be of use to investigators whose areas of application intereStOf droplets were dispensed consecutively onto a glass coverslip where
span materials science through to biochemistry they dried forming a small spot. Droplets were dispensed using a 10 V

waveform amplitude applied to the droplet dispenser at a frequency of
Experimental Section 1 Hz. A series of these spots made up of differing numbers of droplets
o ) ) o were deposited in a row on the same coverslip, and the fluorescence
The. apparatqs for levitation of droplets is d_eplcted in Figure 1. Thg emission of each spot was measured. An optical microscope (Zeiss
steps involved in the methodology used to dlspense and_charact_erlzeAxioplan 2, Motic, North York, ON) fitted with an excitation filter
these droplets, and the droplets that are levitated for time periods (gp.546/12) and emission filter (LP-590) was used to collect all images
between 30 s to several hours, are described below. of fluorescence emission. For each sample spot, fluorescence emission
Chemicals. Reagent grade NaCl, methanol, and glycerol were ¢ cqjlected from a 1.50 mm 2.00 mm area centered over the site
purchased from BDH. The 20 nm FluoSpheres used, purchased fromof droplet deposition. The signal intensity of the fluorescence emission

Molecular Probes (Invitrogen Inc_., Burlingtoﬁnl, ON, Canada), are for each image was determined using Image J software (Research
polyst)f/lrene-ba§ed spl)hertlas (densﬁ)r]A.OS gth ) that er;pa(tjpsulate Services Branch, National Institute of Mental Health, Bethesda, MD)
~180 fluorescein molecules per sphere. They are supplied as SUSPeNgzng integrated. The resultant calibration graph of fluorescence emission

si_ons (2% solids) in water. Ammonium nitrate (BI¥D), 2.4,6- signal intensity vs number of droplets is shown in Figure 2A. The
trinydroxyacetophenone monohydrate (THAP), ardyano-4-hydrox- fluorescence emission from a known volunve=£ 0.0204 0.005uL)

ycinnamic acid (CHCA) were purchased from Aldrich. All aqueous of the same aqueous solution, as deposited by microliter syringe onto

solu_tlons were prepared using distilled water iﬁ"ﬁ . a glass coverslip, was then measured under identical conditions as those
Dispensing of.DropIets with Net Charg'eA mlcroplpette was used employed for the fluorescence emission measurement of the spots. By

_tokl_o?d a|3/éL alllqtu(cj)F of a startlngd slmul\t/'lgnA'thltZ% ressr\,\//lo\llr:é %ri using the calibration graph, the initial dispensed droplet volume was

g‘OJ?\A—_Styfe br_?peh ||sp¢nsTr (m(|:)>| €S T)E A e an  th “MYETUT calculated to be 258 90 pL (average radius 39 & 14 um) for a 40
 Microfab Technologies Inc., Plano, TX). Activation of the piezo- um diameter orifice dispenser. It should be noted that different droplet

ceramic crystal bond_ed to the outside of the dlspense_rs_reservowdispenser waveform amplitudes and frequencies result in different
generated an acoustic wave that caused a volume of liquid to pass

; ispensed droplet volumes.
through the nozzle as a jet that then separates from the nozzle andc| P . P . . .
subsequently collapses to form a monodisperse droplet. The nozzle of 1he induced droplet net charge was determined by dispensing
the dispenser was positioned over a 5.0 mm diameter hole cut into aindividual charged droplets directly onto a metal target plate connected

flat copper electrode. A dc potential applied to this electrode using a to an electrometer (model 6517a, Keithley Instruments, _Cleveland, OH).
high voltage power supply (model PS350, Stanford Research Systems,':_or these r_neast_;rements of droplet net charge magnltude_, the d_rop_let
Sunnyvale, CA) established an electric field between it and the nozzle, dispenser, induction electrode, _and metal target plate were S|tuated_|nS|de
influencing ion mobility in the jet prior to its separation from the & Faraday cage. The separation distance between the nozzle tip and
dispenser nozzle. This induced charge separation within the jet causedhe induction electrode was 1.25 0.02 mm while the separation

the resultant droplet to have a net excess ch#Yariation of the dc distance between the induction electrode and metal target plate was
potential applied to the induction electrode proportionally varied the ~40 mm. The magnitude of the induced net charge per droplet was
magnitude of the image charge imparted onto the droplets. Each of plotted as a function of the dc potential applied to the induction electrode

(Figure 2B).
(70) yo%ke?%% léggl-_lgré,lB.; Ahn, K. H.; Choi, M.; Okuyama, K. Aerosol Sci. Data points for dispensed droplets were the average of 100 drop-
(71) Suh, J.; Han, B. Kim, D. S.; Choi, M. Aerosol Sci2005 36, 1183- lets dlspenseq using the same 10 V waveform amplitude _applled to
1193. the droplet dispenser at a frequency of 1 Hz. The polarity of the
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it was quiescent. By reducing the ac potential of the ring electrodes,

>

4.0 7 mDroplet while both the upper and lower end cap electrodes were held at 0 V,
T dispenser the force of gravity exerted on the charged droplet caused it to fall out
: 3.2 1 ¢ Syringe of the ac trap and to be deposited on the lower end-cap electrode, or
g 24 ] (0.02 pL) target plate, at the end of each levitation experiment. This deposition
g~ procedure was strictly adhered to for singly levitated charged droplet
g 1.6 1 experiments. The distance between the center of the ring electrodes
E and the deposition plate was 15 mm. All electrode potentials were
= 0.8 relative to ground potential (0 V). The droplets in the EDLTs were
illuminated via forward scatteringyba 4 mW green 4 = 543 nm)
0.0 ¢ * * HeNe laser (Uniphase model 1676, Manteca, CA) that was defocused
0 40 80 120 160 (laser spot size diameter6 mm). Although laser light can affect
B Number of Droplets nucleation from solutiofi several control experiments were conducted,
confirming that nucleation was unaffected by the HeNe laser.
Q 110 1 Characterization of Droplet Residues.Each experiment involved
‘:j : flushing the internal reservoir of the droplet dispenser with clean solvent
g 100 ¢ ST : . )
& X and then filling it with a 3uL volume of a starting solution. Starting
2 0 solutions were composed of zero or one solute in a solvent mixture of
% X water/glycerol, unless otherwise noted. Within2 s of the droplet
z 801 dispensing event, the majority of the volatile solvents evaporated,
= 7 leaving behind a droplet composed of glycerol and the nonvolatile
g X solutes, referred to throughout this manuscript as the droplet residue.
a 60 ey In most experiments, a glass coverslip was positioned on top of the
170 210 250 290 330 bottom electrode of the EDLT where the droplet residues were
Induction Potential (V) eventually deposited at the end of each levitation experiment. Droplet

Figure 2. (A) Calibration of the initial volume of droplets dispensed using  'esidues were characterized by optical microscopy (model B5 Profes-
the fluorescence emission from FluoSpheres against volumes delivered bysional, Motic, Richmond, BC).

a micropipette. (B) Measurement of the net excess charge on dispensed  Effect of Droplet Mobility on the Rate of Solvent Evaporation.
droplets as a function of induction potential. The trajectories of multiple droplets simultaneously levitated in the
EDLT (see Figure 1 inset) depend on several factors such as the

the dc potential applied to the induction electrode. The magnitude of geometry of the ring electrodes and the potentials applied to_them,
droplet mass, droplet net charge, and the number of droplets simulta-

the dc potential did not affect the volume of the droplet dispensed neously levitated. For dispensed droplets of the same volume, an

within experimental error as determined using fluorescence emission . ) L L
microscogy 9 increase in droplet net charge may result in higher droplet mobility for

Droplet Levitation Apparatus. The electrodynamic levitation trap a droplet population trapped at atmospheric pressure during levitation

(EDLT) used in this study (Figure 1) has been previously describéd. in an ED.LT' Results from _smgle droplet s_tudles have demonstrgtec_i a
. . . substantial enhancement in the evaporation rate for stably oscillating
Its two ring electrodes were constructed using single stranded 1 mm

) ) ; ; .single droplets over their stationary droplet counterp@ArtéHence, a
diameter copper wire that were each shaped into 2 cm diameter rings ) : . .
and mounted parallel to each other at a separation distance ofpopulatlon of charged droplets having a higher droplet mobility should

approximately 6 mm. The pair of rings was positioned between two experience enhancement of the droplet evaporation rate relative to a
flat end-cap electrodes referred to as the induction and the bottom population of charged droplets having a lower droplet mobility. The

electrode. The induction electrode during droplet dispensing also servedf::cé c::fdcrgsgttig;zbﬂ'st)é;r;ntﬁﬁi;at;u?jf S\c/)vlzgnftirzrezj‘)ec;;?;?rqe?jvf);;gfe
as the upper end-cap electrode for the EDLT during droplet levitétion. g€ o nis study . .

Typically, the dc electric field between it and the lower end-cap flat preliminary characterization of ion-induced nucleatiosolutiontook
electrode is used to balance the force of gravity acting on the droplets. place. . . .
However, the nonhyperbolic electrode shape and positioning used in /A Population of droplets was dispensed from a water/glycerol starting
the EDLT resulted in significant deviations from a quadrupole electric S0lution (99:1 v/v) using a 10 V waveform amplitude applied to the
field, which permitted ongoing droplet levitation after the potentials droplet dispenser (46m diameter orifice) at a frequency of 1 Hz. The
of both the upper and lower end cap electrodes had both been reduced!C Potential applied to the induction electrode was kept constant for
to 0 V while maintaining a sine wave on the ring electrodes. It should the dispensing of each droplet in a population that was levitated in the
be noted that two EDLTs were used in the course of this study: one EPLT- The relative humidity and temperature of the chamber was
for droplet population experiments, whereby a 60 Hz sine wave-500 Mmonitored with a digital humidity meter (model L914797, VWR
2700 Vo_p, was applied to both rings, in phase, by use of an in-house International, Edmonton, AB). Over the course of this and all subsequent
constructed Variac-controlled voltage amplifier, and one for single €XPeriments, the temperature andorelatlve humidity of the EDLT
droplet experiments, whereby a sine wave-{%00 Hz,--500—4000 chamber had average values of 221 °C and 33+ 5%, respectively,

V) was applied to both rings, produced using a function generator Uniess otherwsg noted. _

(model TFG-4613, Topward Electric Instruments Co., Taipei Hsien,  The evaporation of solvent from each droplet levitated leads to
Taiwan) in series with a high voltage variable frequency amplifier Coulomb instability of the droplet at a size that can be calcul&téd
(model 609E-6, Trek Inc., Medina, NY). Immediately after a droplet
was trapped in single droplet experiments, the ac frequency applied to(75) Garetz, B. A.; Matic, J.; Myerson, A. 8hys. Re. Lett.2002 89, 175501,
the rings was increased from80 Hz to~700 Hz, in order to ensure ( 17550%-175504.

76) Zhu, J. H.; Zheng, F.; Laucks, M. L.; Davis, EJJColloid Interface Sci.
2002 249 351-358.

charge induced on the forming droplet is opposite to the polarity of

(72) Bogan, M. J.; Agnes, G. RAnal. Chem2002 74, 489-496. (77) Guan, G. Q.; Zhu, J. H.; Xia, S. L.; Feng, Z. H.; Davis, EInf. J. Heat
(73) Bogan, M. J.; Agnes, G. R. Am. Soc. Mass Spectrof04 15, 486— Mass Trans2005 48, 1705-1715.
495. (78) Rayleigh, L.Philos. Mag. (1798-1977) 1882 14, 184-186.
(74) Davis, E. J.; Buehler, M. F.; Ward, T. Rev. Sci. Instrum199Q 61, 1281 (79) Smith, J. N.; Flagan, R. C.; Beauchamp, JJlPhys. Chem. 2002 106
1288. 9957-9967.
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(t = 4.65; degrees of freedom 42; P < 0.0001) demonstrated that
. these two mean values &fwere significantly different. Hence, the
22 4 population of droplets with higher mobility (i.e., droplets having higher
: net charge) evaporated more quickly than the droplet population having

>

Z 181 lower mobility (i.e., droplets having lower net charge) as previously
E 144 suggested. The calculatkdalues of the glycerol droplet residues were

"= . significantly greater than those reported by Ray et al. for single,
210 f quiescent glycerol droplets in humid air strearks<(0.26, 0.31um?

- min~* for % RH = 30, 40, respectively}

Evaporation Rate Constant

061 The same type of experiment was then repeated for single, quiescent
0.2 e levitated droplets in lieu of a population. Using the same droplet
55 65 75 85 95 105 dispenser settings as described above, a single droplet was dispensed
Droplet Net Charge (-fC) and then trapped and levitated quiescently until its eventual loss from
B the EDLT following a Coulomb explosion event. The experiment was
repeated many times using four different induction electrode potentials,
E 22 and the results were plotted in Figure 3B.
Z The evaporation rate constant decreased fromt1042 um? min—*
S~ 18 to 0.4+ 0.1um? min~! as the droplet net charge was increased from
.3 E » % —61.1+ 1.3 fC to—104.7+ 0.5 fC. An application of thé-test to the
ﬂé " ’ } data set for individual droplets having the lowest net charge with the
£ 3210 data set for individual droplets having the highest net charge(1.83;
%‘ = E degrees of freedons 37; P < 0.0001) demonstrated that these two
2 06 mean values ok were significantly different. Unexpectedly, not only
ie 02 i were the four calculated values significantly greater than those

reported by Ray et al. for single glycerol droplets, the observed decrease
55 65 75 85 95 105 in k for i inal droplet net ch Iso in violati fdhe
Droplet Net Charge (-fC) in k for increasing droplet net charge was also in violation o

Fi 2 (A E i ‘ tant of levitated droplet resid law, which Ray reported as being strictly adhered to for single glycerol
igure 3. (A) Evaporation rate constant of levitated droplet residue 0 104q ot 4 given relative humidity.A third odd finding was that
populations as a function of their net excess charge. (B) Evaporation rate

constant of single quiescent levitated droplet residues as a function of their fOF the same droplet net charge e61.1+ 1.3 fC, thek value for a
net excess charge. quiescent droplet (1.4 0.2um? min—?t) was significantly greater than

the corresponding droplet populati@nvalue (1.0+ 0.3 um? min=?).
resulting in the eventual loss of the droplet from the EDLT following It was likely that droplet-droplet interactions were responsible for the
a Coulomb explosion event. The size at which a levitated droplet first observed decrease kwvalue for droplets levitated in a population vs
undergoes Coulomb explosion can be estimated based on its physicakingle levitated droplets. Experimental investigations performed on
and chemical description at the start of an experiment along with the simple multidroplet configurations have demonstrated that the rate of

Coulomb explosion relationshi: droplet evaporation decreases as the number of droplets in the
population increases and that the decreask was dependent upon
Q2 < 647r2yeor3 (1) the interdrop spacing. It was assumed that no droptedroplet

collisions occur since each droplet in a population had the same polarity
which relates the stability of the droplet as a function of its surface and magnitude of net elementary charge.
tension §) and its radiusr) to the magnitude of its net elementary The observed decrease fqras shown in Figure 3B, was not likely
charge Q). Forces resulting from the surface tension stabilize droplet a direct function of the droplet’s net excess charge. In his work with
shape while the electrostatic forces resulting from the net excess chargeshe electrostatic application of pesticide sprays, Law demonstrated that
destabilize the droplet. It is assumed that the decrease in dropletthe electric charge on evaporating liquid droplets neither altiereat

diameter as a function of time is given by the so-catiédaw:° was dissipated by evaporation for water droplets in humicair.
However, the presence of surface charge does alter the phase equilib-
dczz d02 — kt ) rium between a droplet and the surrounding vapor. For the above

experiments, the origin of the ions that comprise the net excess charge

wheredc is the calculated droplet residue diameter at the Coulomb Of the droplet (ionsnec) was either various impurities present in the
explosion limit, d, is the initial droplet residue diameter following  Solvents used, or arrived at via electroly¥islodeling studies of such
volatile solvent evaporatiotk,is the evaporation rate constant, arisl droplets suggest that iaggc are localized in a diffuse layer at the
the time required for a droplet in a population to undergo Coulomb droplet-air interface where they collectively form an electric potential
explosion as indicated by the loss of the droplet from the EDLT. The that diminishes to null in the center of the drogfehe equilibrium
experiment was repeated for several droplet populations using differentsolvent vapor pressure is modified by the chemical activity of the
induction electrode potentials while keeping the population number ionsonec Which lowers the solvent vapor presséterhis effect can
constant. It should be noted that during the course of each experiment,lead to large supersaturations in small liquid droplets. The correction
the amplitude of the ac field in the EDLT was periodically adjusted in to the vapor pressure over a droplet due to the surface charge is
order to maintain the droplet trajectories constant. The results are plottedgiven by
in Figure 3A.

The average evapo.ration rate constant i_ncreased in a linear fashion In(p/py) = [—2Q°M(e — 1))/[7mpRTd] (3)
from 1.0+ 0.3 um? min~* for droplets having—61.1 4+ 1.3 fC net
charge to 1.7t 0.6 um? min~! for droplets having-104.7+ 0.5 fC
net charge. An application of theest to the droplet population having ~ (81) Ray, A. K.; Johnson, R. D.; Souyri, Aangmuir1989 5, 133-140.
the lowest net charge with the population having the highest net chargegggg [g"vz‘” s E_iiz'ég‘?}’r R EJ déig;ggzglzgs?aggi—?%g??_ 37.

)

(84) VanBerkel, G. J.; Zhou, F. M.; Aronson, J.[fit. J. Mass Spectrom. lon
(80) Frohn, A.; Roth, NDynamics of DropletsSpringer: Berlin, 2000. Processed4997 162 55-67.
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wherep and p, are the vapor pressures over the droplet in presence
and absence of surface charge, respectitlig the molecular weight

of the liquid,e is the dielectric constant of the solutiqnis the solution
density,R is the gas constant, aridis the absolute temperature. For
the glycerol droplet residue diametexs { 10 um) and elementary
net charges@ ~ 3—7 x 10°) used in this study, the surface charge

was predicted to have a negligible effect on the vapor pressure above

the droplet.
In several experiments involving single droplets, the Davis group

assisted laser desorption ionization (MALDI) mass spectrometry
(MS).%293To characterize the role of iopgec (i.€., droplet net
charge) in affecting crystal nucleation and growth, a series of
experiments were performed to elucidate the effect of relevant
and readily varied properties of levitated droplets. These
experiments involving droplets having net charge were designed
so that droplets would not undergo Coulomb explosion.

The effect of droplet net charge on NaCl nucleation was

have shown that evaporating single component droplets followed the determined. For the following two trials, a calibrated 4®

d?>law until the droplets fissioned at approximately 90% of the
theoretical Rayleigh limit of charge, whereby a small mass loss, along
with a large charge loss, occurred during a Coulomb explosion
eventt’-8° Perhaps the observed decreas& imay have been due to

the droplet residues undergoing Coulomb explosion several times prior

to the parent droplet loss from the EDLT. Droplets having higher initial
levels of net charge would probably be more susceptible to this
possibility. If multiple Coulomb explosion events had occurred, then
was overestimated, resulting in artificially lokwvalues for droplets
with higher net charge, accounting for the lack of adherence to the
d?law. It should be noted that a droplet can be destabilized by an
external electric field, whereby an instability is induced leading to a
discharge everi The critical field at which this occurs is known as
the Taylor limit given by the following:

EZ = c[yl4ne] (4)
wherec is a fitting constant whose accepted value-.64 for liquid
droplets in a9 The electric fields the glycerol droplet residues (
~ 5 um) encountered in the EDLT were several orders of magnitude
smaller than the critical fieldE, ~ 1.7 x 10" V-m™!) necessary to
cause their premature fission.

On the other hand, if we were to assume that the single droplets

having low net charge were not, in fact, completely quiescent due to

small translations and/or rotations present that were not distinguished,

diameter orifice droplet dispenser with a 10 V applied waveform
at 1 Hz was used to dispense droplets from a 298 mM NacCl
aqueous starting solution containing 571 mM glycerol (water:
glycerol=97:3 v/v). NaCl was chosen as the nucleating solute
because of the relative simplicity of the system and the certainty
with which the identity of the ionsyec that constitute the droplet
net charge could be assigned,”Gbnsnec or Nat ionsonec
depending on the polarity of the induction electr&ée.

The first trial was composed of several experiments, whereby
single droplets were dispensed, trapped, and levitated. Each
droplet had a net charge ef—48 fC (induction potential (IP)
= 130 V). Within ~5 s of droplet formation, the volume of
each levitated droplet decreased significantly, because of the
rapid evaporation of kO, until equilibrium with the levitation
chamber was reached. Since the chamber was kept at a relative
humidity (% RH) of 0-5%, the droplet residue volume shrank
to ~7.5 pL (average radius'12.1 um) and became saturated
in NaCl (NaCl solubility in glycero= 1.711 M)?4 After 5 min
of levitation, the quiescent droplet residue was deposited onto
a glass coverslip and the number of individual NaCl crystals
formed was counted. Previously described control experiments
have demonstrated that NaCl precipitation occurred in the
levitated residues and not as a result of heterogeneous nucleation

and that as the droplet net charge was increased, these small translationgt the glass slideresidue interfac The crystals obtained had
and/or rotations of the droplets were reduced, then the discrepanciesregular cubic habits and the length of a side of each crystal in

between the magnitude of tHevalues calculated and the apparent
deviation to thed®law may both be accounted for. Deviations from a
qguadruple electric field in the ac trap, as introduced by the nonhyper-
bolic shape and positioning of the electrodes used in the EDLT, would

give credence to such an explanation. Nonetheless, more sophisticated

light-scattering techniques such as optical resonance spectrés&opy

the droplet residue was measured in order to ascertain the size
of each salt crystal. Numerous repeat experiments were con-
ducted.

The second trial was composed of several experiments

conducted under the same conditions as the first trial, with the

would be necessary to further study the kinetics of droplet evaporation €XCeption of net droplet charge which was increasedtd.10

as presented here.
Results and Discussion

NaCl Nucleation and Growth in Levitated Droplets
Having Net Charge. Recently, we presented evidence that
control of the magnitude of the net charge (i.e., %)

fC (IP = 330 V). The total number of NaCl crystals was
counted, and the side length for each crystal in the droplet
residue was measured. Numerous repeat experiments were
conducted. The results were plotted as histograms, as shown
by the three representative data sets in Figure 4. Each histogram
consisted only of the data collected during one particular day

contained in a levitated droplet can be used to promote the since day-to-day differences in both room temperature and %

cocrystallization of an organic acid;cyano-4-hydroxycinnamic
acid (CHCA), with one or more peptidéslt is widely believed
that indiscriminate cocrystallization of compounds having a wide

RH (outside the levitation chamber where analysis of the droplet
residues took place) were significant. All three histograms
demonstrated that the size distribution of NaCl crystals was

range of properties within a host compound is a necessaryaffected by the net charge of the droplet. For droplet residues

requirement for optimal preparation of solid samples for matrix-

(85) Friedlander, S. KSmoke, Dust, and Haze: Fundamentals of Aerosol
Behavior; Wiley: New York, 1977.

(86) Cohen, M. D.; Flagan, R. C.; Seinfeld, J. H.Phys. Chem1987, 91,
4563-4574.

(87) Taflin, D. C.; Zhang, S. H.; Allen, T.; Davis, E. AIChE J.1988 34,
1310-1320.

(88) Taflin, D. C.; Ward, T. L.; Davis, E. L.angmuir1989 5, 376-384.

(89) Davis, E. J.; Bridges, M. Al. Aerosol Scil994 25, 1179-1199.

(90) Grimm, R. L.; Beauchamp, J. lJ. Phys. Chem. BR003 107, 14161
14163.

(91) Grimm, R. L.; Beauchamp, J. lI. Phys. Chem. BR005 109, 8244-8250.

that had—48 fC net charge, the distribution of NaCl crystals
that had side lengths<2.5 um were 6.2, 2.4, and 10.5%,

respectively, while the distribution of NaCl crystals that had
side lengths=4.0um were 45.1, 42.9, and 36.5%, respectively.

(92) Kabhr, B.; Gurney, R. WChem. Re. 2001, 101, 893-951.

(93) Gluckmann, M.; Pfenninger, A.; Kruger, R.; Thierolf, M.; Karas, M.;
Horneffer, V.; Hillenkamp, F.; Strupat, Kint. J. Mass Spectron2001,
210, 121-132.

(94) Stecher, P. Glhe Merck Index: An Encyclopedia of Chemicals and Drugs
8th ed.; Merck: Rahway, NJ, 1968.
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Figure 4. Size distribution of NaCl crystals observed in single quiescent droplet residues having a net excess chadge€dblue color) or—110 fC

(red color), respectively over the course of 1 day. (A) Data collected on May 31, 2006; ambient£$03RH(B) Data collected on June 8, 2006; ambient

% RH= 36. (C) Data collected on June',2006; ambient % RH= 38. The two insets are representative images of NaCl crystals that had formed in single
quiescent droplet residues having a net excess chargel®ffC (left) or —110 fC (right), respectively.

Distribution of NaCl Crystals (%) (3

This distribution shifted toward smaller crystal size as the droplet that the increase in the number of nuclei present for droplets
residue net charge increased+@10 fC (side length<2.5um having higher net charge was responsible for the observed
: 28.2, 21.3, and 27.0%, respectively; side leng#h O um : decrease in crystal size as a result of increased competition for
10.9, 16.4, and 13.5%, respectively). Examination of the data solute molecules.
also showed that the average number of crystals per droplet According to classical nucleation theory, the driving force
was always slightly higher for droplets having higher net charge for nucleation and growth of crystals from solution is the super-
(—48 fC : number of crystals/droplet 14.1, 6.0, and 11.6,  saturation Au) which is commonly expressed as followWs:
respectively:—110 fC : number of crystals/droplet 19.5, 8.7,
and 13.1, respectively). Au=pus—u,=kTInS )

This result suggested that increasing the magnitude of droplet
net charge resulted in a promotion of solute nucleation for a whereus andu. are the chemical potentials of a molecule in
given initial droplet residue NaCl concentration. It was likely solution and in the bulk of the crystal phase, respectivielyg,
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the Boltzmann constant, is the absolute temperature, a8 From egs 10 and 11, it is clear thatdepends strongly on

the supersaturation ratio which is defined®as: the interfacial energy termr; whereby small changes in this
parameter can lead to large changes in the nucleation rate. It is

S=[aray..mal[acae . 1a (6) unclear whether or no; is affected by the droplet residue’s

net charge. Molecular dynamic simulations are currently
underway to investigate this scenario.
Perhaps the interaction of the igRgc in the electric field
of the EDLT influenced the observed promotion in nucleation.
Charged solute clusters that have not yet become fully crystalline
S=ala, (7) in the supersaturated solution could be aligned by the electric
field, causing an organization of the clusters and moving them
Nucleation and growth of crystals is only possible when the along the path to crystallizatichFurthermore, the migration
solution is supersaturated (i.é\y > 0 andS > 1). of ions, as influenced by the electric field, would alter local
The work ) to form a cluster oh = 1, 2, 3,... molecules supersaturations at the droptetir interface which, in turn, could
(or ion pairs) is typically described by two contributions, one influence nucleation. The free energy required for the formation
from the decreased free energy due to the formation of the of a crystalline cluster in the presence of an external electric
cluster and the other due to the interfacial energy between thefield can be written ag? 24
forming cluster and the solution. For a spherical cluster that

where a;, ap, ..., & and aze, A, ..., g are the actual and
equilibrium values of the different ions in solution that come
together to make up an crystal, respectively. For non-ionic
crystals this reduces to:

assembles in the volume of a solution consisting only of solvent W= — nkTIn S+ B6mv )"y n*+ AG. (12
and solute (i.e., homogeneous nucleatid);an be written as
follows:9° where AGg is the change in electrostatic energy wheion

pairs transform from solution to the cluster in the presence of
the electric field. Investigations have shown that the electric
field stimulates nucleation when the dielectric constant of the
cluster is less than dielectric constant of the soluffoR?

The observations of promoted NaCl nucleation as affected
by droplet net charge (i.e., ion-induced nucleatiorsolution)
are similar to those of Saban et al., whereby the application of
an external electric field enhanced the NaCl nucleation rate in
large neutral droplets placed in a parallel plate capacitor. The
number of observed NaCl crystals increased while the average

W= —nkTIn S+ (367v,2)"%,n*? (8)

wheren is the number of molecules (or ion pairs) in the cluster,
Vo IS the volume occupied by a molecule (or ion pair) in the
cluster, andy; is the surface energy of the interface between
solution and cluster. The critical cluster size is that for which
W is maximized with respect to; once the cluster has reached

this size, it can grow spontaneously into a crystal. The critical
sizen* and the subsequent energy bari#&t to nucleation is

given by® : L
NaCl crystal size decreased above an electric field threshold of
—1 i 22 i
n* = 3270 2y 33(kT3AN3S 9 2 x 10° V-m™1, especially for lowerS values?? Although in
vo 71 13(KT) ©) our studies, by comparison, the charged droplet residues
W = 167rv02yi3/3(k'|')zln2 S (10) experienced a dynamic electric field in the EDLT, we speculated

that the influence of the ioRsec had a greater influence on
the observed solute nucleation since both trials were conducted
using the same EDLT parameters with the exception of droplet
net excess charge. If one assumed the quiescent levitated droplet
J = Aexp[-W*KT] (11 residues are spherical and that the g were localized in a
) ) diffuse layer at the residueair interface, then the electric field

whereA is a pre-exponential factor. at the residue surface due to igRsc can be estimated. For

For these experiments, we have speculated that the originsdrometS having-48 fC and—110 fC of net chargeE ~ 2.5 x
of the ions that comprise the iasigc are derived fromthe NaCl 106 vv.m~1 and 5.7x 10° V-m-1, respectively, values larger
electrolyte added to the starting solution. Even though the {50 the 2x 106 V-m-1 required to influence NaCl nucleation
residues contained a total of4.5 x 10'* dissolved ions, the  ates as reported by Saban et al., assuming that NaCl nucleation
influence of~7 x 10° CI” ionsnec in droplet residues having  gccurred at the residue interface. On account of Gauss’s Law,
—110 fC of net charge could have influenced the nucleation he electric field inside the droplet would be Or-L. Work is

process since nucleation involves only a small number of ngerway to observe even larger differences between droplets
atoms?® and that these iopgec could have enhanced ordering having a greater range of net charge.

in the diffuse layer at the dropletir interface. A sufficiently Another possible explanation for the observed increase in

high supersaturation of Clor Na", depending on droplet net  ¢rystal number for droplet residues of higher net charge is as
charge polarity, in such a layer could create a driving force for q0ws: Since evaporation of the solvent from the droplet

nucleation and growth of Nag)*> However, it is difficult to creates a gradient in solute concentration that is at a maximum
believe that such a minute difference $between droplets at the dropletair interface?” %8 we speculate that nucleation

having =110 fC and—48 fC could result in the observed |iely occurred at or near the droplet residue surface. It is also
promotion in NaCl nucleation. likely then that the critical clusters incorporated charge, as the
ionsonec are mainly located in the diffuse layer at the droplet

whereby botm* and W* are decreasing functions & The
rate of nucleatiord can then be expressed as:

(95) Kashchiev, D.; van Rosmalen, G. Klryst. Res. Techno2003 38, 555~
574

(96) CoHen, M. D.; Flagan, R. C.; Seinfeld, J. H.Phys. Chem1987, 91, (97) Ford, I. JMater. Res. Soc. Symp. Pra996 398 637—642.
4583-4590. (98) Leong, K. H.J. Aerosol Sci1987, 18, 525.
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air interface. If we were to assume that each growing crystal conducting the NaCl nucleation trials with droplet populations,
must be charged, and assuming that the total amount of materiait was observed that the NaCl crystal habit changed from regular,
crystallized was approximately constant between droplet residueswell formed, cubic shapes to dome-shaped dendrites as the
having low and high net charge (as observed by an increase ininduction potential used to impart charge on the droplets was
crystal number with a decrease in crystal size for residues havingincrease@? As crystal habit is controlled by the kinetics of the
high net charge when compared to residues of low net charge),atomic growth process through which assembly océws,
then, because of reduced like-charge repulsion, a system of manypeculated that the change in droplet net charge (i.e., change in
smaller and lesser charged crystals is probably more thermo-external growth conditions) was responsible for the observed
dynamically stable than a system of fewer, larger, and higher dendritic NaCg). A set of experiments was then devised to better
charged crystals. In other words, the droplet residues havingcharacterize this effect of ion-induced nucleatiosolutionon
higher net charge reduces Ostwald ripening of the crystals ratherthe observed NaCl crystal habit.
than altering the nucleation rafe A calibrated 4Q:m diameter orifice droplet dispenser with a

It should be noted that in their investigations of electrody- 30 V applied waveform at 1 Hz was used to dispense droplets
namically levitated water droplets, Kreer et al., found that  (initial volume = 260 £ 10 pL)3! Four different starting
small variations in the magnitude of droplet net charge did not solutions (1.1, 2.2, 3.3, or 4.4 mg of NaCl, 4, 8, 12, orid6
affect the nucleation of ice for dm diameter droplets carrying  of glycerol, and 396, 392, 388, or 334 of dH,O) were used
a maximum of+ 0.37 pC (surface charge density vakset to prepare droplet residue populations with similar Na!
2.04 x 10°* eenm~?).%9 Although the surface charge density concentrations, having initial droplet residue radii of 8.9, 11.2,
values were comparable to the maximum used in these single12.8, or 14.1um, respectively. For a given induction potential,
quiescent droplet NaCl nucleation trials3.14 x 10~*e-nm~2), a population of~40—70 droplets was dispensed and levitated
the nucleating species ¢§8 vs NaCl) and system (nucleation for 5 min in the EDLT. The subsequent population of droplet
from the melt vs nucleation from solution) were different. residues was deposited onto a glass slide where each residue
However, the ice nucleation rates for Kmar’'s electrodynami-  was then examined using optical microscopy.
cally levitated charged droplets were larger than those measured The NaCl crystals, as formed within charged levitated
in cloud chamber studies, suggesting that the crystallization droplets, had either regular, cube-like habits, or dome-shaped
process was affected by either the igs, the electric field dendritic habits. The Nagj dendrites formed were branched
of the EDLT, or both factor4? Notwithstanding, there is  in one or more directions from a single point; each branch
theoretical evidence that a strong dc electric field can induce showing clear and distinguishable regions of curvature. Hence,
H»0 crystallization. Molecular dynamics simulations by Svish- we speculated that nucleation of dendrites also occurred in the
chev et al. showed that supercooled water can be induced todiffuse layer at the dropletair interface, and that crystal growth

crystallize by a dc field of magnitude % 10° V+-m~1.100 Similar occurred along the droplet residue surface where mass transport
simulations of supercooled water in the absence of a field have at the liquid-gas interface was thought to be larger than that
yielded crystallization only onc¥? of the bulk solutior'%3 Dendritic solute crystals with less defined

The effect of droplet net charge on NaCl nucleation was also shapes tend to form at higher supersaturations while crystals
investigated with populations of droplets. In these trials, the tend to be well formed at lower supersaturations in evaporating
number of NaCl crystals observed to have formed in the residuessolution droplet$® Perhaps this is a type of surface-activated
of a population of droplets that had a high net charg8235 nucleation resulting in crystal formation (i.e., nucleation and
fC) was typically twice that observed in the residues of droplets crystal growth that occurs at the liquigdtapor interface) that
that had a low net charge-(L35 fC). The observed increase in has been thought to occur for ice in supercooled water droplets
crystal number for the population trials can be attributed, in and for hydrates of nitric acid in concentrated nitric acid
part, to the increased rate of solvent evaporation observed fordroplets'®4105 although this can neither be confirmed nor
a population of droplets having a high net charge. This is likely disregarded based upon the theoretical and laboratory evidence
the explanation with regards to our previous results demonstrat-available!®® Recently, direct observation of surface-activated
ing that control of the magnitude of the net charge contained in ice nucleation has been observed in undercooled sucrose solution
a levitated droplet could be used to promote the cocrystallization droplets; however, none of the current theories for surface
CHCA with one or more peptidé3.t should be noted that both  nucleation can properly describe the phenoméifon.
cases of enhanced solute nucleation (i.e., single droplet vs The percentage of dendritic Nagivas plotted as a function
population) involve ionsnec, albeit in different capacities, and  of the induction potential for droplet residues of a particular
hence both will be referred to as ion induced nucleaiion  radius (Figure 5A). The inflection point from each of the four
solution trend lines plotted in Figure 5A was considered as the induction

NaCl usually occurs as cubic crystals, but other habits can potential threshold necessary to incite a change in crystal habit
be produced such as flake salt, which is obtained by careful for the nucleating NaGJ. These threshold values are expressed
surface evaporation of brine in flat pans open to the atmosphere.in terms of surface charge density and are plotted as a function
Dendritic salt is typically prepared by the evaporation of brine
solutions that contain-520 ppm concentration of ferrocyanide 88% Egﬁ‘i?f’&i;cmfgi,‘T’_'f‘-tr’gggﬂii,“"m?“A%Qﬁ,ms_F&?ﬁéﬂ%ﬁiokﬁ%fkiwa,
ion, which suppresses growth on the crystal faces while M. J. Cryst. Growth200Q 209, 1013-1017.
enhancing growth at the crystal edges and corf@revhile (104) é)sjigfev, Y. S.; Tabazadeh, A.; Reiss,HChem. Phys2003 118 6572-

(105) Djika{ev, Y. S.; Tabazadeh, A. Phys. Chem. 2004 108 6513-6519.
(99) Kramer, B.; Hubner, O.; Vortisch, H.; Woste, L.; Leisner, T.; Schwell, (106) Kay, J. E.; Tsemekhman, V.; Larson, B.; Baker, M.; SwansoAtBos.
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A Dome-shaped dendritic NaCl growth was not observed in
- Droplet Radius (um) experiments conducted with single quiescent droplets at a
2 100 §}§ relative humidity between 0 and 5%. Thus, it is likely that the
£EE [o16 ;3 %E{ﬁ observed dendritic NaCl growth for droplet populations having
7 E 751 higher net charge in the EDLT occurred because of an increase
§ o i % { in droplet mobility which results in greater droplet deformation
29 50 [ I and higher rates of solvent evaporation as compared with droplet
e < I populations having a lower net excess charge, rather than the
58 ¥} E{ @ | O direct effect that excess iofgc may have on interfacial
?E ik ggé L tensions (liquig-solid, vapor-solid, and vapetliquid) within
=P 0 ' ) j ' ) the droplet residues that favor surface-activated nucledifon.

50 100 150 200 250 300

Induction Potential (V) It should be noted that dendritic crystal growth usually occurs

during faster rates of crystal growth whereby the excess energy

B ) of solidification at the solid interface is dissipated by convection
z 1 ;E,",."_'I'L‘Sﬂc’i;';'ﬁ.?f;';";;:‘“ (solution flow) rather than diffusion.
E _ \ The effect of changing the net charge polarity of the droplets
% ‘5254 (i.e., changing the polarity of the induction electrode) on the
g s 0 observed NaCl crystal habit was determined. By changing the
5 -; polarity of the induction electrode, the igngc were switched
3 = 157 from CI~ to Na'. A calibrated 4Qum diameter orifice droplet
&E o me .- . ... dispenser with a 30 V applied waveform at 1 Hz was used to
B o dispense droplets (initial volume= 260 + 10 pL)5! By
§ 9 10 11 12 13 14 15 dispensing individually charged droplets directly onto a metal
Droplet Radius (um) target plate connected to an electrometer, the magnitude of the
droplet net charge for droplets of opposite polarity was measured
Surface Ton to be identical within experimental error. A starting solution
100 1 B cr composed of 3.3 mg of NaCl, 12 of glycerol, and 38&L

! -4 O Na of dH,O was used to prepare initial glycerol droplet residues
' with radii of ~12.8um. A population of droplets was dispensed
and levitated for 5 min in the EDLT, followed by droplet residue
deposition and examination by optical microscopy. The proce-
dure was repeated for various induction potentials of both
polarities. The percentage of dendritic Na@has then plotted
as a function of induction potential for droplet residues of
different polarity (Figure 5C). The dendritic NaCl precipitates
Induction Potential (V) were observed for droplet residues withr @nsonec at a lower

) . . . induction potential threshold than observed for droplet residues
Figure 5. Change in NaCl crystal habit affected by variation of the change . e . . .
in the droplet residue populations. (A) Percent of droplet residues with with Na" ionspnec. Differences in the hydration spheres of Cl
dendritic NaCl precipitates as a function of induction potential (IP) for and Na& as well as the geometry and packing of the initial

droplet residues of different radii. The two insets are representative images gtomic cluster from which the nucleus grew could be factors

of NaCl crystals formed from dropLet I’ESIEIZUGS having a surface charge for this resulti98199 Recent computational and experimental
density below or above-9 x 1074 enm™2 (bottom and top inset, . . . .
respectively). (B) Surface charge density of levitated droplet residues as aStudies have shown that in neutral aqueous solutionsjddis

function of the droplet radius showing the threshold necessary to induce are present in the air/water interface at enhanced concentrations
NacCl dendrite formation, as indicated by the dotted line. The surface charge \yhile Na© ions prefer the environment of the bulk liquitf.
density at the theoretical Coulomb explosion limit for these droplet residues - . .

is indicated by the solid black line. (C) Percent of droplet residues with Thus, _'t was not _surprlsmg that nucleation Occ_urred at_a lower
dendritic NaCl precipitates as a function of IP for droplet residues having induction potential threshold for droplet residues with™ Cl
different polarity of the net excess charge. ionsonec than for droplet residues with Naonssnec, assuming

) ) ] that nucleation occurred at the droptetir interface.
of the droplet residue radius (Figure 5B). As shown by the dotted  T¢ effect of changing the solvent composition of the droplet

line, dendritic NaCl cr)_/stal growth can be consistently observed (esidues on the observed NaCl crystal habit was determined.
once the droplet res'dfe surf?ce charge density SUrpasses gor the following trials, a calibrated 60m diameter orifice
threshold of~—9 x 10°* enm™ The surface charge density  qyoplet dispenser with a 20 V applied waveform at 1 Hz was
at the theoretical Coulomb explosion limit for these droplet |,5eq to dispense a population of droplets (initial volumé00
residues was not reached in these trials, as indicated by the solid. oq pL). To ensure the levitated droplet residues were of
black Ii_ne in Figure 5_B. It should be noted that the presence of similar size (residue diameter 28 um) and NaGlq concentra-

a growing crystal(s) in a droplet could affect the electric field {jon, the composition of the starting solution used was system-
and charge density in the droplet. This could occur if the aiically altered. Four different starting solutions (9.2, 11.5, 12.0,

growing crystal caused a change in the droplet's shape awayy 12.5uL of glycerol, and 390.8, 388.5, 388.0, or 38745 of
from that of being a sphere, or if the growing crystal was

o ; (108) Mucha, M.; Jungwirth, Rl. Phys. Chem. B003 107, 8271-8274.
charged. Molecular dynamic simulations are currently underway (109) Zahn, DPhys. Re. Leit. 2004 93, 040801 040802040804,

to investigate these scenarios. (110) Garrett, B. CScience2004 303 1146-1147.
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E 3 Figure 7. Representative images of crystals of (A (i, ii)) 2,4,6-trihydroxy-
v 4 acetophenone monohydrate (THAP) formed in levitated droplet residues

0 200 400 600 800 having net excess charge of {i}L35 and (ii)—325 fC. (B) Size and number
Viscosity (mPa sec) of CHCA precipitates formed in levitated droplet residues as a function of

) . . droplet net charge, precipitate diameter wer®5 um (red color), 1.6-
Figure 6. (A) Percent occurrence of dendritic NaCl crystals as a function 3.5um (blue color), and<1.0 um (cream color).

of the induction potential for droplet residue populations having different
water/glycgrol solvent compqsition. (B) Surfacg charg'e der_wsity of Ie_vitated role in this technique by absorbing the laser light energy and
droplet residues as a function of droplet residue viscosity showing the . . T
threshold necessary to induce NaCl dendrite formation, as indicated by the causing a small part of the tz_irg_et Sam_ple to vap_orlze and ionize.
dotted line. For the following two preliminary trials, a calibrated 4@
diameter orifice droplet dispenser with a 30 V applied waveform
dH;0), each containing 3.3 mg of NaCl, were used to dispense at 1 Hz was used to dispense droplet populations (initial volume
the initial droplets. By changing the relative humidity from 60% = 2604 10 pL)>5! Each trial involved the nucleation and crystal
to 10% in the levitation chamber prior to the dispensing event, growth of either 4.4 mg of THAP or 0.9 mg of CHCA dissolved
the percent glycerol in the droplet residues was varied from in a mixed solvent (mixed solvent composition: 42 of
68% to 979! As previously described, a population of droplets glycerol, 40 uL of acetone, 50uL of 0.1% trifluoroacetic
was dispensed and levitated for 5 min in the EDLT, followed acid (TFA) in dHO, 98 uL of dH,O, and 20QuL of acetoni-
by droplet residue deposition and examination by optical trile), one that we commonly employ during MALDI sample
microscopy. The procedure was repeated using each solutionpreparation.
at various induction potentials. The percentage of dendritic  In the first trial, which consisted of experiments with droplet
NaCls) was then plotted as a function of induction potential populations containing THAP, the crystals that formed consisted
for droplet residues of different glycerol composition (Figure of randomly stacked rods when the droplets had a net charge
6A). The results were similar to those presented in Figure 5A. of —135 fC (Figure 7A(i)). When the droplets had a net charge
Dendritic NaCl growth was consistently observed in droplet of —325 fC, dendritic THAP crystals were observed in the
residues of various compositions once the induction potential population, as indicated by the dark branching points in Figure
reached a certain threshold. However in this case, the threshold7A(ii). Clear and distinguishable regions of crystal curvature
was dependent on residue composition. There was a linearwere also observed, suggesting that nucleation occurred in the
increase in the surface charge density required for dendritic NaCldiffuse layer at the dropletair interface, as indicated by the
growth over the range of viscosity sampled (Figure 6B). On white arrow (inset, Figure 7A(ii)). As previously observed for
the basis of these results, we suggest that surfacgyien NaCl solutions, dendritic growth occurred only under conditions
mobility is a factor in promoting NaCl dendrite formation. of high net excess charge. Thus, we speculated that by varying
Nucleation and Growth of THAP and CHCA in Levitated the droplet net excess charge, dendritic THAP growth can be
Droplets Having Net Charge.Increased magnitudes of droplet induced in each droplet of a levitated droplet population; a result
net excess charge also affected the nucleation and growth ofof ion-induced nucleatioin solution
two organic compounds, 2,4,6-trihydroxyacetophenone mono- In the second trial, the net excess charge affected the number
hydrate (THAP) andi-cyano-4-hydroxycinnamic acid (CHCA), and size of observed CHCA precipitates (Figure 7B). By
which have different crystal growth kinetics. Both compounds increasing the droplet net charge fronl35 fC to —325 fC,
are commonly used as matrixes for MALDI, a laser-based soft there was a significant increase in the number of precipitates
ionization method whereby a sample is embedded in a chemical<1 um in size from none to an average of 48.0 per droplet,
matrix that greatly facilitates the production of intact gas-phase respectively. Over the same increase in net charge, the relative
ions from large, nonvolatile, and thermally labile compounds abundance of precipitates3.5um in size almost tripled from
such as proteins, oligonucleotides, synthetic polymers, and highan average of 2.7 per droplet to an average of 7.8 per droplet,
molecular weight inorganic compounds. The matrix plays a key while the relative abundance of precipitates between 1.0 and
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3.5um in size increased 15 times from an average of 1.2 per The efflorescence relative humidity (ERH) of 31% observed
droplet to an average of 17.0 per droplet. The observed increasdor NH;NO3; was similar to that reported by Chan et al. and
in CHCA nucleation in these population trials for droplet within the range reported by Tang (ERFH30%, and 25-32%,
residues having a high net charge is likely to have occurred respectively)}16117 In contrast, other groups have observed
because of the increased rate of solvent evaporation observednhydrous NHNO; particles in a liquid-like state that fail to
for a population of droplets having a high net charge, a result efflorescel!2113.1181190n the basis of their experiments with
of ion-induced nucleatioim solution NH4NO; particles that have been repeatedly cycled through
The ability to influence CHCA precipitate size and number deliquescence and efflorescence, Lighthouse et al. have con-
by changing the net excess charge of the droplets could befirmed the existence of anhydrous liquid d#O; and have
beneficial for MALDI sample preparation. Since MALDI is  suggested that the wide range of efflorescent points previously
primarily based on laser desorption of solid analyte-matrix reported was due to heterogeneous nucleation on unknown
deposits (analyte:matrix 1:1000), it suffers from the disad-  impurities present in every one of the water sources used,
vantage of low reproducibility between laser shots. Decreasing regardless of treatmeht Although these studies employed the
crystal size increases crystal homogeneity and improves spot-use of an electrodynamic balance, the magnitudes of the droplet
to-spot reproducibility, minimizing the need to search for regions net excess charges used, along with droplet polarity, were not
that yield maximal analyte signal-to-noise in the sample. reported. We speculate that ion-induced nucleaitiosolution
Furthermore, the formation of smaller crystals has the advantageis also a factor that should be considered for the observed
of smaller sample size and improved mass accuracy anddiscrepancies in the NfNOs point of efflorescence since the
resolution. Our previous studies have shown that peptide ion highly supersaturated liquid-like state of M3 is reported
signal-to-noise ratios obtained by MALDI-MS from sample to be very sensitive to foreign nuclei and to readily and
spots created from droplets that had high net excess charge wergeproducibly crystallize to the more stable crystalline anhydrous
consistently greater than those detected from sample spotsState in their presencé?
created from droplets that had low net excess charge. To this end, the effect of droplet net charge on /NI®;
Nucleation and Growth of NH4NO3s) in Levitated Drop- nucleation was also determined. A calibrated:40 diameter
lets Having Net Charge.A common constituent of atmospheric ~ orifice droplet dispenser with a 10 V applied waveform at 1
aerosols is ammonium nitrate, the vast majority of which is of Hz was used to dispense droplets from a 489 mMiNG;
anthropogenic origidl1112 Ammonium nitrate forms in the  aqueous starting solution containing 571 mM glycerol (water:
atmosphere when the hydroxyl radical oxidizes N® nitric glycerol= 97:3 v/v) into an EDLT chamber kept at a relative
acid, which in the presence of ammonia, is neutralized to humidity (%RH) of 0-5%. The polarity of the induction
ammonium nitrate. In the absence of sunlight, nitric acid can electrode was set such that the identities of the joasthat
be produced by the heterogeneous conversion,@sNormed constitute the droplet net charge were NG@nsnec.
from the reaction of N@with NOs, by hydrated aerosofd? Two trials were conducted whereby single quiescent droplets
Unlike most of the other hygroscopic salts that are found in the containing NHNOs were dispensed, trapped, and levitated. Each
atmosphere, ammonium nitrate not only has a large efflor- droplet had either a net excess charge-6f48 fC (induction
esence barriét 115 but has a relatively high vapor pressure. potential (IP)= 130 V) or—110 fC (IP= 330 V), as previously
As such, ammonium nitrate has been the subject of a few ratherdescribed for single quiescent droplets containing NaCl. After
limited studies of its hydration and dehydration properties. To 5 min of levitation, each quiescent single droplet residue was
this end, we demonstrate the use of ion-induced nucleation  deposited onto a glass coverslip and the number of individual
solution to form ammonium nitrate particles from levitated NH4NO;3 crystals formed was counted. The crystals obtained
droplets. in the droplet residues had regular bladed habits, and the area
A calibrated 4Qum diameter orifice droplet dispenser with a  of each was measured in order to ascertain its size.

10 V applied waveform at 1 Hz was used to dispense single  The results were plotted as histograms, as shown by the three

droplets from a 1.0 M NENO; aqueous starting solution. Each  representative examples (Figure 8). Each histogram consisted

single quiescent droplet was trapped and levitated for 5 min only of the data collected during one particular day since day-

after which time the droplet residue was deposited onto a g|aSSt0_day differences in both room temperature and % RH (outside

coverslip and examined with an optical microscope. Spherical the levitation chamber where analysis of the droplet residues

polycrystalline NHNOgz(s) particles were successfully formed  took place) were significant. Similar to the results obtained for

at both low (-48 fC) and high {-110 fC) droplet net excess  NaCl containing single quiescent droplets, the histograms

charge when the relative humidity of the EDLT chamber was demonstrated that the size distribution and number ofNNbB4

kept below 31%. For % RH: 31, only small droplets were  crystals was affected by the net charge of the droplet. For droplet

observed, even when the levitation time was increased to 24 hresidues that hae-48 fC net charge, the distribution of NH

for both low and high droplet net excess charges. NOs crystals that had areas50 um? were 11.1, 14.3, and

. . . . 20.4%, respectively, while the distribution of NNO; crystals

(1D Flayson i & 3 P 3. homiy of e Uppe a0 Lover it had areas~125 ume were 318, 312, and 32.3%
San Diego, CA, 2000. respectively. This distribution shifted toward smaller crystal size

(112) Lightstone, J. M.; Onasch, T. B.; Imre, D.; Oatis, JSPhys. Chem. A
200Q 104 9337-9346.

(113) Dougle, P. G.; Veefkind, J. P.; ten Brink, H. M.Aerosol Sci1998 29, (116) Chan, C. K.; Flagan, R. C.; Seinfeld, J. Atmos. Eniron. Part A-Gen.
375-386. Top.1992 26, 1661-1673.
(114) Doxsee, K. M.; Francis, P. End. Eng. Chem. Re®00Q 39, 3493- (117) Tang, I. NJ. Geophys. Res.-Atmds996 101, 19245-19250.
3498. (118) Richardson, C. B.; Hightower, R. IAtmos. Emiron. 1987 21, 971~
(115) Hoffman, R. C.; Laskin, A.; Finlayson-Pitts, B.Jl.Aerosol Sci2004 975.
35, 869-887. (119) Cziczo, D. J.; Abbatt, J. P. D. Phys. Chem. 200Q 104, 2038-2047.
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Figure 8. Size distribution of NHNO; crystals observed in single quiescent levitated droplet residues having a net excess chat§d®f(blue color)
or —110 fC (red color), respectively over the course of 1 day. (A) Data collected on J%|Y2826; ambient % RH= 33. (B) Data collected on August 1,
2006; ambient % RH= 38. (C) Data collected on August 2, 2006; ambient % RH!3. The two insets are representative images ofiWb§ crystals
formed from single quiescent droplets having a net excess chargd®fC (left) or —110 fC (right), respectively.

Distribution of NH,NO, Crystals (%)

as the droplet residue net charge increased 140 fC (area NHNO3zs) particle formation was also investigated for droplet
<50um? 40.8, 48.5, and 42.5%, respectively; side lergtt25 populations under conditions of high relative humidity (i.e., %
um2 8.8, 6.4, and 11.3%, respectively). Examination of the RH > 35). A calibrated 6Q«m orifice droplet dispenser with a
data also showed that the average number of crystals per dropleb0 V applied waveform at 120 Hz was used to dispense droplet
was almost doubled for droplets having higher net chargk8( populations fron a 1 Maqueous solution of NiNOs. The rela-

fC: number of crystals/droplet 9.0, 10.2, and 8.5, respectively; tive humidity of the EDLT chamber was45%. In order to
—110 fC: number of crystals/droplet 17.9, 17.0, and 14.5,  generate NENOs) particles at this relative humidity, the temp-
respectively). This result suggested that increasing the magnitudeerature of the levitation chamber was elevated t6G0at which

of droplet net charge resulted in the promotion of solute point differences in the levitation time necessary for particle
nucleation for a given initial droplet residue WWO3; concentra- formation, dependent on the magnitude of the levitated droplet’s
tion. It is likely that the increase in the number of crystals present net charge, were observed. The results are plotted in Figure 9.
for droplets having higher net charge was responsible for the An increase in IP from 150 to 500 V resulted in decreasing
observed decrease in crystal size as a result of increasedhe induction time for NENOss) formation from 30 min to 20
competition for solute molecules. min. It should be noted that when charged droplets were
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Figure 9. Percentage of droplet residues in which /NiD3) was observed

for initial droplets having different net excess charge=IP-150 V (blue
color), IP= —500 V (red color), as a function of time. The inset is a

of NH4NOs)was observed after 24 h. The MNOs ) particles

will be utilized in our laboratory to perform doseesponse trials

to measure pro-inflammatory mediator differentiated expression
by A549 cells, using the NHNOgz(s) particles as a proxy for an
ambient tropospheric particle typ#.
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