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Manuel Gamero-Castano
Busek Co. Inc., Natick, Massachusetts 01760

Juan Fernandez de la Mora
Department of Mechanical Engineering, Yale University, New Haven, Connecticut 06520

(Received 17 January 2002; accepted 17 May 2002

We use 42 different charged nanoparticles generated by electrospray ionization and a differential
mobility analyzer of unusual resolving power, as well as a condensation chamber of the
turbulent-mixing type to study the dependence between the diameter, charge state, and critical
supersaturation of embryos promoting heterogeneous nucleation. The nanoparticles investigated
have diameters ranging from 0.43 to 6.51 nm, and positive charge states varying between 1 and 5
elementary units. We find that the critical supersaturation of small singly chargednmmimslity
diameters bellow 1.01 nmis independent of their size and its value coincides with the result
anticipated by Thompson in his theory of ion-induced nucleation. On the other hand, the
supersaturation required to activate multiply charged embryos is consistently higher than Thomson’s
prediction. In fact, the reduction of the critical supersaturation induced by electrification is much
smaller than expected for large and multiply charged embryos, and their critical radius is estimated
better by Kelvin's criterion. We speculate that this discrepancy is due to the geometrical differences
between the actual nucleation sites and the idealized embryo considered in Thomson’s model.
© 2002 American Institute of Physic§DOI: 10.1063/1.1492279

I. INTRODUCTION are activated bellov&*, while most of them grow into vis-

L . ible droplets when the saturation is increased al®veThe
Heterogeneous nucleation is a class of nucleation phe-

nomena in which foreign embryos favor the nucleation ofcrmcal supersaturation depends on the physical properties of

vapors by acting as condensation sites. lon-induced nuclihe vaptc))r,t the temperaturel of tlhe sys(';em, z;nd th: |r)ter?$tlzn
ation is a particular type of heterogeneous nucleation: bar prees between vapor molecules and emboryo. A simpitie
model for the interactions consists of considering the ion-

ions, or more generally electrically charged nanoparticles,,. ) . .
are the condensation embryos, and the strong ion-dipole i;ﬁ—'pme potential only, along with the assumption that the em-

teraction between them and the vapor molecules reduces t éyo hafs spherlcal symmetlry. To‘?wls IS the basis ofr;rhomson S
supersaturation required to promote nucleation. Heterogeh€OrY for |on-|nducgd nucleatiohDespite some shortcom-
neous and ion-induced nucleation play a major role in naturd'9S (€-9., Thomson's theory cannot explain the observed

processes such as the generation of cloud droblaespsol ~ dependence of the charge sign on the nucleation of some
pollutants(e.g., acid railh or the formation of tropospheric vapors), this model has the advantage of reducing the num-

aerosol prompted by cosmic radiatibnHeterogeneous ber of variables entering _in the problgithe size z?md charge
nucleation is also the working mechanism behind the consState are the only properties of the embryo that influestoe
densation nucleus counter, an analytical instrument used ®"d hence it has been considered a good, approximate crite-
count individual aerosol nanoparticles by detecting opticallyrion to estimate the critical supersaturation of charged nano-
the microscopic droplets condensed around thefhus, a particles. Finally, it must be pointed out that although the
good understanding of heterogeneous nucleation is importagtudy of ion-induced nucleation on basis3Jf is relevant for
in areas of the atmospheric sciences and nanoparticle tecRtactical applications, it does not yield a complete picture of
nology. At a more fundamental level, these phenomena havide nucleation phenomena. In particular, it does not reveal
also been used to advance our knowledge of molecular intethat the nucleation of small ions is an activated process con-
actions. In particular, the central electrostatic force typical oftrolled by an energy barrier or explains the role played by
ion-induced nucleation makes it possible to devise simplégtable solvated clusters in the transition from a small bare
analytical models for interactions at the molecular scale, an@mbryo into a droplet of critical siz¥’
which can be experimentally verified. Most of the research on ion-induced nucleation has been
The condensation of a supersaturated vapor aroundone with cloud chambefs Although this technique is
charged nanoparticles is largely an all-nothing process: theharacterized by well-defined vapor concentration and tem-
activation of the overwhelming fraction of a population of perature fields, it has been traditionally handicapped by the
identical embryos occurs within a narrow window of the va-limited control of the properties of the nucleation embryos.
por’s supersaturation, and a critical val8& can be associ- These nucleation embryos are usually generated within the
ated with the nucleation. A negligible fraction of the embryoscloud chamber, by ionizing the background gas with ener-
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ration of the liquid phase, Coulomb explosions, and ion field
evaporation, the original droplets yield a variety of particles
of different sizes and charge statsigly charged ions, sin-
gly and multiply charged cluster ions, dry residues, )étc.
The nanoparticles of this aerosol will become the nucleation
embryos in which the present research is based. The resi-
dence time of the flow between the electrospray and radio-
N o active sources is large enough to decompose the liquid drop-
Rt rOURCE ' SATURATOR lets into a fully evolved, stable aerosol.

The radioactive sourcéNuclespot Local Air lonizer,
model P-2042, 5 mCi, NRD, Grand Island, Ngenerates
alpha particles with enough kinetic energy to ionize partially
the background gas, which in turn reduces the net charge of
the incoming nanoparticles. We have the freedom to neutral-
. . . . . : ize the aerosol at different degrees or maintain its original
getic particles emitted from a radioactive source. This pro- . o .

e : charging by forcing its flow to bypass the polonium source.

cess makes it difficult to characterize and control the em_ B . .
A ; . Partial neutralization of the aerosol is convenient for two

bryos, which is necessary to gain a better understanding of e i . : .
reasons: first, the nanoparticles of interest in this study and

cently solved with the coupling of resonant-enhanced multif?arger dry residues coexist in the same mobility range, which

photon ionization(REMP) with the cloud chamber tech- makes it difficult to analyze the embryos. Upon partial neu-

nique, and the study of well-defined ions is now possibi. tralization of the aerosol the position of the dry residues

. " shifts towards smaller values of the mobility, while most
This paper presents measurements of the critical SUPEE noparticles keep their chargime dry residues, holding a
saturation of dibutyl phthalate vapors condensing around P P Y ' 9

" ) . i ) much larger amount of charge, are neutralized preferen-
positively charged nanoparticles with mobility dlameters,[iall ). This clarifies the mobility window occupied by the
ranging from 0.43 to 6.51 nm, and having up to 5 unit y). Y P y

o T .~ .~ .sought nanoparticles. Second, measuring the critical super-
charges. A characterization of ion-induced nucleation in this . . : . .

. . saturation associated with nanoparticles of the same size and
broad window of embryos’ sizes and charge states has n%L

been reported previously. Furthermore, we will utilize the ifferent charge states is important in this investigation. This

data ofS*, size, and charge of the embryos o test the valigSan be accomplished by partially discharging a nanopatrticle

) , . . . that originally holds a few unit charges.
ity of Thomson’s equation. We will use the experimental A kev requirement for this study is the precise knowl-
approach first implemented by Set al:'? the charged y red y P

: X . . edge of the charge state and diameter of the nucleation em-
nanoparticles serving as nucleation sites are generated WIE1

2 . . . ryos. This information is obtained with a differential mobil-
the electrospray ionization technique, and a differential mo- . :
- . I . “ity analyzer of the Eichler typ¥ The output signal of the
bility analyzer of unique resolution is employed to determine . ) L
o DMA together with the working parametefglectric field
accurately their diameters and charge states. After the char-_ | . .
and dimensions of the DMA channel, and flow rate of sheath

acterization of these two properties, the nanopatrticle is intro- . ) .
o . . L a9 yields the electrical mobility spectrum of the aerosol,
duced inside a nucleation chamber and its critical supersatt?—

) . : : nd a modified version of Millikan’s formula for a sphere in
ration measured. The nucleation chamber is an improve

version of the turbulent-mixing type CNC used by Seto ree molecular regime can be used to establish a relation
et al}**3The article is organized as follows: after this intro- between the electrical mobilitZ), diameter(D), and charge

i 1119
ductory section we describe the experimental arrangemen 9) of a particle.

the diagnostic techniques, and the nature of the nucleation q(kgT/m)*2
embryos. The discussion of the main experimental findingsis £=0.44-————-5. (1)
N : : p(do+D)

given in Sec. Ill. We will present the experimental data, com-
ment succinctly on Thomson’s theory, and analyze the datn this formulakg is the Boltzmann constant, ana, p andT
with the help of this model. The article then ends with somestand for the molecular mass, the pressure, and the tempera-
brief conclusions. ture of the sheath gas. This expression takes into account the
finite diameter () of the gas molecules, and we will use the
value given by de la Morat al, dy=0.53 nm, to estimate
this paramete?® Note that the knowledge o does not de-

A schematic of the experimental setup is shown in Fig.termineq and D independently. However, for particles with
1. The main elements are an electrospray source, a radiogrst a few unit charges, several procedures can be used to
tive source, a differential mobility analyzéDMA), and a  deduce their charge state unequivocally, and their diameters
nucleation chambefPSM). The electrospray source is a then follow from expressioril). These procedures include
handy tool to generate aerosols of charged droplets with partial neutralization and the dependence betw&emndq
narrow-size distribution. A detailed description of similar for particles of the same size and different charge stdtes.
sources and the principles behind the so-called cone-jet elec- We use two different detectors, an electrometer of
trospraying mode can be found in the specializedhigh sensitivity, and a particle-size-magnifier/condensation-
literature?*~16 After a sequence of steps that include evapo-nucleus-countefPSM/CNQ, to measure at the exit of the

3
FILTER GROWTH
—

ELECTROSPRAY

DMA

FLOW METER
SOLUTION

CONTAINER N2

FIG. 1. Sketch of the experimental setup.

Il. EXPERIMENT
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TABLE I. Physical properties of DBRT in °C). where P, T,, and Qy are the pressure, temperature, and
Molecular weight(g/mo) 278.95 volumetric flow rate of the nitrogen stream entering the satu-
Density (g/cn?) 1.063-0.000826° rator, Ppgp(Ts) is the vapor pressure of DBP at the tempera-
Surface tensiottdyn/cm 35.3-0.0863 ture of the saturator, arid, is the universal gas constant. To
Equilibrium vapor pressurp (mm Hg 1np=16.27-5099.0/T+163.64)  avoid condensation of the vapors between the top of the
Dielectric constant 6.43630°C) saturator and the point of injection in the mixing chamber,

the mixture of nitrogen and DBP is passed through an inter-
mediate piecereheater at a temperature higher thar.
Although the DBP vapors become undersaturated, the net
DMA the fraction of the aerosol with a given electrical mo- amount of dibutyl phthalate injected in the mixer, which is
bility. The reading of the electrometer offers a deficient pic-the quantity needed to compute the critical supersaturation, is
ture of the aerosol because the signal associated with a patill given by Eq.(2). In fact, the saturation in the mixing
ticle is proportional to its charge. Thus, for mobility values in chamber, or ratio between the partial pressure of DBP and its
which ions, cluster ions, and other small nanoparticles coexequilibrium vapor pressure at the mixing chamber condi-
ist with larger and highly charged dry residues, the electromtions, is equal to

eter signal barely reveals the presence of the former, as they

appear buried under the background associated with the NopRyTo  Qn Poep(Ts) 3
Iqrger residues. Siill, the electrometgr serves to 'c.)btaln a first QoPoep(T*) ~ Qo Ppep(T*)" G
picture of the aerosol and to determine the mobility of small

and very mobile ions, _vvhiph show as isolated peaks. On thg, this expressionT, and Qg are the temperature and
other hand, the combination of PSM and CNC does counfjo\y rate of the gas entering the CNQ@Q, is 2.36
individual particles and therefore yields a better image of the, 195 113 s 1). T* is the temperature at which the nucle-

components of the aerosol. The PSM is, essentially, a nuclegtion occursQy is measured with a flow meter located at the
ation chamber with a controllable saturation level of the congpirance of the saturator, and typical values are in the range

densing vapor. Thus, the nanoparticles injected in the PSM 5 4x 1076 m3s L. A bleeding valve at the aerosol input
become nucleation centers and grow into liquid droplets akeeps the PSM at atmospheric pressure. The nucleation tem-
the appropriate supersaturation, which is a function of thgeratureT* is measured directly with a thermocouple in-
size and charge of the nanoparticle. Measuring such depegrted inside the mixing channel. The measurement of the
dence is the objective of this work. Once the ”a”OPa”id%hermocouple, which yields an averaged temperature of the

becomes a larger droplet, it can be counted with a commeryiying channel cross section, varies modestly along the axial
cial CNC (TSI model 3760, St Paul, MN; nominal detection cqordinate of the channel, exhibiting a minimum at approxi-

size limit ~10 nm. The CNC simply functions as an optical mately 4 mm downstream the injection points. We will use
counter: it only detects those nanoparticles that have beefis minimum as a fair estimate fa* . Finally, note that the
activated by the PSM. In fact, even the largest particles Oypression(3) is associated with equilibrium conditions and
the sprays characterlzed in th'IS article are smaller than thgyes not imply that the supersaturation in the mixing cham-
detection limit of the commercial CNC. . ber is a uniform and steady scalar field. However, this is a
The PSM is an evolution of the original design of 4604 approximation because the turbulent mixing does cre-
Okuyamaet al,“* and a detfuled description cansbe found in 546 4 high degree of homogeneity along the mixing chamber,
the work of Gamero-Castanand de la Mora” A cold  except in narrow boundary layers on the walls and in zones
stream of amb|ent air carrying the a(_arosol and a hot streargs poor mixing in the proximity of the injectors. Hence, we
formed by nitrogen and vapors of dibutyl phthald®BP) il yse Eq.(3) as an estimate the saturation value represen-
mix turbulently inside a long and narrow chamidenixing  iative of the mixing conditions.
zone. -I;rz]e relevant physical properties of DBP are given in  Figyre 2 illustrates the effect of varying the supersatura-
Table I.“ The temperature of the walls of the mixing cham- tjon ratio in the PSM on the activation of a singly charged
ber, as well as the temperature of the incoming aerosol, i$n with a diameter of 2.25 nm (Z~3.70 Vs/cn?). The
regulated with a cooling jacket using water, commonly alyrves are the CNC readouts plotted as a function of the
10°C, as refrigerant fluid. The mixing of the cold and hotjyyerse of the electrical mobility, determined by the DMA.
flows creates an environment with high values of the DBF\ote that the fraction of ions that grow into droplets in-
saturation. Previously to its entrance into the mixer, the flowsreases as the PSM supersaturation is raised, until a value of

of nitrogen is passed through a bed of silica gel soaked witls 5 reached for which the number of counts saturates. We
DBP (saturatoy. The temperature of the saturator is variedyi define the value ofS required to activate half of the

and controlled with a set of heat bands and temperature coRynts of a given ion as its critical supersaturat&ig,,. An
trollers. The time of residence of the nitrogen in this sectionestimate of the resolution with which we measure this critical
of the PSM is large enough to saturate the nitrogen with DBPsupersaturation can be obtained from the factor
vapors at the temperature of the saturator. Thus, the mo'i‘ﬁ/Z)AS/S’S‘OO/ whereAS is the difference between the su-
flow rate of DBP (ipgp) exiting the saturator is given by nersaturation required to detect 80% and 20% of the total
particle count of a given ionic peak. This specific deviation-
osp= QnPosp(Ts) Py = QnPosp(Ts) 2) like parameter is very approximately 10% for all the studied
RgTi  Pi—=Ppgp(Ts) RqT embryos, small enough to make our definition $fg,
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FIG. 3. Supersaturation levels required to activat€ A*B ™), ion clusters
FIG. 2. Activation of an ion as a function of the supersaturation used inof different diameters.
the PSM.

Ill. RESULTS AND DISCUSSION
meaningful*® This small spread in critical supersaturations
might be due to a combination of both the energy-activated : : . . .

0 activate different nanoparticles. The five most mobile

nature of the ion induced nucleation phenomena, and to; v ch d HeptyN* clust illustrated in Fig. 3
small variations of the supersaturation along the mixingSlngy charged HephylN - clusters are riustrated n Fig. ,
channel. As expected, the values &, increase as the embryos

The generation of nanoparticles with different sizes and'?€S diminish. This rule apparently does not work for the

charge states is a key prerequisite for this nucleation stud;M? ionic peaks _Of Ia*rgei rlnl%%l'tg Wh'CT hgvel S|r|\r/|1llar crltg
Since the pioneering work of Fenn and colleagues, electroz? supersaturatlon§_50%~ - Recently, '€ la Mora an
'{homson have studied the same spray with a DMA and a

spray ionization has proved to be an excellent source o dd ined th bili q
nanoparticle$?> We have used this technique to generate twd1ass spectrometer, and determined the mobility and compo-

different types of nucleation embryos: singly and doublysition of all these charged clustérsThey found that the

charged clusters of tetra-alkyl ammonium salts and muItipIySin?|3r’nzCharg_6((jj na:jnohparticles _With mobiI;Eies IIHOA' z;ndh 1.28
charged proteins. We have measured the critical supersatur\é-S cnf are indeed the same ion, Heplil". Although the

tions of seventeen singly charged clusters of tetraheptyl an{grgg differences in mobility could be.due tp different geo-
monium bromide (Hepty,N*Br~, or A*B~ hereaftey metrical arrangements of the Heptghains, this explanation

A*(A*B7),, with diameters between 0.944 nm and 2 ggSeems improvable. Instead, we think that the peak at 1.28

. g
nm, as well as the values associated with six doubly chargeﬁ, sfent is a _HeptyLN ion that ha_s been evaporaied be-
clusters, A),(A*B7),, with diameters between 2.08 nm tween the exit of the DMA and the input of the PSM from a

and 2.54 nnt>?* We have also analyzed electrosprays of
tetramethyl ammonium hexafluorophosphate, which has a

lighter cation, to extend the lower end of the size range of 10.0
this study. We have not analyzed in detail the sprays of this
salt, and cannot establish the exact nature of its ionic peaks.
Hence, they will be denoted simply tm,* wherej stands ——— 8 = 1131

Figures 3 and 4 show the supersaturation values required

®
3

for the order of appearance in the mobility spectra. Note that 2
the exact nature of the particle is of little relevance to this 5601
study, provided that its charge state and diameter are known, g‘
but this point is assured in the casel\tbf particles, since the ;‘;
electrosprayed solution contains only monovalent species. In £4.0]

addition, we have electrosprayed two solutions 0.1 mol of
ammonium acetate in water, with 100 ppm of the proteins
lysolzyme and myoglobine, respectively. The electrospraying
of these solutions produces nanoparticles made of 1,2,...,
individual protein molecules and several unit charges 00
Ly %, My 2.3 These particles are ideal to investigate the

effect of electric charge on heterogeneous nucleation, since

the_ir chargfa state is easily varied upon partial nertralizatiorhlG. 4. The critical supersaturation of very small MetiNT ions does not
while keeping a constant or almost unaffected diameter.  depend on their diameters.

2.07

0.4 .6 0.8 1.0 1.2
1/Z (Vs/em?)
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doubly charged residue having a mobility of 1.28 V sfem infinite radius.W, stands for the reversible work the system
The evaporation of ions from dry residues is similar to thedroplet-surrounding vapor is capable of performing, and its
more studied emission from a liquid nanodroplet, with twopartial derivative with respect the molar number of liquid
different “solvation” energies controlling each procéds. molecules must be done at constant temperafuaad pres-
Thus, we will consider the two different mobilities 8" as  sureP of the vapor phase. Implicit in Eq4) is the assump-
an artifact of the experimental technique and assign singléon that the droplet-surrounding vapor is a closed system in
values of 1Z, mobility diameter, andSy, (1.04 V s/cn, equilibrium. Within our approximationyW, has two compo-
0.94 nm, and approximately 1106 both A* peaks. This nents, surface and electric work, which are given by
finding reduces in one the aggregation degree assigned to the . 2
clusters A"),(ATB™), reported previously’?**and the cor- Ws=4myR", ®)
rect denomination is used in this work. €o

Figure 4 shows the saturation spectra of the most mobile WE=§f f f e(x)E*d*x
nanoparticles produced with the MetpyI"-formamide v
electrospray. Four well resolved ions are observed at 0.44, q? q? ( 1 1)

R R (6

0.48,0.82, and 1.13 V s/cralong with two additional nano-
particle peaks with broader distributions around 0.65
V slcn?. The purpose behind this experiment is to determinavhere y and €, are the surface tension and dielectric con-
the critical supersaturation of singly charged ions smallestant of the liquid, and| andR, the charge and radius of the
thanA*. Although we do not know the mass of these ionsoriginal embryo. Using these expressions\ds and assum-
and, therefore, we cannot establish their composition, thég that the surface tension does not depend on the curvature

diameters of the most mobile peaks are smaller than that ¢¥f the drop, Eq(4) is written as

- 8’7T60R 8’7TE|_EO

A", In fact, the smallest particl!; has a mobility diameter _ 2
e : ; sl P 2y (1-1le)q
of 0.43 nm. Despite this, note that the PSM is able to activate —|nP—: R IR (4"
these ions, and it does so at approximately the same critical V0 % 32meo
supersaturation associated WA . wherev,, is the molecular volume of the liquid. This result

All the nucleation data are compiled in Table Il. We list was obtained originally by ThomsdnThe surface tension
the electrical mobility, mobility diameter, charge state, criti- contributes to augment the equilibrium vapor pressure of any
cal supersaturatiorSsy,, the temperatures at the mixing drop of finite size(Kelvin effect, while the presence of elec-
channel and the DBP saturator, and the flow rate of nitrogefvic charge decreasgs drastically for large values of the
associated with every nucleation embrypand x are res-  drop’s curvature. Finally, we use the Rayleigh radRs the

caled expressions for the critical supersaturation and nangelvin radiusRy , and a rescaled supersaturation
particle diameter, which are defined in following paragraphs

by Egs. (9) and (10). The compositions of every singly Ro— (1_1/EL)q2)1/3 @)
charged HeptyN™ ion cluster up toA*(AB)s and of the R 64meyy ’

doubly charged clustersA("),(A*B~), have been deter-

mined unambiguously via mass spectrométriyhe compo- - 270 ®)
sition of the remaining HeptyN" clusters is highly prob- “ kgTInsS’

able. The critical supersaturations of seversl (AB), R

clusters were measured at two different saturator tempera- g = — (9)

tures, and both results are tabulated. The compositions of the R
Methyl,N™ clusters are unknown, although this does not pretg simplify Eq. (4'),*?
vent from computing their diameters and charge states. Fi-

i i 11
nally, the structures of the protein aggregates were verified _ &)

via mobility analysist® Note the wide range of diameterand & x x*'

charge states covered by the data in Table II.
The dependence between critical supersaturation, charge, and , _ E
diameter of an embryo can be understood with the help of a Rr

simple model for the nucleation site and basic results frorT]:igure 5 contains the nucleation data of Table Il in the form

classical thermodynamics. First, we will assume that the emg,” points, along with the traces of E¢") and Kelvin's

bryo is a spherical particle with its charge Iocate_d at theradius (@=1/). Before we analyze the experimental data,
center, and that the vapor molecules condense uniformly Ot us describe once more the significance of Thomson's

its surface forming a sphere of radis Second, we will o ation. Equation4”) is the locus of equilibrium of the
assume thgt the vapor pressurg_f the liquid in this nuc!e-_ charged drop-surrounding vapor system in the pleme
ation site is given by the familiar expression for a liquid has & Maximum ak =43~ 1.587, ayq=3/4"3~0.472,
droplet of radiusR (Ref. 26: which separates two intervals with different equilibrium be-
p W, haviors. The equilibrium for the branot>x,,, is unstable
NakgT InP— =1 n |l 4 (Kelvin's effec): if we increase the supersaturatifre., « is
- TP augmenteflin a droplet-vapor system witk-o coordinates
whereP., is the equilibrium vapor pressure for the drop of on this side of the curve, more vapor will condense and the

(10
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TABLE Il. Characteristics of the nucleation embryos. We list the inverse of the electrical mobil#ty, (diameterD), charge statéz), critical supersaturation
(Skqes) . rescaled supersaturation) and diametetx), the temperatures of the nucleation chamiiér)(and saturatorTs), and the flow rate of nitrogerQy)
fed to the PSM. The total flow rate entering the CN@ig=2.36x10"° m®s™ 1,

1z Qn
Particle (V slcnf) D (nm) z 5 a X T (°C) Ts (°C) X1 m*s~?t
0%
At 1.04 0.944 1 1120, 941 0.468, 0.458 1.02 20.7, 21.2 104.3, 105.7 4.74, 3.87
A* 1.04(1.28 0.944 1 1120, 927 0.468, 0.456 1.02 20.7, 21.2 104.3, 105.7 4.76, 3.74
(A+)1 (A+Bf)1 1.51 1.25 1 648, 613 0.430, 0.425 1.28 20.0, 19.7 104.3, 105.7 2.46, 2.01
(A%), (A*B7), 1.88 1.45 1 359 0.392 1.49 20.5 105.7 1.32
(A*); (A"B")s 2.19 161 1 266,365  0.372,0391  1.65 205,198 1057, 96.1 0.98, 2.45
(A*), (A*B7), 2.46 1.74 1 285 0.375 1.79 19.8 96.1 1.01
(A"); (A"B)s 2.83 1.90 1 235 0.362 1.95 198 96.1 158
(A%); (A*B s 3.14 2.03 1 181 0.344 2.09 198 96.1 121
(A+)1 (A+Bf)7 3.43 2.15 1 143, 180 0.329, 0.344 2.21 19.8, 19.6 96.1, 87.4 0.96, 2.32
(A+)1 (A+Bf)8 3.70 2.25 1 130, 151 0.323, 0.332 2.31 19.8, 19.6 96.1, 87.4 0.87, 1.94
(A+)1 (A+Bi)g 3.98 2.35 1 115, 133 0.314, 0.323 2.41 19.8, 19.6 96.1, 87.4 0.77, 1.70
(A+)1 (A+Bf)10 4.24 2.45 1 103, 119 0.307, 0.316 2.52 19.8, 19.6 96.1, 87.4 0.69, 1.53
(A+)l (A+Bf)11 4.50 2.54 1 96, 111 0.303, 0.311 2.61 19.8, 19.6 96.1, 87.4 0.64, 1.42
(A"); (A"B7) 474 2.62 1 102 0.306 2.69 19.6 87.4 131
(A*); (A*B )15 4.99 2.70 1 94.7 0.301 2.77 19.6 87.4 1.22
(A%), (A"B )y 5.21 2.77 1 89.3 0.297 2.85 19.6 87.4 1.15
(A+)l (A+Bf)15 5.41 2.83 1 87.3 0.296 2.91 19.6 87.4 1.12
(A"); (A*B )16 5.59 2.89 1 84.2 0.293 2.97 196 87.4 1.08
(A*), (A*B )5 1.64 2.08 2 137 0.517 135 196 87.4 1.76
(A7), (AB)s 1.80 2.21 2 118 0.501 1.43 19.6 87.4 152
(A7), (A*B7), 1.87 2.26 2 101 0.485 1.46 19.6 87.4 1.30
(A%), (A*B g 2.01 2.36 2 86.6 0.469 153 19.6 87.4 1.11
(A%), (A*B ) 2.13 2.45 2 83.3 0.465 1.59 19.6 87.4 1.07
(A"), (A*B )10 2.26 2.54 2 80.7 0.461 1.64 19.6 87.4 1.04
Mf 0.443 0.435 1 1020 0.462 0.45 20.5 104.3 4.22
M; 0.484 0.477 1 1080 0.465 0.49 20.5 104.3 4.44
M; 0.819 0.782 1 1090 0.465 0.80 20.5 104.3 4.47
MI 1.13 1.01 1 1060 0.464 1.04 20.5 104.3 4.38
Lyz’1 9.05 3.75 1 33.1 0.238 3.84 23.9 69.9 2.74
Lyl+2 4.80 3.88 2 32.4 0.373 2.50 23.1 69.9 2.40
Lyérl 13.9 4.77 1 21.2 0.206 4.89 22.6 69.9 1.46
Ly2+2 7.15 4.85 2 19.2 0.317 3.13 22.6 69.9 1.32
Ly;)rl 17.8 5.47 1 13.3 0.174 5.61 22.6 69.9 0.91
Ly::,r2 9.10 5.54 2 13.1 0.275 3.58 22.6 69.9 0.90
LyZ1 21.3 6.03 1 10.1 0.156 6.18 22.6 69.9 0.70
Ly:,r2 10.9 6.10 2 9.3 0.239 3.94 22.6 69.9 0.64
Lyg’l 24,5 6.51 1 8.0 0.140 6.67 22.6 69.9 0.55
Myirl 9.72 3.90 1 36.3 0.243 4.00 23.0 73.8 1.83
Myir2 5.09 4.01 2 31.7 0.371 2.59 23.0 73.8 1.60
Myz’3 3.4 4.01 3 26.6 0.461 1.98 23.0 73.1 1.43
Myir4 2.7 4.14 4 21.2 0.520 1.69 23.0 73.1 1.15
MyIr5 2.20 4.19 5 18.6 0.578 1.47 23.0 73.1 1.00
My;r2 7.54 4.99 2 16.7 0.302 3.22 23.0 73.85 0.84

droplet size will augment indefinitely as long as vapor isbryos. The branch of Thomson’s equation associated with
available. On the other hand, the equilibrium of branch stable equilibriumx<x,ax, has been employed to estimate
<Xmax IS Stable: if the supersaturation of a system located oithe diameter of prenucleation clusters or stable particles
this side of the curve is increased, the radius of the embrycformed by an embryo and a few condensed vapor
condensed vapor droplet will grow to a stablealue given molecules:!?’ Nevertheless, Thomson’s assumptions should
by Eq.(4") and the new. If the supersaturation is increased fail for many clusters with diameters much smaller than
beyond o the nucleation site becomes unstable andk,.y: as indicated by Eq4), the equilibrium vapor pressure
grows indefinitely. of the cluster is determined by the derivative of its Gibbs free
From the reading of the original work, it appears thatenergy with respect to the number of condensing vapor mol-
Thomson was only concerned with applying Edyr) to the  ecules. In the case of a nucleation cluster with a “thick”
nucleation of ions smaller thar,,,,, and did not use his layer of condensed vapors, the characteristics of the embryo,
equation to deal with the general case including larger emether than its charge, have little influence in the change of
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FIG. 5. Critical supersaturation values associated with the embryesxin PG 6. Plot of In§y,) versus charge state of myoglobine monomers. Their
space. Thomson's and Kelvin's criteria are also plotted. dependence appears lineal rather than quadratic.

the Gibbs free energy induced by the arrival of one addi«w values well abovex,,. The cause for this discrepancy
tional vapor moleculdéthe “thick” layer shields the particu- seems to be the effect of the electric charge held by these
larities of the embryp and the use of Eqg¢5) and (6) to  larger nanoparticles on the nucleation, which is not well de-
calculate the Gibbs free energy of the cluster is justifiedscribed by the simple geometrical model of Thomson. To
However, these formulas are inaccurate for smaller prenucleshow this we have plotted in Fig. 6 the values ofSj(,)
ation clusters. versus the charge number for the myoglobine clusters con-
Despite the simplicity of Thomson’s model, it is ob- taining a single protein molecule. Because these embryos
served that a significant fraction of the experimental data irhave the same diameter, the points in Fig. 6 should follow a
Fig. 5 agrees fairly well with this theory. The most striking parabola according to Eq4’'). However, the experimental
coincidence is that the supersaturations required to activateend is quite linear. We believe that this paradox is due to
the five smallest singly charged ions are practically identicathe actual geometry of the multiply charged embryos, which
(a~0.463 and very similar toa,,. As mentioned above, is determined by the process of formation of the nanopar-
the nucleation on these small ions is the case that resemblésles: any of these clusters is the result of a liquid droplet
better Thomson's simple model: because of the small size ofith a neutral residue corghe matter of the future embryo
the original embryo, a layer of liquid of considerable thick- and a few individual surface charges. The liquid evaporates
ness must be formed before the nucleation site becomes uaventually, living behind the dry residue with electric
stable and grows indefinitely. This layer shields the particucharges on its surface at equidistant locations. When the mol-
larities of the ionic corge.g., actual location of the ionic ecules of the supersaturated vapor condense on the surface of
charge and embryo-vapor interacting potentials other thaone of these multiply charged nanopatrticles, it seems reason-
Coulombig, and the incoming vapor molecules condense orable to assume that they will distribute preferentially around
the nucleation site very much like if it were a liquid droplet the electric charges favored by ion-dipole interactions. It is
with a central electric charge equal to that of the embryoalso probable that the “large” nucleation site will reach the
Another significant agreement is observed with the largesstate of unsteady equilibrium before a homogeneous layer of
particles holding one unit charge, which fall on top of Th- condensed vapor shields the asymmetries of the embryo. In
omson’s curve. The effect of one elementary charge on ththis case, Thomson’s model would fail to describe the acti-
activation of these proteins is small, and the most reliablesation of these particle@here is not a central electric figld
and confirmed Kelvin's criterion is expected to hold accu-and the dependence of §(,,) on the embryo’s charge state
rately in this diameter range. Incidentally, the match betweenvould be linear rather than quadratic.
theory and empirical data for these relatively large particles Note also that the singly charged Hepiyl clusters
confirms the validity of the supersaturation values measuretarger thanA™ are activated at values &, slightly lower
in the PSM. than predicted by Eq4”). This small discrepancy might also
Figure 5 also shows that the activation of many embryose due to asymmetries of the nucleation site: the location of
does not follow Thomson’s model exactly. The most obviousthe charge on the particle’s surface and a likely partial or thin
cases are the multiply charged nanoparticles, which requireondensation layer previous to the embryo’s activation pre-
much higher supersaturation values than predicted by Ealude the formation of a central electric field. A second factor
(4"). In fact, the proteins with highest charge states fall closecausing the disagreement could be embryo-vapor interaction
to the curve associated with the Kelvin's radius. The dis-potentials other than Coulombic, which could be important
agreement is most noticeable forA{),(A"B7)s, in the case of a thin condensed layer, and which are not
(AT)(ATB)g, My;®, andMy; *, which are activated at considered in Thomson’s model.
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Before this section ends, it is necessary to comment osize a charge state. We have undertaken this investigation
how our results compare to previous cloud chamber dataising a variety of nanoparticles with diameters ranging from
Unfortunately, such a comparison is difficult because thé).43 nm to 6.51 nm, and having up 5 unit charges. We
definitions of the critical supersaturation used in the presentave found that the smallest ions characterized in this paper,
work and that adopted in cloud chamber experiments ar@.43 nm<D<1.01 nm, are activated with DBP vapors at ap-
different. Here, the critical supersaturation associated with @roximately the same supersaturation regardless of their size
given embryo is defined as the supersaturation required t@t constant nucleation temperaturérom the point of view
activate one-half of the total number of embry8%,,,; such  of analytical applications, this result is important because it
a definition is useful because it makes possible a comparisotonfirms that charged nanoparticles of arbitrary small sizes
with Thomson'’s theory. The nucleation of embryos is a ki-can be optically counted and provides for a method to do
netic process: typically, a supersaturation vaiyelefines an  sol® Furthermore, the critical supersaturation associated
equilibrium distribution of solvated iongrenucleation em- with these small ions coincides with the classical result
bryos and grown dropletéthe latter are the “activated ions” derived by Thomsof This theory is also a good guidance to
or ions that have grown by condensation beyond a criticaéstimate the critical supersaturation of larger singly charged
sizg. The concentration of activated ions is proportional toembryos, although it fails to predict the activation of multi-
exp(—AG/kgT), where the energetic barri&rG is the differ-  ply charged nanoparticles. The discrepancy is significant
ence in free energies between the ion of critical size and théor the larger protein clusters: although their charge states,
most abundant solvated ion associated with the supersaturaecording to Thomson’s equation, are high enough to induce
tion Sy. Thomson's equation can be used to compute the frea noticeable effect in the nucleation, their critical super-
energy of solvated ions, especially for the larger ones, insaturations are better predicted by Kelvin's criterion, in
cluding that of critical siz& When the critical supersatura- which the electrification of the embryo plays no role. We
tion for the activation of a population of ions is defined asbelieve that this disagreement is due to the geometry of our
that value required to activate most ions of the populatiormultiply charged embryos, with charge sites spread on their
(this is the definition used in the present work, as well as thesurface. This configuration probably promotes localized
definition implicit in Thomson’s theony this critical super- condensation around the individual charges and prevents a
saturation condition implies thakG must be small or, in central distribution of the electric field on the surface of
other words, the critical supersaturati,,, must be close the nucleating embryo, which is a main assumption of
to the supersaturation associated with the ion of critical siz&homson’s theory.

(a value given by Thomson’s thegryOn the other hand, the
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