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ABSTRACT OF THE DISSERTATION
Hygroscopicity of Amphiphilic Nanoparticles:
The Role of Size and Composition
By
Christopher Warren Harmon
Doctor of Philosophy in Chemistry
University of California, Irvine, 2009

Professor Sergey A. Nizkorodov, Chair

Direct and indirect effects of aerosols on radiative forcing are poorly understood; therefore
fundamental processes involved in water uptake on model atmospheric surfaces were examined
experimentally and theoretically. Water uptake on NaCl nanoparticles (< 20 nm) with varying
coverage of sodium dodecyl sulfate (SDS) was studied because key features, such as monolayer
water-uptake, are amplified in nanoparticle hygroscopic growth curves compared to larger,
micron size particles. Experimental techniques employed in this work are novel due to their
ability to probe hygroscopic growth of nanoparticles in the monolayer coverage regime and bulk
regime without the influence of a substrate. Nanoparticles were generated with an electrospray
ionization-neutralization apparatus and their hygroscopic growth was quantified by exposure,
varied from 1 to 70 seconds, to relative humidity (RH) and tandem-nano-differential mobility
analysis techniques. As surfactant coverage level increases in the nanoparticles water uptake
begins at lower RH values compared to NaCl and no prompt deliquesce transition is observed,
contrary to observations of larger (> 60 nm) surfactant containing NaCl nanoparticles.

Hygroscopic growth is continually suppressed as surfactant coverage increases. Variance in RH
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exposure time made no difference to experimental observations. Hygroscopic growth models
are used to evaluate growth of NaCl and surfactant/NaCl nanoparticles. In the post-
deliquescence regime, a modified version of Kohler theory is used to compare with NacCl
nanoparticle growth and the Zdanovskii-Stokes-Robison model is used to evaluate
surfactant/NaCl nanoparticle growth. In the pre-deliquescence regime, standard adsorption
isotherms (Brunauer-Emmett-Teller and/or Frenkel-Halsey-Hill) are used to evaluate growth. A
nanoparticle jet impactor has also been constructed for imaging and chemical analysis of
nanoparticles. Atomic force microscopy images, X-ray photoelectron spectra and Fourier
transform infrared spectra confirm the success and usefulness of the jet impactor.
Characterizations of SDS/NaCl nanoparticles reveal the core-shell model, which is a commonly
assumed morphology for organic-inorganic particles, may not be accurate for describing the

morphology of high surfactant containing SDS/NaCl nanoparticles.
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Chapter 1 — Water Uptake by Atmospheric Aerosols

Section 1.1 — Aerosol Effects on Radiative Forcing
1.1.1 - The Role of Atmospheric Water, both in the Condensed Phase and the Vapor Phase

Planet Earth is set aside from the other planets in our solar system due to the unique
coexistence of water in its three phases: gas, liquid, and solid. The majority, roughly 97%," of
water on Earth is saline and exists in the oceans. The remaining 3% is fresh water, which are
mostly ice caps and glaciers." A very small percent of Earth’s total water, some 1.0 x 10°%, is
atmospheric water." In Earth’s atmosphere the coexistence of water as vapor, liquid droplets,
and ice particles is crucial for maintaining the delicate balance of our climate.??

Atmospheric water plays many roles in the climate system. These roles can be sub-
divided into two main categories: scattering and absorbing Earth bound radiation from the Sun.
Categorizing atmospheric water is difficult because there is rarely one phase without the other
on planet Earth. Nevertheless, the role of atmospheric gaseous water is an absorber of solar
radiation and condensed-phase atmospheric water is a scatterer of solar radiation.?

Water’s role as an absorber of solar radiation is related to the greenhouse effect. The
greenhouse effect is the trapping of long wave radiation by atmospheric gases re-emitted from
absorbed short wave solar radiation at the Earth’s surface. The content of gaseous water in
Earth’s atmosphere is quite variable, ranging from 1-4% by volume® depending on the prevailing
conditions. Gaseous water in the atmosphere is crucial for maintaining a comfortable average
temperature of 287 K (14°C), which would be 255 K (-18°C) without the greenhouse effect.”

The role of water as a scatterer of solar radiation is related to Earth’s albedo, which is a
measure of the reflectivity of the planet. The average albedo is roughly 0.30,” in other words

30% of incoming visible solar radiation is scattered back to space by (mostly) clouds, glaciers,



sand, and oceans.? Satellite images of Earth always show global cloud cover.” Clouds keep the
planet cool by scattering visible radiation back to space. Condensed phases of water in the
atmosphere are therefore crucial for maintaining the albedo balance, which if increased or
decreased will have strong influences on Earth’s temperature.
1.1.2 - Aerosols as Cloud Condensation Nuclei; Indirect Effect of Aerosols on Climate

Atmospheric particles, or aerosols, can take up gaseous water and grow under high
relative humidity conditions or lose water and shrink under low relative humidity conditions.
The extent and magnitude of this growth is a strong function of size and composition. Aerosol
has direct and indirect effects on atmospheric radiative forcing which are poorly understood.?
Direct effects include scattering of light by particulate matter, whereas indirect effects include
scattering of light by clouds and cloud condensation nuclei (CCN).?2

Radiative forcing is used as a means to quantify the influence of a species on the climate
system. Figure 1.1 is adapted from the Intergovernmental Panel on Climate Change (IPCC) 2007
report’ and shows the radiative forcing by components of the atmosphere and the quantitative
extent which they contribute to the climate system. Earth receives an average daily radiation
flux of 341 W m~ from the Sun.” The sum of all radiative forcing components illustrated in
Figure 1.1 demonstrates currently the planet is in a state of warming. A flux of
+0.6 to +2.4 W m2, mostly from increasing levels of longed-lived greenhouse gases such as
carbon dioxide and methane, is forced into our atmosphere.2 The indirect effect of aerosols,
which is also known as the cloud albedo effect, is a consequence of aerosol acting as CCN, which
forms cloud droplets by taking up water vapor from the atmosphere. This has a net cooling
effect and its quantitative magnitude, —1.8 to —=0.3 W m~2, is poorly understood and has a wide

margin of uncertainty.® While the quantitative magnitude of greenhouse gases in the



atmosphere are known, the total net anthropogenic radiative forcing is unknown a priori

because of the uncertainty associated with the aerosol indirect effect.
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Figure 1.1: Radiative Forcing components in the atmosphere and their
contribution to the climate system. Figure is adapted from Ref. 2

1.1.3 - Role of Chemical Composition and Critical Diameter for CCN Activity

Chemical composition of atmospheric particles plays an important role in water uptake.
Generally, highly water-soluble species have a stronger propensity for forming CCN because
they are hygroscopic, which is defined as the ability of a substance to adsorb water vapor from
the surrounding environment. Aerosols that can contribute to CCN concentration in the
atmosphere are called CCN-active and this not only depends on composition, but also depends
on size.

CCN-active aerosol particles increase their size by a large factor to become cloud

droplets when the ambient relative humidity (RH) around the particle’s surface achieves



supersaturation (RH > 100%), which is common in atmospheric updrafts.” Because of the Kelvin
effect (increase in the water vapor pressure over a curved aqueous surface) only particles above
a certain size are CCN-active for a given supersaturation. Typical minimum CCN-activation
diameters at 100.5 % RH are 20-30 nm and 100-200 nm for soluble inorganic and weakly soluble
organic particles, respectively.’”
1.1.4 - Unresolved Questions

Despite their larger activation diameters, atmospheric organic aerosol particles do act as
CCN.B** However, it is still a matter of active debate whether CCN-activity of an organic particle

can be changed by atmospheric heterogeneous chemistry.””>?°

Furthermore, atmospheric
particles are rarely pure components and often represent mixtures of hydrophobic and
hydrophilic compounds.?® There is a positive correlation between hygroscopicity and CCN-
activity; more hygroscopic particles tend to have smaller CCN activation diameters.®® Further
experimentation and understanding is needed to elucidate CCN-activity of atmospherically
relevant aerosols and how this contributes to the cloud albedo effect. The large uncertainty in

the magnitude of the cloud albedo effect on radiative forcing in the atmosphere also

substantiates the aforementioned claim.

Section 1.2 — Review of Terminology and Basic Concepts
1.2.1 - Mobility Growth Factor, Deliquescence and Efflorescence

Atmospheric particles can significantly expand in size by taking up water as the ambient
RH around the particle’s surface increases. This hygroscopic growth increases the particle’s
18,31

single scattering albedo and plays an important role in cloud droplet formation.

Hygroscopicity of individual particles is quantified in terms of the mobility growth factor, GF,,,



seen in equation 1.1, the ratio of the measured wet particle mobility diameter at a specified RH,
d,,(RH), to that of the initial, dry particle mobility diameter, d,, (0).*

(1)
F, =—— 11
40 -

The extent and rate of the hygroscopic growth is a sensitive function of the particle’s
chemical composition. For highly soluble inorganic particles, such as NaCl, and certain highly
soluble organic particles, such as malonic acid, GF,, may experience a discontinuity at a well-
defined deliquescence relative humidity (DRH) corresponding to a phase transition from a solid

31,33-36 e .
’ The reverse phase transition occurs at the efflorescence relative

to a dissolved state.
humidity (ERH), which can be considerably lower than DRH because of kinetic constraint (see
section 1.2.2). For example, NaCl particles experience almost no growth below the DRH of 75%
at room temperature and pressure.”’ At the deliquescence point, NaCl particles undergo a

phase transition from crystalline to aqueous droplet, which is accompanied by a prompt

increase in the particle mobility diameter. The

ERH for NaCl occurs at ~45%.%% )
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Figure 1.2: Demonstration of GF,,,

deliquescence, and efflorescence for NaCl
aerosol (> 100 nm). Plot of GF,, vs. RH is called
a hygroscopic growth curve.
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1.2.2 - Gibbs Equilibrium Condition for a Phase Transition
The Gibbs equilibrium condition for a phase transition states when two phases A and B
have identical chemical potentials (u) at a certain environmental condition (i.e. temperature,
pressure, or even RH) both phases are thermodynamically stable and each will be observed.*
As a condition of equilibrium, us = us and Au = 0.>° As the condition is changed the phase which
has the lowest chemical potential will be

observed while the other is unstable and is

)

phase B not observed.* Figure 1.3 is an illustration

of Gibbs equilibrium condition for a phase
..................... transition with respect to temperature.

O L Below the critical temperature (indicated by

Chemical Potential z (J mol

the dashed line) phase A is the

\4

thermodynamically stable phase. Above the
Temperature (K)

Figure 1.3: |llustration of Gibbs equilibrium critical temperature phase B is the

condition for a phase transition with respect
to temperature. thermodynamically stable phase.

The actual stability of chemical phases can also be influenced by the time required to
complete the phase transition.®* The time needed for a transition into the thermodynamically
favored state can be very slow, to the point of being unobservable on experimental time scales.
This is known as kinetic stability, which often is synonymous with thermodynamic meta-
stability.®® If the time required to complete the phase transition illustrated in Figure 1.3 is long,
the lifetime of the universe for example, phase A will still be observed above the critical
temperature and is called the meta-stable phase.** One example of this in every day life is

graphite and diamond. At room temperature and pressure graphite is the thermodynamically



stable phase and diamond is the kinetically stable (or meta-stable) phase.* Luckily, diamond
jewelry purchased in this millennium won’t be turning into graphite any time soon!
1.2.3 — Thermodynamics of Non-ideal Solutions

Upon deliquescence, NaCl particles become saturated aqueous solutions and
subsequently become more dilute as they take on more water. Due to the non-ideality
associated with concentrated electrolyte solutions, solubility, free energy of mixing, freezing-
point depression, boiling-point elevation, osmotic pressure, and vapor pressure must be
determined experimentally.*

Gas-phase water always exists over surfaces of bulk liquids, ices and atmospheric
particles under ambient conditions.®* The kinetic energy of molecules rapidly permits the
escape of a molecule to the gas phase from the condensed phase at a given temperature.®
Equilibrium is reached when the number of molecules exiting the condensed phase equals the
number entering the condensed phase. This is known as equilibrium vapor pressure pomp and
can be determined by the Clausius-Clapeyron equation (1.2) shown below (for vapor-liquid).
AH,,, T°; T’ p’psi; P'up2; and R are the molar enthalpy of vaporization, temperature of
condition 1 with equilibrium vapor pressure pova,,‘,; temperature of condition 2 with equilibrium
vapor pressure povapvz; and the ideal gas constant, respectively. Condition 1 is usually set at the

boiling temperature and pressure whereas condition 2 is the observed vapor pressure at a

specified temperature.

0
In Pvap2 | _AHvap 1 1

Pvap,1 R T20 TIO (1.2)

The Clausius-Clapeyron equation is derived from Maxwell’s relationships*® and contains
some approximations which can lead to slight deviation in calculated equilibrium vapor pressure

el 39 . .
versus measured equilibrium vapor pressure. The change in molar volume is taken to be



constant as gases typically have molar volumes that are 1,000 times greater than liquid molar
volumes. The ideal gas law is used to calculate molar volume, which is a good approximation in
typical atmospheric conditions. To simplify integration steps, the temperature dependence of
heat capacity is neglected, making enthalpy of vaporization a constant.* These approximations

. . . . 39
are expected to contribute minimally to errors associated in calculated vapor pressure.
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Figure 1.4: Equilibrium vapor pressures of neat liquid water
(blue curve) and a saturated NaCl solution (red curve) predicted
by the Clausius-Clapeyron equation.

Figure 1.4 is a plot of the Clausius-Clapeyron equation for neat liquid water (blue curve)
and a saturated NaCl solution (red curve) with appropriate considerations of boiling point (373 K
and 380 K) and enthalpy of vaporization (42.7 k) mol™ and 43.3 kJ mol™), respectively.”* The
Clausius-Clapeyron equation predicts a saturated NaCl solution has a lower vapor pressure than
neat liquid water, which is always true.>* This is due to elevation of boiling point and an increase
in the molar enthalpy of vaporization, which are entropic effects.*

The evaporation of a water molecule from condensed phases is endothermic
(with AH > 0).* Equation 1.3 reflects the Gibbs Free Energy and condition of equilibrium with
the enthalpic and entropic, AS, relationships outlined above for gas phase water in equilibrium

with neat liquid water as well as a saturated NaCl solution.*



AG=AH -TAS =0
AH =TAS

(1.3)
A saturated NaCl solution has a larger enthalpy of vaporization, consequently a lower vapor
pressure, than neat liquid water. Equation 1.3 thus predicts AS > 0 for water evaporating from
both NaCl,q) and H,0), whereas the magnitude of AS is larger for the NaCl,q situation. An
increase in entropy is an increase in disorder, therefore water molecules evaporating from a
saturated NaCl solution have an overall larger increase in disorder going to the gas phase than
compared to neat liquid water because initially waters are more constrained in the solution.
Moreover, liquid water experiences a large entropic cost for incorporating ions into its hydrogen
bond network, thus making it a non-ideal solution as solute-solvent interactions are expected to

be large.® Figure 1.5 is a cartoon depiction of interactions associated with dissolved NaCl in

water, which lead to the entropic effects of

" 5
vapor pressure lowering discussed above. H\GO{H /H . H;O\H
The concentration of solutes dissolved H\o 5 @ 60\H
/ H
will affect the observed vapor pressure of the H 5 %07 | & H
HOO\ o .
& H H— &

solution, vapor pressure lowering is a

Figure 1.5: A cartoon depiction of NaCl dissolved

therefore a colligative property.®** Raoult’s
& property in water.

Law combined with Dalton’s Law, equation 1.4

below, can be used to predict the vapor pressure of a multi-component mixture with knowledge
of the vapor pressure of pure components i, pomp, and mole fraction y;. Solid NaCl does not have
an appreciable vapor pressure at room temperature and pressure, thus the vapor pressure

expression simplifies to a linear relationship with y., as the slope.

0 0 0
P vap.aq =2 Xi " Pvap <XH,0 " Pyap .0 (1.4)
l



Vapor pressures of NaCl solutions (p°,,,..) predicted by equation 1.4 are inaccurate as Raoult’s

vap,aq
law and Dalton’s law only work in the ideal solution regime at infinite dilution.*

Activity, a, is often used in association with equilibrium vapor pressure over non-ideal
solutions. The formal property of activity is seen in equation 1.5, where g" is a reference state of

any choosing.*® Replacing g with vapor pressure of pure water and re-arrangement leads to

equation 1.6, which is defined as water activity, a,,, for bulk liquids.*

lim 3} -1 (1.5)
g e
8§88
0
a. = P vap,aq =RH (1.6)
Y0 100
pvap,H20

Equation 1.6 shows at the deliquescence point of 75% RH at 295 K,*’ the equilibrium
vapor pressure over the dissolved NaCl particle surface will be 15.5 torr. As can be seen in
Figure 1.4, this is the vapor pressure over a saturated NaCl solution at 295 K. Thus, the
deliquescence point corresponds to equilibrium vapor pressure when solutes are at saturation
compositions. The hygroscopic growth curve depicted in Figure 1.2 shows as the ambient RH
around the particle surface increases it takes on more water and subsequently becomes more
dilute. So as the concentration of dissolved NaCl in solution decreases, the equilibrium vapor
pressure over its surface increases.

Water activity as a function of NaCl weight fraction w, in solution, a,(w,), has been
determined experimentally for 0 <w, < 0.45.* Equation 1.7 shows this empirical relationship,
which is monotonically increasing activity with decreasing NaCl weight fraction
(C,=-6.366 x 103, C,=8.624 x 10, C;=-1.158 x 10, and C,=1.518 x 107).**  Thus, the
vapor pressure over a NaCl solution of any composition can be easily determined by use of

equation 1.7 and 1.6.

10



ay(w) =10+ 3C;-wl (1.7)
i=4

Raoult’s Law and empirical formulations of NaClyq) activity a, (w,) (equation 1.7)*" are
compared in Figure 1.6, which is specified as activity space herein. Raoult’s Law is not linear
with respect to NaCl weight percent. NaCl has a solubility of 26.5 weight percent in water at

295K.* The marker in Figure 1.6 indicates this composition has an activity of 0.75 as

determined by a, (w,). Raoult’'s law is
1.0
converted from a function of X, to a
0.9t
function of NaCl w, and predicts a saturated
0.8t
< \ NaCl solution has an activity of 0.90, which is
g2 o7t
S — dw W) much larger than the measured value of 0.75.
< —— Raoult's Law
0.6}
The comparison of these two formulations
0.5}
demonstrates concentrated NaCl solutions
0'40 10 20 30 40 50
, are real solutions, well out of the ideal
NaCl, ., weight percent (w,)

(aq)

Figure 1.6: Raoult’s law compared to empirical solution regime, and this must be considered

determination of NaCl,q) activity as a function of
solute weight percent. when exploring thermodynamic properties of

concentrated electrolyte solutions. Activity values below 0.75 are representative of a super-
saturated NaCl solution. These compositions are kinetically stabilized in particles that have
deliquesced, and then subsequently enter an environment of decreased humidity (efflorescence
mode growth).
1.2.4 - The Kelvin Effect

The free energy of transition between stable interfaces must be positive;** were it
negative or zero, nothing would keep materials from completely dispersing into one another.

This is known as surface tension, which can be thought of as a free energy per unit area, or even

11



a force per unit length.** Surface tension is the work required to bring a molecule across an
interface.

The Clausius-Clapeyron equation (eq. 1.2) above can effectively predict vapor pressure
over surfaces that are nominally flat. Surfaces that are curved, such as very small liquid droplets
or capillaries, have an effect on the free energy of interface formation. This effect has been
described by Young and Laplace as a pressure drop AP across a curved interface, seen in
equation 1.8.*> Here o is surface tension and r is the radius of curvature for the interface in

question.
AP = — (1.8)

The Young and Laplace equation (1.8) demonstrates for planar surfaces the radius of curvature
will be infinite and thus AP = 0. The effect of a change in pressure at constant temperature on
the free energy of a system is shown in equation 1.9.*
AG = [VdP (2.9)

When molar volume V is taken to be constant and equation 1.8 is used for dP, and assuming
that free energy can be related to vapor pressure and behaves as an ideal gas (G = G’ +RTInP),
equation 1.10 results.”? This is known as the Kelvin equation, or the Kelvin effect, which predicts
an increase in vapor pressure over a curved surface relative to a flat surface for liquids.** The
ratio P/P”is the predicted increase in vapor pressure due to surface curvature, where P’ is the
normal vapor pressure and P is the observed vapor pressure over the curved surface. For water,

P/P’=1.001if r =1 um, 1.011 if r = 0.1 um, and 1.114 if r = 0.01 um.

RT- ln(io) _ 2oV (1.10)
P r
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The Kelvin effect, Cx (0, d), can be related to water activity, a,,, as in equation 1.6 and is
shown in equation 1.11, where radius r has been replaced by diameter d and molar volume V

has been replaced by molecular weight M and density p.

RH 4Mo
a, Crlo,d) =—=a,, exp| —— 1.11
w Cx(ond) = oo =ay p(RTpd) (1.11)

Another consequence of the Kelvin effect is the empirical activity-solubility relationship (eq. 1.7)
discussed previously. The Kelvin effect is applied to equation 1.7 and those results are shown in
activity space in Figure 1.7 for d=5nm, 20 nm, and 100 nm NaCl,q droplets, where a
representative surface tension for NaCl., of 80 mN m™ was used for all sizes. Figure 1.7

demonstrates that for 100 nm droplets there

1.6
is a difference in activity-solubility compared <o
—— 20 nm
P 1.4r —— 100 nm| |
to a bulk liquid; however, for droplets N

smaller than 20 nm there is a much greater

effect on activity-solubility relationships.

Activity (a,)

Consequently, when droplets smaller than

20 nm deliquesce their agueous composition

will be much different than the composition ) 10 20 30 40 50

NaCl,,, weight percent (w,)

of a bulk saturated solution.
Figure 1.7: Activity-solubility relationships of a

NaCl(,q) solution (%) and the Kelvin effect for 5
nm, 20 nm, and 100 nm droplets.
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Section 1.3 — Hygroscopic Growth of NaCl Aerosols
1.3.1 — NaCl as a Model for Sea Salt Aerosol

Field measurements have shown sea-salt comprises over 80% by mass for open ocean
and marine based aerosol.*® NaCl is a model system for sea-salt aerosols; however, MgCl, is also
an important component of sea-salt aerosol.”* Marine and open ocean aerosols are generated
through wave action and are typically 1-4 um in diameter.* As marine and open ocean aerosols
are transported inland to regions of lower RH than compared to over the ocean, they can
effloresce.”® Subsequently, they can also take up water again and deliquesce in regions of
higher humidity. Understanding the transport of aerosols in the atmosphere is thus important
as hysteresis in hygroscopic growth occurs over RH ranges expected in the lower atmosphere
(i.e. 45-75% RH). NaCl aerosols have also been shown to participate in chemistry of the lower

4,43,44
atmosphere.™™

NaCl aerosols can be chemically aged through uptake and reaction of oxides
of nitrogen® and nitric acid,* reaction with hydroxyl radical,”” or even uptake of sulfuric acid,*®
all of which can liberate reactive gases in the atmosphere such as HCly), Clyg,"** CINO,,* and
CINO.**

Solid NaCl has a highly ordered crystalline structure, which is face centered cubic. In
NaCl each Na" is surrounded by 6 CI” neighbors and each ClI is surrounded by 6 Na* neighbors.
Thus, the top view of a smooth NaCl crystal would yield an equal number of Na* cations and CI’
anions. By the Miller Index system, this crystal plane is called the (100) face and is electrically
neutral. This is the bulk crystalline termination plane for most NaCl crystal structures at room
temperature and pressure.” The surface density of ion pairs for the NaCl (100) face (Syacy) is
6.4 x 10" cm™>.*° Another crystal plane of NaCl is the (111) face, which is either all Na* or all CI

when viewed from above. This crystal plane is not electrically neutral and often surface defects

of this nature are found on NaCl surfaces.”* Surface defects which are electrostatic in nature

14



can bias molecular scale uptake of gaseous compounds and this is typically where initial
adsorption of water on NaCl occurs.*®
1.3.2 — Adsorption of Thin Water Films on NaCl Surfaces

Thin water films are ubiquitous on many common surfaces, including atmospheric
particles, under ambient conditions.” In many instances, these thin films are responsible for
macroscopic observations, even though they may only constitute a very small fraction of the
system’s total mass or volume. Previous measurements on bulk crystalline NaCl showed that
above 70% RH, NaCl acquires 3.5-4.0 monolayers (ML) of water.*****" As the RH above the NaCl
surface increases, the film becomes thick enough to dissolve NaCI** at the deliquescence point.

Water coverage layer, ©,, is typically used to quantify the number of ML of water
adsorbed on a surface below the DRH. The definition of a coverage layer for water on NaCl is
seen in equation 1.12,>* where S, is the surface density of water, typically quantified from
measurement, and Sy, is the surface density of ion pairs for the (100) face.

SW

al

(1.12)

The structure of water on a bulk NaCl (100) surface was previously investigated by
Fourier transform infrared (FTIR) spectroscopy.”® Researchers concluded that for ®,, < 0.5 water
molecules aggregate into islands or clusters on the surface held together by hydrogen bonds
and electrostatic surface attraction; at 0.5 < ®,, < 2.5 a transition region occurs with islands and
a multilayer thin film; at 2.5 < ®,, < 3.5 a multilayer film with properties similar to bulk liquid
water exists; and finally, the range ©,, > 3.5 has been called the pre-solution region.”* Equating
water density to 33 molecules nm™ (997.1 kg m™) is therefore appropriate only at sufficiently
large coverage. As water adopts on an ice-like structure at low coverage levels, a more

appropriate density in the low coverage regime should be somewhere between 30-33 nm™.
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The physical adsorption of gases by solids is theoretically described by a variety of
adsorption isotherms. As with many theoretical treatments, there are assumptions and
approximations made which may or may not be physically accurate and can give rise to
deviations in agreement with experimental data.

Brunauer-Emmett-Teller (BET): The BET isotherm has been used extensively to describe

42,51,52 . . . .
o It is an expansion of Langmuir single-layer

multilayer adsorption of gases by solids.
adsorption to a multilayer adsorption. In the BET isotherm there are three assumptions: (1) in
all layers except the first one, the interaction potential is equal to the molar heat of adsorption
q., (2) in all layers except the first, vibrational frequencies v, and evaporation-condensation
coefficients a, are identical (i.e.v,=v;=...=v;), and (3) when P =p0m,, the adsorbate

42,52
d.

condenses on the surface with properties of a bulk liqui Similarly to the Langmuir

isotherm, lateral interactions are not taken into consideration in the BET isotherm.

cS
0,,(5)= 1.13
wlS) (1-5)-(1-S+c-5) (13)
RH
S=———7— 1.14
100- Cy(0.d) —
c=mexp((h _‘]L)= Qavp exp(ch _QL)

Equation 1.13 is the functional form of the BET isotherm with a Kelvin effect correction term
Cx(o,d) for saturation ratio S (equation 1.14), which should be used for highly curved surfaces.
Equation 1.15 shows the BET constant c¢ in detail. The pre-exponential factor m is typically taken
to be unity; however, a range of m values between 10°-10 are fairly realistic.’> Heat of
adsorption values for a multilayer of water on bulk NaCl have been quantified from FTIR
spectroscopy measurements.”” A representative value for the BET constant ¢ for water on NaCl
is 1.5, corresponding to a positive ~1 k) mol™" difference in heat of adsorption values between
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the first layer (g¢;) and multilayer (g,).* Heat of adsorption values are negative, thus
condensation to the multilayer is more exothermic than condensation to the first layer.

Certain approximations can be made to take lateral interactions into account.* Using
Adamson’s (1997)* derivation of lateral interactions for the Langmuir isotherm, which shows
only the Langmuir constant is affected from lateral interaction considerations,*” it can be shown
only the BET constant c is affected by lateral interactions, not the mathematical form of the
isotherm itself. Thus, caution should be used when reporting heat of adsorption values from
BET isotherm analysis when lateral interactions are expected to be large.

Frenkel-Halsey-Hill (FHH): A different approach to multilayer adsorption is described by
the FHH isotherm, which is based on derivation from potential field theory. A potential field (U)
at the adsorbent surface decays by distance r from the surface (i.e. U = U,/r’RT). Adsorbate
molecules can be viewed as “falling” into a potential well as they get closer to the surface.”> A
key assumption of the FHH isotherm is the principle interaction between adsorbate and
adsorbent is of the dispersive type. The use of B = 3 is therefore appropriate;*? however, it is
more common to treat B as an empirical parameter and a wide range of values have been

reported.*

A
In(S)=——— (1.16)
") 6m(s)
Uy
A= (1.17)
rBRT

The FHH isotherm is seen in equation 1.16 and contains a Kelvin effect correction term for
saturation ratio as in the BET isotherm for sufficiently curved surfaces. The parameter A in
equation 1.17 is dependant upon which interaction type exists between adsorbate and
adsorbent as described above. A value of 0.96 has been used for A to describe water on

42,52,53 42,52,53
NaCl™°*°° and values of 0.5-1 have been used for B."”*
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1.3.3 — Hygroscopic Growth of NaCl Aerosol, Sub-Saturation Kéhler Theory Considerations
Mobility growth factors of particles in an aqueous phase at a certain RH can be

predicted with knowledge of activity-solubility relationships presented above in section 1.2. The

following is a derivation of Kohler theory, which has been used to predict hygroscopic growth of

1.>*>*  The mass of a soluble solid (ms) should be equal to the mass of a

NaCl aeroso
corresponding solution made from that solid multiplied by its respective weight

fraction (w,/100) in solution (equation 1.18).3°

w
mg = pg Vg =ﬁpaq-vaq (1.18)

Using the approximation that each particle (dry and wet) are spherical, and considering the
definition of growth factor in equation 1.1, equation 1.18 rearranges to Kéhler theory seen in
equation 1.19.>* Here, the density of the solid Ps is constant (2165 kg m~> for NaCl); however,
weight fraction as a function of activity w,(a,,) and density as a function of weight fraction
Pag(W,(a,,)) (which depends on activity as well) for the solution are needed to predict growth

factors for any value of RH, vapor pressure, or activity.
1
b2
100p,

CFm = Wt(aw)' paq(Wt(aw))

(1.19)

Rearrangement of equation 1.7 is adequate for w,(a,) and p,(w(a,)) has also been
determined empirically for NaCl,q 0 <w, < 45%.*' Using equations 1.6 and 1.7 with 1.19 will
describe growth factors for large droplets (> 100 nm). Figure 1.8 shows the hygroscopic growth
curve for large NaCl particles, where the solid vertical lines indicate the DRH (75% RH)*’ and ERH

(45% RH)* values.
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Upon exposure to increasing RH, NaCl
particles take up a few ML of water (1). At
75% RH they deliquesce (2), then take up
water and grow substantially (3) as predicted
by Kohler theory. As the droplets enter a
lower humidity environment, they lose water
and shrink (4) as predicted by Kohler theory.
At 45% RH

they re-crystallize (5).

Measurements have confirmed these

predicted growth factors by Kéhler theory for
large NaCl particles at room temperature and
pressure.’”**

Using equations 1.11 and 1.7 with
1.19  will factors for

describe growth

nanometer sized droplets (< 100 nm).”
Surface tension terms in the Kelvin effect also
depend on NaCl weight fraction in solution.
Empirical formulations of o, (w,(a,)) have
been determined for NaClg O < w, < 45%.°

Figure 1.9 is a plot of equation 1.19 for NaCl

3.0
& 2.5t
S 3)
8
w
£ 2.0f
3
5 (4)
>
8 15t 4
s ()
DRH
(5) ERH ™
1.0 - - »-

30 40 50 60 70 80 90 100
% Relative Humidity (RH)

Figure 1.8: Hygroscopic growth curve for large
NaCl particles calculated from eq. 1.19
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Mobility Growth Factor (GF, )
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100

Figure 1.9: Hygroscopic growth curves predicted
by Kohler theory for large particles () compared
to 5 nm, 20 nm, and 100 nm particle.

particles, with Kelvin effect considerations for a 5 nm, 20 nm, and 100 nm particle compared to

a large particle (). As can be seen in Figure 1.9, mobility growth factors are predicted to be

much smaller for a given RH as a consequence of the Kelvin effect, which has also been

. 55
confirmed by measurements.
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Section 1.4 — Hygroscopic Growth of Mixed Organic-Inorganic Particles
1.4.1 - Mixed Organic-Inorganic Aerosols in the Atmosphere

Field measurements have shown aerosols represent complex mixtures of soluble
inorganic materials, water-soluble organic materials (WSOM), water-insoluble organic materials
(WIOM), and organic, or non sea-salt, sulfates.>® The sub-micron sizes of aerosol have a larger
fraction of organic material than micron sizes of aerosol.>° Many investigators confirm organics
can interfere with hygroscopic behavior of soluble inorganic aerosols.*?%°"%!
1.4.2 - Previous Measurements of Mixed Organic-Inorganic Aerosols

Several groups have studied the effects of organic material on hygroscopic properties of
inorganic particles, which are believed to have inorganic core-organic shell morphology.®?%°"
The organic material did not inhibit growth of the soluble inorganic core, even for cases when
the organic material comprised the majority of the particle mass.*>*’ GF,, could be predicted by
use of the Zdanovskii-Stokes-Robinson (ZSR) model, which assumes particle constituents adsorb
water independently and GF,, can be predicted by volume weighting of individual GF,, for each

. 9,58
respective component.™

The soluble inorganic core is therefore expected to contribute solely
to hygroscopic growth of mixed organic-inorganic particles because pure amphiphilic organic
particles are not expected to take up any measurable amount of water at humidities between 5-
95% RH.®” In one particular study on 100 nm mixed NaCl particles, the deliquescence point
shifted to lower RH values, by approximately 4% RH, compared to pure NaCl when surface active
materials (glutaric and pyruvic acid) were a major component.®* Hygroscopic growth of 70-100
nm sodium dodecyl sulfate (SDS)/NaCl particles have been examined, which showed at a weight

percent corresponding to roughly one coverage layer of SDS, deliquescence was shifted to lower

values by only 1% RH.*
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1.4.3 — Hygroscopic Growth of Mixed Systems

The solubility of components in a multi-component mixture is expected to be altered
significantly when solute-solute and solute-solvent interactions are strong.>® Recall vapor
pressure lowering is a colligative property, therefore as the amount of dissolved material
increases in solution equilibrium vapor pressure is decreased. The composition that minimizes
equilibrium vapor pressure, or activity, is known as the eutonic point, or eutonic composition.41
The eutonic composition of two components represents their maximum miscibility, therefore
components which are highly miscible with each other have highly suppressed activities. For
example, the eutonic point of NaCl and NaNO; occurs at an activity of 0.69 and ¥ac = 0.40,%>%2
whereas the eutonic point of NaCl and Na,SO4 occurs at an activity of 0.74 and Ynac = 0.60.*%%2
Therefore NaCl is more miscible with NaNOs in solution than with Na,SO,;. Multi-component
particles which have a eutonic composition display mutual deliquescence at the eutonic
activity.41

The miscibility and activity of SDS and NaCl in adsorbed films, aggregates and bulk

62,63

solutions has been studied experimentally. Researchers find at high total molalities

>2 mol kg™ the surface tension of SDS/NaCl aqueous mixtures is independent of SDS mole
fraction®® and has a constant value between 30-35 mN m™.** NaCl reduces the critical micelle
concentration (CMC) of SDS in solution, thereby enhancing free SDS monomers at the interface
(when SDS concentration is above the CMC) and leading to the nearly constant surface tension
value, even at very small SDS mole fractions.®* Consequently, NaCl and SDS are not miscible

with each other as demonstrated by the measured eutonic activity of 0.75 at ynac = 0.9264 and

the measured mutual deliquescence point of 75% RH for SDS/NaCl particles at (nac = 0.99.%
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1.4.4 - The Zdanoviskii-Stokes-Robinson (ZSR) Model

One approach for modeling hygroscopic growth of mixed organic-inorganic particles is
the ZSR model. In the ZSR model, the hygroscopic growth of a multi-component system is
estimated from the known GF,, values of its pure components and their volume fractions.***®’
The ZSR model assumes that there are no interactions among the different mixture
components; therefore, the hygroscopic growth of the internally mixed particles is an
appropriately weighed sum of the hygroscopic growth factors of its components.® It also
assumes an ideal mixing behavior with spherical particles having a shape factor of unity. For
poorly miscible species, such as NaCl and SDS, an ideal mixing behavior is a good assumption as
NaCl and SDS are expected to segregate in the particle and not interact with each other.

The ZSR model is shown in equation 1.20, where ¢, is the volume fraction of a soluble
inorganic component and &, is the volume fraction of a weakly soluble organic component. In
the limit of a completely insoluble organic inclusion, the ZSR model reduces to equation 1.21

and thus the soluble inorganic component contributes entirely to hygroscopic growth of the

mixed particle.

GF puriicie = €1GFT + £,GF5 (1.20)
GF3 . ~1+g(GF3—1) (1.21)
particle = 1 1 :

1.4.5 - The Role of Organic Materials in Kohler Theory of Mixed Inorganic-Organic Particles
A theoretically rigorous approach for modeling the effect of surfactants on hygroscopic
growth of mixed organic-inorganic particles is a modified version of Kéhler theory, which has

. 13,20,69,70
been examined by several groups.”™ "

When surfactant partitioning to the droplet surface
was considered, results showed slightly soluble organic compounds dissolve at an earlier stage

of droplet growth.”” Consequently, critical supersaturation values for CCN-activity can be

underestimated if surfactant partitioning is neglected.”® Researchers also concluded surfactants
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will  not only affect solubility-activity
relationships, but will also affect the Kelvin
equation terms in Kéhler theory.”

Lowering of surface tension due to the
presence of surfactants will reduce the
magnitude of the Kelvin effect as depicted in
Figure 1.10, which shows the same Kohler
curves plotted in Figure 1.9 for 5 nm, 20 nm,
and large () droplets with two considerations

of surface tension for 5 nm and 20 nm

droplets.

Mobility Growth Factor (GF)

3.0
------ 5 nm, 30 mN/m
— 5nm, o, (a,(w,)) j
------ 20 nm, 30 mN/m
2.5f|—— 20 nm, o (a,(w,) :
2.0t
1.5
1.0t i i i 1 i i ]
30 40 50 60 70 80 90 100
% Relative Humidity (RH)
Figure 1.10: Hygroscopic growth curves
predicted by Kohler theory for large particles ()
compared to 5 nm and 20 nm with

considerations of surface tensions.

Solid lines for 5 nm and 20 nm droplets have a surface tension represented by

empirical formulations of NaCl weight percent o, (w,(a,)) (roughly 82 mN m™" at saturation)

whereas dotted lines have a constant surface tension of 30 mN m™.

As can be seen in Figure

1.10, even without considering surfactant effects on solubility-activity relationships, the surface

tension effect by surfactants on the Kelvin effect increases GF,, for nanoparticles.

Thus,

hygroscopic growth measurements for surfactant/NaCl nanoparticles are desirable to elucidate

how solubility-activity relationships are affected in the nanometer size regime.
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Section 1.5 — Hygroscopic Growth of Inorganic Nanopatrticles
1.5.1 - Previous Measurements and Nano-size Effects on Deliquescence and Hygroscopic
Growth

Only a few experimental and theoretical studies of hygroscopic growth of nanoparticles
are currently available. Hameri et al.>*”"’* were the first to measure GF,, for 8-60 nm NaCl and
(NH,4),S0O4 particles. They found that GF,, increases with increasing particle size, consistent with
predictions of the Kelvin effect, and that the DRH for NaCl particles in this size range is higher
than DRH for larger particles.®” They also observed “non-prompt” (occurring over a range of RH)
deliquescence, a concept first described in a theoretical study of deliquescence of small particles
by Mirabel.”” A modeling study by Russell and Ming’* expanded on Mirabel’s work and showed
that the observed sign and magnitude of the DRH shift in small NaCl particles is consistent with
deliquescence of NaCl nanoparticles pre-coated with a thin layer of water (as opposed to

completely dry particles below DRH assumed by Mirabel et al.”®

.>>7>7% challenged the non-promptness of the

More recent measurements by Biskos et a
deliquescence, and showed that it can be attributed to the experimental artifacts in the
operation of the tandem differential mobility analyzer used for these measurements. Contrary

7374 they could only observe the nano-size effect on DRH

to the previous theoretical predictions,
for NaCl particles but not for (NH4),S0, particles. Gao et al.*® modeled the efflorescence of NaCl
nanoparticles by combining the Koéhler equation with homogeneous nucleation theory, and
correctly predicted the increase in ERH values for smaller particle sizes observed by Biskos et
al.”®

As the particle size approaches molecular dimensions, the macroscopic description of

phase transitions should become less meaningful. However, even for the smallest 6 nm

particles of NaCl and (NH,;),SO, studied in Refs. 55, 71, 72, 75, and 76, the GF,, values observed
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71,72,75,76

above DRH could still be accurately predicted using thermodynamic parameters

55,76
’ The observed

appropriate for bulk samples after accounting for particle shape effects.
particle size dependence of the DRH could also be modeled using standard thermodynamics
approaches (Kéhler Theory) without having to resort to a molecular level description of the
phase transitions.”* It was possible to use a macroscopic description for the theoretical
prediction of phase transitions in even smaller particles (down to 2 nm in size) by allowing for
phenomenological size dependence of the surface tension.”””®
1.5.2 - Gibbs Equilibrium for a Phase Transition Revisited

Although nanoparticles (<20 nm) are generally too small to activate cloud droplets,
their hygroscopic properties are interesting for a number of fundamentally important reasons.

In this size range, there is a non-trivial contribution of the surface energy to the constant

temperature, constant pressure free energy expression of the particle:

G particle = E(Mi,j”i,j + Ui,in,j) (1.22)

LJ

where G, ie» U, 1, 0, and A stand for particle free energy (either wet or dry), chemical
potential, molar amount, surface tension, and particle surface area, respectively, of each
component i in phase j. In other words, the surface tension term in the free energy expression,
which can be safely neglected for particles larger than 100 nm, starts to be comparable in
magnitude to NaCl bulk chemical potential.”>”*

Expanding on Gibbs equilibrium for a phase transition discussed in section 1.2,
deliquescence is reached when the condition outlined in equation 1.23 is satisfied. Here G,,
and G,,, are the free energy expressions (equation 1.22) for each particle phase and when their

free energies are equal, deliquescence will occur.

AGdeliq = Gdry = Gyper =0 (1.23)
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Figure 1.11 is an illustration of the nano-size

— ]
stable phase

""" meta-stable phase

effect on deliquescence from Gibbs condition D S — unstable phase

of phase equilibria. In Figure 1.11, solid lines . ‘\f/o,

.
.

are stable phases, dashed lines are meta-

. i 14 nm ‘~~
stable phases, dotted lines are unstable = O R \
100 nm

phases, the black lines are free energy

Free Energy

expressions for 100 nm NaCl particles, and the Y

blue lines are free energy expressions for

o Relative Humidity

14 nm NaCl particles. Deliquescence occurs at  Figure 1.11: An illustration of the nano-size
effect on deliquescence from Gibbs condition for
75% RH for 100 nm NaCl particles because the  phase equilibria.
free energy expression for the crystalline phase crosses the free energy expression for the
aqueous phase. Above 75% RH, the crystalline phase is unstable and the aqueous phase is
stable. Below 75% RH, the aqueous phase is meta-stable due to kinetic constraint. Non-trivial
contributions (g; ;A;;) to free energy expressions are represented by 6,,,..(d,,) for the crystalline
phase wetted with a thin film (3-4 ML) of water and by J,.,(d,,) for the aqueous phase. These
contributions scale the free energy of deliquescence such that more RH above the dry particle

surface is required to dissolve it, which occurs at 79% RH for 14 nm NaCl particles.”*”*

Section 1.6 — Goals and Motivations

The goal of this research is to explore hygroscopic properties of NaCl nanoparticles
coated with a model surfactant. Previous research in this laboratoryé2 on 9 and 17 nm particles
containing AOT and NaCl showed peculiar hygroscopic growth curves, which could not be
explained. Deliquescence points were shifted to much lower values of humidity (up to 10% RH)

than compared to studies with larger (> 70 nm) surfactant/NaCl nanoparticles. Mobility growth
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factors were greatly suppressed, more so than would be expected when assuming the
nanoparticles’ composition is that of the solution from which they were generated. The ZSR
model could be used to explain post-deliquescence growth of AOT/NaCl nanoparticles, but only
when the composition was assumed to be enhanced in AOT. Further experimentation is needed
to elucidate these peculiar results, which could provide a fundamental look at interactions
pertinent to Earth’s atmosphere that are poorly understood.

The surfactant SDS is chosen as a model single chain amphiphile to mix with NaCl
nanoparticles. Greater detail in hygroscopic growth curves is also desired to explore the nature
of the nanoparticles surface prior to deliquescence. For example, using our employed
techniques described in Chapter 2, ML coverage of water on nanoparticles is quantifiable.
Standard adsorption isotherms will be used to quantify the nature of these adsorbate-adsorbent
interactions. A variety of Kohler theory treatments will also be applied to nanoparticle
hygroscopic growth curves to explain the peculiar growth that Alshawa et al.62 observed. Lastly,
the composition of nanoparticles generated with techniques used is unknown; therefore an
effective impactor for particles smaller than 50 nm is needed to collect nanoparticles on any
substrate for chemical and morphological analysis. The main questions to answer are, (1) can a
variety of theoretical and experimental techniques be employed to explore the effect of
surfactant on hygroscopic growth of NaCl nanoparticles? (2) Are nanoparticles unique in their
hygroscopic properties? (3) Or can their behavior be predicted by simple extrapolation of bulk

properties?
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Chapter 2 — Experimental Approach for Studying Hygroscopic Growth of
Amphiphilic Nanoparticles

Section 2.1 — Nanoparticle Aerodynamics and Physical Properties
2.1.1 - Particle Mobility

Mobility of a particle is defined as a proportionality constant between the particle's
velocity of motion through a medium and the force responsible for this motion. There are many
types of forces and physical parameters, such as particle shape, density, and size, just to name a
few examples, which give rise to the observed mobility of a particle suspended in air.

Particles quickly reach terminal velocity in air due to their small mass." This occurs when
the force of drag (F),) on the particle equals the force of gravity whereby particles achieve a
constant velocity, called settling velocity vy."

_ ppdzg
18n (2.1)

VTS

Equation 2.1 is the definition of settling velocity, where d is the particle diameter, 1 is the
viscosity of air, p, is the particle density, and g is acceleration due to gravity. Stoke’s law,
derived from the Navier-Stoke’s equations, gives the force due to drag for sufficiently small
spherical objects such as atmospheric particles.! The density of the surrounding fluid, in this
case gas (p,), should be considered with settling velocity only when its magnitude is comparable
to the density of the particle." Ergo, for most atmospheric particles this can be neglected as
0,/ p, =800 for a water droplet suspended in air." Equation 2.1 is accurate for predicting
particle settling velocity for > 1 um.* The mobility coefficient is by definition the ratio of the
applied force to the settling velocity (equation 2.2). The type of force applied gives rise to
different types of mobility, such as electrical mobility (*Z[,) when an electric field is applied (Fj)

or mechanical mobility (B) for particles settling in air.*
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In Stoke’s law it is assumed the relative velocity of the gas is zero at the particle’s
surface. When a particle’s size approaches that of the mean free path of air (4), 66 nm at
298 K," this condition is no longer met." Small particles (<< A) essentially “slip” through air as
their settling velocities are much larger than those predicted by equation 2.1." In 1910,
Cunningham? derived a correction factor, called the Cunningham slip correction factor C.(Kn),

to correct the drag on a particle predicted by Stoke’s law (equation 2.3).

_ 3]7777VT5d 73
. (Kn) -
C. (Kn) =1+ Kn[a + ﬂexp(_—y)l (2.4)
Kn
Kn=2t (2.5)
d

The empirical parameters in equation 2.4 a, 3, and y are 1.142, 0.558, and 0.999, and are
suitable for aqueous droplets.> The Cunningham slip correction factor is a function of Knudsen
number, Kn, which is a ratio of the mean free path of air to the particle diameter (equation 2.5).
This factor is a numerical metric of whether a particle is in the free molecular flow regime
(v, Kn > 10), transition regime (¢, 10 > Kn > 0.1), or continuum flow regime (¢, Kn < 0.1).*

Particle shape can also have an influence on particle mobility, as a principal underlying
assumption in Stoke’s law is that the particles are spherical. While assuming particles are
spherical for liquid droplets is accurate,’ the same is not true for solid particles as they may have

a fairly ordered crystalline structure, such as NaCl, which is typically cubic in shape.
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One can still “rescue” the equations derived for spherical particles by introduction of an
appropriate shape correction. Particle shape factor () is used to account for irregularly shaped
particles and its influence on mobility. Shape factor is defined as the ratio of the force of drag
on the irregular particle to that of the force of drag on a spherical particle of the same volume
(equation 2.6). In equation 2.7, d, is the envelope equivalent diameter (often referred to as
volume equivalent diameter) and is the diameter of a sphere which as the same aerodynamic
properties and density as the irregularly shaped particle.* Shape factor X is always greater than
1 for irregular particles and is 1 for spherical particles." The reader is encouraged to review
Figure 1 of DeCarlo et al.” and Table 3.2 of Aerosol Technology" for a list of various shape factors.

Consequently, settling velocity is also affected by shape as can be seen in equation 2.8."

x=— (2.6)

x=—L— (2.7)

vpg =242 (2.8)

The mobility diameter (d,,) of a particle is the diameter derived from electrical mobility
using Stoke’s Law. Figure 2.1 demonstrates how mobility diameter is typically measured,
whereby a particle only with the proper diameter to charge (typically +1 charge state)" ratio will
exit the electric field provided by a high voltage (HV) source in the mobility analyzer column. An
irregular particle will have a smaller settling velocity in the electric field than a spherical particle
of the same mass and charge state.”* Consequently, the envelop equivalent diameter is always

smaller than the mobility diameter for irregular particles.™*
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Figure 2.1: Demonstration of an electrical mobility measurement
of particle diameter. Key: HV = high voltage

Equation 2.9 demonstrates the relationship between mobility diameter and envelop
equivalent diameter, which is related to shape factor. Shape factor is 1.08 for sufficiently large
cubic particles;" however, can be different when particles are sufficiently small (d < 100 nm).
Furthermore, the Cunningham slip correction factor must also be considered for small particles.

Equation 2.10 shows how to calculate the envelope equivalent diameter for d < 100 nm.

d, x=d, (2.9)
de “Xe,t,v _ dm (2.10)

C.(d,) C.(dy)
Because the Cunningham slip correction factor depends on diameter, solving equation 2.10 can
be difficult with only knowledge of the mobility diameter and expected shape factor in the
appropriate flow regime (for example, free molecular v). This relationship has been calculated
iteratively in a previous publication of ours® and those results are presented in TABLE 2.1.

TABLE 2.1: Envelope Equivalent Diameter Calculations

d,, (nm) Kn x (Kn) d,(nm)
9.0 14.7 1.25° 8.1
10.8 12.2 1.25 9.7
10.9 12.1 1.25 9.8
14.0 9.43 1.23° 12.5
14.1 9.36 1.23 12.7
17.0 7.76 1.23 15.2

“ Calculated from Dahneke et al.”®
b Calculated by methods of DeCarlo et al.!
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2.1.2 - Particle Size Statistics
Often a population of particles is not monodisperse in size; rather, it is polydisperse. In
other words, there is a distribution of diameters characterized by a mean size and some

measure of width." Because of the large dependence of particle mobility on diameter, it is

important to characterize particle diameters

— GSD = 1.65
weee GSD =142
— GSD =125

with statistical treatments. Furthermore,

particle measurements are often made that

are only sensitive to a range, albeit narrow, of

Population (arbitraty units)

diameters, which are binned into size batches.

2 4 6 8 10 12 14
diameter (um)

The reader is encouraged to read sections 4.1-
Figure 2.2: The lognormal distribution of

43 of Aerosol Techno/ogyl for a detailed identical particle populations with varying GSD.

review of statistical distributions.

The lognormal distribution is a commonly used distribution for empirically fitting
measured particle size bins, or distributions. The normal distribution is not used for particle size
statistics because most aerosol have populations that have an asymmetrical distribution skewed
toward larger sizes." The lognormal distribution df and geometric standard deviation (GSD) Ino,

are shown in equations 2.11 and 2.12, respectively below. In equation 2.12, Jp is the

geometric mean diameter.' Figure 2.2 shows a lognormal distribution for three particle

populations with identical diameters, identical populations, and different GSD.

| (ind), - 1n3p)2

dind , (2.11)

1
3 (Ind; - Ind,,)* &
Ino, = Y (2.12)
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Section 2.2 — Electrospray as a Source of Nanoparticles
2.2.1 - Electrospray Overview

Even though electrospray ionization is generally used to produce gas phase ions for
mass spectrometric analysis,” it also has other applications. Electrospray ionization-atomization
has been shown to generate aerosol particles from highly conductive, concentrated (c >g L")

5,10-18

solutions in the nanometer-size range. The size of the particle generated is a strong

® Rulisen et al.’® were the first to use electrospray,

function of electrospray conditions.””
operating in the jet-cone mode, as a means of atomizing solutions of sodium iodide in n-proply
alcohol to make particles with mobility-equivalent diameters between 20 and 100 nm.™
Researchers found as the concentration of the solutions were increased, the mobility-equivalent
diameter decreased.™

In electrospray ionization, a conductive solution is forced through a thin capillary
(typically 100-250 um 1.D.) at a certain volumetric flow rate v, (typically ~1 ulL min~!) with an

applied high voltage (HV) potential V,,,, (typically 3 kV, positive or negative).” At a specific flow

pply

rate, applied potential, solution conductivity

. . 19
and surface tension a Taylor jet-cone forms,

seen in Figure 2.3. In the Taylor jet-cone,
Figure 2.3: A Taylor jet-cone illustration of 6=49.3°, the current on the capillary is

electrospray atomization.
typically 107 to 10° A, the diameter (D,) of

the droplet is 1-10 um, and the charge on initial, or primary, droplets is 10" to 107V ¢.®
Solution surface tension can also make a difference in electrospray atomization of liquids.”® For
example, if the solution is neat water, which has a high surface tension, the applied potential
required to overcome the surface tnesion will exceed the break down potential of air and

resultantly will arc across the syringe before a Taylor jet-cone forms.” Various alcohols, though
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mostly methanol, are typically used as an electrospray solvent because they have relatively low
surface tensions and most analytes, or solutes, are quite soluble in alcohol.”® They can be
sprayed directly in air without electric breakdown.

Figure 2.4 shows an overview of the entire electrospray process. After the formation of
the Taylor jet-cone and primary drop formation (1), shrinkage of droplets by solvent evaporation
and disintegration occurs (2). This is known as Rayleigh evaporation, whereby the Coulombic
repulsion of surface charges is enough to overcome the surface tension of the liquid. Highly
charged droplets consequently disintegrate due to electrostatic repulsion into smaller secondary

droplets once they pass the Rayleigh limit charge state gx,.

1.production of charges 3.production of

at capillary tip gas phase ions

€]

€]

® o ®@ @

& ® © o o ©
&) ® o © ®
® ’ ® ® ’ Z ®
. ® . ® @@ s

2. shrinkage of droplets o

by solvent evaporation

and disintegration ‘

Figure 2.4: An overview of the electrospray ionization-atomization process.
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Figure 2.5 is adapted from

T TTh | T ;II I ;I/L/'H
10° | /// ///é\\\\\‘)‘/‘ Aerosol Technology® and shows the
Ve
- & e \7~~‘\y\/
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2 \\}cy 7«) e number of charges on a droplet vs.
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S e rd droplet diameter for a positive ion
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s g S 1 being ejected from the droplet, an
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Z — cquilibrium_ - == electron ejected from the droplet and
10 | average B
. AT T Ll the Rayleigh limit. The Rayleigh limit
0.01 0.1 1.0 10
Particle diameter (um)

is much less than the positive ion or
Figure 2.5: Number of charges on a droplet vs. size. electron limit for a given particle
diameter in the micron regime. For
example, a 2 um droplet would have roughly 10° charges stabilized on the surface (such as in a
Gaussian object) as predicted by the Rayleigh limit."> As the droplet flies down the trajectory
shown in Figure 2.4, solvent evaporates and consequently the droplet charge state increases.
When it increases past the Rayleigh limit several smaller secondary droplets are ejected from
the primary droplet, which are under the Rayleigh limit. Subsequently, as they fly down field
lines and evaporate they too will reach the Rayleigh limit and generate even smaller droplets.
This process will continue until either a single gas phase ion (3) is produced or a dry, solid,
nanoparticle if the solution concentration is large enough.”
2.2.2 — Neutralization and the Average Boltzmann Distribution of Charge States
In electrospray ionization-atomization production of nanoparticles a grounded
radioactive neutralizer is typically used as a means to enhance the throughput efficiency of
nanoparticle production.’® Beta-sources of radiation are typically used, which produce a weak

plasma containing positrons and electrons." This allows for rapid neutralization of highly

charged droplets (of either a positive or negative charge state) from collisional neutralization of
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the surrounding charged carrier gas.*’® The resulting particle population is typically
monodisperse in diameter and is believed to have an average Boltzmann distribution of charge
states. Figure 2.6 shows an average Boltzmann distribution of charge states for 10, 20, 50 and

100 nm particles. As can be seen in the figure,

the majority of the particles for any size are

predicted to be neutral; however, as the size

of the particle decreases the charge state

Population (f{n))

becomes more monodisperse. Larger

diameter particle populations are therefore . 5 , 0 ! 5
3 R .

(]

. . . Fundamental Charge (n
predicted to have a higher concentration of ge (n)

Figure 2.6: Average Boltzmann distribution of
multiply charged particles, which has been charge states for 10, 20, 50 and 100 nm particles.

confirmed by measurements.’ In the size range of interest to this work (< 20 nm) all particles

are either neutral or singly charged.

Section 2.3 — Hygroscopicity Experimental Schematic
2.3.1 - Electrospray Source of NaCl and SDS/NaCl Nanoparticles

Figure 2.7 shows the experimental schematic for the in-house designed electrospray
nanoparticle generator (ENG). Variable amounts of NaCl (Sigma-Aldrich, 99.999%) and SDS
(Fluka, =2 99.0%) were dissolved in deionized HPLC grade water (OmniSolv, < 8 uQ-cm) to achieve
a combined concentration of ~2 g L™". A small amount (< 5%) of methanol (Sigma-Aldrich, HPLC
grade, > 99.9%) was added to each solution in order to enhance the electrospray jet-cone
stability. The solutions were pushed through a 5 cm long, 100 um I.D. quartz capillary with a
syringe pump (780100 KD Scientific) at a typical flow rate of 30-100 uL hr™'. High voltage (2-
4 kV) (positive) was applied directly to the stainless steel union connecting the capillary to the
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Electrospray Nanoparticle Generator

MFC & dry air

nd |

2-4 kV HV 85Kr neutralizer

[ [— ) ]
CCD camera

Syringe pump
30— 100 puL/hr controlled diffusion
heat drier

Figure 2.7: Experimental schematic of the electrospray nanoparticle generator. Key:
HV = high voltage and MFC = mass flow controller.

syringe(Hamilton GT, 500 ul). The capillary entered a small (~5 cm®) chamber equipped with
transparent windows for easy viewing of the electrospray jet with a microscope objective and
CCD camera. The end of the capillary was positioned (electrospray distance, /) 3-6 mm away
from the electrically grounded 6 mm O.D. entrance tube of a bipolar neutralizer (**Kr, 10 mCi,
TSI Model 3054). A mass flow controller (MFC) sent a ~600 SCCM (standard cubic centimeter
per minute) flow of dry, filtered air into the chamber to help with carrying the aerosol into the
neutralizer. Roughly 50% of this flow was vented to keep the system at atmospheric pressure.
In some experiments, the nanoparticle flow was sent into a controlled heater followed by
diffusion drier. Particle mobility diameter as a function of applied temperature was monitored
and this analysis revealed diameters did not change between 25-300°C, indicating the particles
were void of solvent after neutralization.” Figure 2.8 at the end of this section shows a
photograph of the electrospray nanoparticle source and in an inset is a photograph of the Taylor
jet-cone taken from the CCD camera.

TABLE 2.2 shows the electrospray conditions for nanoparticle production that resulted
from the various solutions of SDS and NaCl. These conditions represent optimized electrospray

protocols for sustaining the cone-jet mode over long periods of time (~6 hours). The employed
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electrospray protocols presented in TABLE 2.2 also generated reproducible particle size
characteristics. The GSD was always ~1.3 and the geometric mean mobility diameter was
always between 15-25 nm depending on the solution that was electrosprayed. In the higher SDS
containing solutions, the geometric mean mobility diameter was always larger than the lower
SDS containing solutions. Varying the electrospray distance [, had a dramatic effect on the
particle size characteristics. When [, was decreased (i.e. when the capillary was pushed closer to
the neutralizer) the GSD of the particle distribution typically increased and the geometric mean
mobility diameter changed. In some cases it increased, in other cases it decreased. Though as
long as the conditions presented in TABLE 2.2 were employed, those particle size characteristics
resulted. Ergo, during hygroscopicity experiments it was very necessary to reproduce the
particle size characteristics and electrospray protocols and maintain them throughout the
course of experimentation.

TABLE 2.2: Electrospray Conditions and Particle Size Characteristics of Various SDS/NaCl solutions

Wt % . total squtl.on applle.d flow rate I d. partlcle. .
SDS’ ANacl concentration potential (uL/hr) (mm)*  (nm)’ concentration GSD
(g/L) (kV) (x10° cm)
0.0 1.00 1.52 34 109 4.0 15.2 0.67 1.29
5.0 0.99 1.98 3.2 83 4.0 15.2 0.57 1.27
11 0.98 2.05 3.1 81 5.0 15.5 0.67 1.26
23 0.94 1.93 3.2 81 4.0 17.9 1.04 1.36
50 0.83 2.03 3.1 81 6.0 24.5 1.43 1.33

dry weight percent of SDS in solution

dry mol fraction of NaCl in solution

electrospray distance from capillary tip to neutralizer entrance

geometric mean mobility diameter of electrosprayed nanoparticles prior to size selection
geometric standard deviation (GSD)
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Figure 2.8: The electrospray nanoparticle generator. In an inset is a CCD image of the Taylor jet-cone,
which is a distance [, from the grounded neutralizer entrance.

In the photograph in Figure 2.8, the stainless steel union that connects the syringe to
the capillary and provides electrical contact for electrospraying is covered in red electrical tape
for safety. The electrospray house, which contains the Taylor jet-cone presented in the inset
and taken from the CCD camera, can be seen with a blue Teflon™ union connecting it to the BKr
bipolar neutralizer. The stainless steel union and capillary rests on a linear translator, which
provides the movement for varying the electrospray distance /.

2.3.2 - Size Selection and the Tandem Nano-Differential Mobility Analyzer Technique

The electrospray nanoparticle generator produced fairly monodisperse (GSD ~1.3)
nanoparticle populations; however, size selection using tandem nano-differential mobility
analyzer (DMA) techniques has been shown to make even more monodisperse populations of

particles (GSD ~1.05).*"%%* Before demonstrating the tandem nano-DMA technique, the TSI
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Model 3085 DMA will be reviewed briefly, which is the prototype of mobility analyzers used in

this work.

entering polydisperse aerosol air flow
(g, = 300 - 400 SCCM)

J /
sheath air flow
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Figure 2.9: The TSI 3085 nano-Differential Mobility Analyzer. The figure is adapted from the TSI 3080
operations manual. Key: SCCM = standard cubic centimeter per minute, L = length, r, = inner radius,
r, = outer radius

Figure 2.9 is a schematic of the TSI 3085 nano-DMA.?* A flow of polydisperse particles Qo
from a source, in this case the ENG, is sent though the top of the DMA at 300-400 SCCM. An
applied voltage V,,, (10-10,000 VDC) provides a steady electric field, which particles drift
through, as depicted in the illustration (Figure 2.1) presented earlier in section 2.1.1. Only
particles with the proper diameter-charge ratio (as predicted from the average Boltzmann
charge distribution) for 5-300 nm particles will exit the DMA at a certain V,,,, at the aerosol flow
rate g,, which is set to match g, described below. The sheath airflow rate g, is set to 3.00 SLPM
(standard liters per minute) and functions as a carrier gas for exiting particles as well as a means

to prevent particle build-up on the inner pole. L is the length of the mobility region (10.5 cm),
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r;is the inner radius of the mobility region (4.5 cm) and r, is the outer radius of the mobility
region (7.9 cm).

Electrical mobility (*Z[,) is calculated by equation 2.17, which is inversely proportional to
the applied voltage. From Stoke’s law, electrical mobility diameter is seen in equation 2.18 and
is inversely proportional to electrical mobility. Therefore, as the applied voltage increases the
size of the particle which exits the DMA increases. There is also an experimental bandwidth
associated with measuring particle mobility, and is shown in equation 2.19 as the ratio of the

. 21
aerosol flow rate to sheath airflow rate.

'z, __4sh |2 (2.17)
ZJ'EVapplL n
C
dy = (2.18)
3nn Z,
k q *
AZ, =4 z, (2.19)
qsh

There are two modes that a DMA can operate in. When the applied voltage is increased
rapidly per increment time (typically a few V sec™'), which can be done with the electrostatic
classifier (TSI Model 3080) or even an in-house computer program and hardware, this is called
the scanning mode. This is the most utilized mode of operation and when a DMA is connected
to a particle detector (discussed below) a size distribution for a polydisperse population of
particles can be measured over the course of a few hundred seconds or less. Longer scan times
give higher precision in measuring a polydisperse population of particles. When the applied
voltage is fixed, this is called the selection mode. A narrow distribution of geometric mean
mobility diameters of any choosing can be selected from a polydisperse population of particles
in the selection mode by empirically adjusting the applied voltage. Note, 2 DMAs must be used

in this mode: i.e. DMA 1 for selecting, which is upstream from DMA 2 (connected to a detector)
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for quantifying the selected monodisperse particle population. This selection mode of
operation, when combined with a second DMA for detection, is called the tandem nano-DMA
technique.
Figure 2.10 shows two measured mobility

histograms of nanoparticles from the ENG, which have | (a)

been fitted with lognormal curves. Panel (a) is the
nanoparticle distribution directly after the bipolar
neutralizer. Panel (b) is the nanoparticle distribution

directly after DMA 1, where a size selection was

Particle Concentration

5 10 :15 20 25 30
made. To generate this figure, DMA 2 (scanning :
|
mode) was used to measure the particle distribution !
(b)
from the ENG. After obtaining this histogram, DMA 1 1
|
|
(selecting mode) is connected directly downstream |
|
|
from the ENG, followed by DMA 2, which is connected |
1 ll T T T
to the detector. As can be seen in panel (b), when a 5 10 15 20 25 30

Mobility Diameter (nm)
size selection is made a narrow distribution

Figure 2.10: (a) Initial nanoparticle
(GSD = 1.05) of particles can be selected. In this case, gistribution of ENG, (b) nanoparticle

distribution after size selection.
the measured mobility diameter in panel (b) is
identical to the mobility diameter selected from DMA 1 because nothing has happened to the

particles. If particles were exposed to water vapor after being size selected for example, DMA 2

would quantify this growth after measurement of the initial dry mobility diameter.
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ENG size DMA 1 dm (RH - 0) dm (RH S 0) DMA 2

distribution

selection scanning

Figure 2.11: The tandem nano-differential mobility analyzer technique. Key: CPC = condensation
particle counter, DMA = differential mobility analyzer, ENG = electrospray nanoparticle generator.

Figure 2.11 is an illustration of the tandem nano-DMA technique. The detector shown
in this illustration is a condensation particle counter (CPC), which is a commonly used particle
detector. In measurements made in this laboratory the TSI 3025A ultrafine CPC is used and is
capable of detecting particles as small as 2.5 nm. The operation of this device will not be
discussed, although the reader is encouraged to visit the TSI Inc. website at www.tsi.com for a
review of the condensation particle counter technique.?**!

2.3.3 - Generating and Measuring Relative Humidity

Before discussing the details of the hygroscopicity experiment, as depicted in Figure
2.11, it is necessary to outline how RH is generated and measured. Size selected particles are
brought to a desired RH by using a Nafion humidifier (Perma Pure, MD-110-48E-F) which
consists of a 2 mm wide, 120 cm long Nafion tube carrying the aerosol flow placed inside a 6
mm plastic tube carrying humidified air in the opposite direction. The Nafion humidifier is a
permeable membrane that allows for stable mixing of RH. A rapid and stable adjustment of a
desired RH inside the Nafion humidifier is achieved by mixing highly humidified air (RH > 95%)

and dry air in different proportions from two independently operated MFCs. Figure 2.12 is a

schematic of the aerosol humidity-conditioning region.
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~95% RH air —p» —

rrr—a—— a— aerosol

Figure 2.12: The aerosol humidity conditioning region. Key: MFC=mass flow controller,
RHP = relative humidity probe.

Humidified air is sent in the opposite direction of the aerosol flow to ensure the
maximum RH aerosol experience is just before exiting the humidified region, which is where a
relative humidity probe (RHP) is located. A mixing region (not shown) is located just before the
RHP, which consisted of a coiled 6 mm Teflon™ tube approximately one meter in length. The
Nafion humidifier will burst with flows in excess of 3.0 SLPM; therefore flows were mixed so as
not to exceed this value. A constant flow of dry air, roughly 0.50 SLPM, was used and the flow

of highly humidified air was increased intermittently to achieve a desired RH.

Nafion

<«— ~95% RH air —
=l |
T‘ liquid water
) (298 K)

MFC | «— dry air

il

Figure 2.13: The humid air generation region. Key: MFC = mass flow controller

Highly humidified air (~95% RH) was generated in a similar manner (Figure 2.13);
however liquid water (295 K) from a temperature-controlled circulator flowed over a coiled
2 mm wide, 240 cm long Nafion humidifier (Perma Pure, MD-110-96E-F) incased in a 6 mm hard
plastic tube. Dry, filtered air flowed through the Nafion humidifier line whereas liquid water

flowed over the Nafion humidifier line in the opposite direction. The air exiting the Nafion
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humidifier is expected to be ~95% RH and is then sent to mix with dry air to provide humidities
between 5-95% RH depending on the programmed flow rates.

RH was monitored by Vaisala

100F ' o ' ’ ]
y =0.5783x"+17.489x+0.2376

R® = 0.99965

80 HMP237  probes, which were

60 J periodically calibrated against RH

40 R above standard saturated salt

Expected % RH

20 solutions. For calibrations, solutions

1

0 1 2 3 4 5
Measured DC Voltage (V)

1 1 1

were prepared in a 280 cm® Vaisala

HMK15 humidity calibrator chamber

Figure 2.14: Sample calibration curve of Vaisala HMP237

e and allowed to equilibrate for 24
humidity probes.

hours before measurement with
Vaisala HMP237 humidity probes. The chamber consisted of ports matching the O.D. of the RHP
with an o-ring seal to isolate the chamber from the outside environment. Figure 2.14 shows a
sample calibration curve using salts MgS0, (33% RH), NaCl (75% RH), KCI (85% RH), and
K;S0,4 (97.5% RH) at 295K. The zero point is measured from the dry air source shown in Figure
2.12, which was flowed over the RHP for 24 hours in an o-ring sealed, isolated environment.
The best achievable accuracy and precision of the probes were +1.0% RH and +0.1% RH,
respectively, in the 0-90% RH range and + 2.0% RH and = 0.1% RH, respectively, in the 90-
98% RH range.

A 2™ order polynomial fit is used for the calibration of Vaisala HMP237 humidity probes
because their response was observed to become non-linear in the high humidity range. A
LabView™ program is used to monitor the analog signal from Vaisala HMP237 humidity probes
during experimentation, which was constantly updated with the most recent calibration curve

shown in Figure 2.14. The first derivative with respect to time of RH signal for all probes is also
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monitored during experimentation. When these values are constant and close to zero
(~10" RH s™), over a ~20 min interval, the system is regarded as well mixed. In Appendix | a
LabView™ block diagram and screen shot of the Vaisala HMIP237 humidity probe program is
shown.

2.3.4 — Hygroscopicity Experimental Schematic

Figure 2.15 shows a schematic of the entire hygroscopicity experiment. A 0.30-0.40
SLM flow coming from the electrospray source was directed into the first differential mobility
analyzer (DMA1, TSI 3085). The applied DC voltage in DMA1 was fixed to allow a narrower
distribution (GSD ~1.05) of particle mobility diameters to pass through (at the expense of losing
~99% of the uncharged particles). The DMAL1 sheath flow (3.0-4.0 SLM) was operated with a
closed loop configuration in which the excess air was filtered twice, dried with a Nafion dryer
(PermaPure, MD-110), and re-circulated. The resulting RH of the sheath flow was approximately
1-3% and a vent maintained the flow of the exiting monodisperse particles.

Size selected particles were brought to a desired RH as described above in the
conditioning region. Humidified particles were sized in the second nano-DMA (DMA2, TSI 3085)
operated in a scanning mode, and counted by a condensation particle counter (CPC, TSI 3025A).
The estimated residence time of particles in the humidified flow (Nafion tube + RH probe +
DMAZ2) was ~7 seconds. The sheath air of DMA2 (3.0-4.0 SLM) had a closed loop configuration
with an independent control of RH, which was adjusted by mixing humid (RH > 95%) and dry air
in different proportions. The excess air was filtered twice and heat exchanged to match the

sheath air temperature, which was typically 22 °C.
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As a matter of experimental convenience to range the humidity exposure time, the
DMA?2 sheath flow was maintained at a level that was slightly higher than that of the aerosol
flow, typically by 0-3% RH. When the difference between the DMA2 sheath flow and the
aerosol flow RH was larger than zero, the final particle growth took place inside the DMA2
sheath air region. All growth factors measured in this work are presented as a function of the
sheath flow RH encountered by the particles in DMA2. This had the effect of exposing particles
to ~1 second of RH. When the RH of the DMA2 sheath air was matched to the RH of the
conditioning region, RH exposure time was ~ 7 seconds. In some experiments, a longer and
wider tube was placed between the conditioning region and DMA2, which made the humidity
exposure time ~70 seconds.

In most measurements, the RH of the aerosol and DMA2 flows were slowly increased in
parallel. The electrospray source was operated continuously, and the final particle size
distributions were measured several times after the RH values stabilized at a desired level as
determined from the LabView'" program. It took approximately two to three days to record
each growth curve over a 5-95% RH range. After a 12-hour period it was usually necessary to
stop the electrospray source and clean the neutralizer from solid SDS/NaCl deposits forming at
its entrance tube. In order to achieve reproducibility in the measured GF,, it was critical to
keep both DMAs and all aerosol tubing free of contamination by volatile organics, especially for

measurements on pure NaCl particles.
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Section 2.4 — Equilibrium Vapor Pressure over Bulk Mixtures
2.4.1 — Measurements above Bulk Mixtures

Equilibrium vapor pressures over bulk solutions containing NaCl and SDS were measured
to compare to nanoparticle experiments. Equilibrium vapor pressures over bulk solutions
containing NaCl and Na,SO, were also conducted and have previously been reported.®
Solutions were prepared in the same 280 cm?® Vaisala HMK15 humidity calibrator chamber as
described previously and allowed to equilibrate for 24 hours before measurement with Vaisala
HMP237 humidity probes. RH probes were calibrated as previously described for nanoparticles
experiments.

In these bulk mixture studies, 3.00 grams of total material (NaCl and SDS or NaCl and
Na,SO,4) mixed in varying proportions and ground to a fine powder were immersed in 5.00 mL of
HPLC grade water (OmniSolv, < 8 uf2-cm) followed by sonication. After equilibration for 24
hours, RH probes were placed in the o-ring sealed chamber ports and humidities were reported
after 1 hour probe exposure when the humidity was less than 90 % RH and after 12 hours when
the humidity was greater than 90 % RH.

Undergraduate research assistant Mark Peterson, who is now a graduate student at
Northwestern University, conducted these experiments. The author is very grateful for Mark’s

contribution to the project.
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Section 2.5 — Jet Impaction of Nanoparticles for Morphological and Chemical
Characterization

2.5.1 — Inertial Impaction of Nanoparticles
Nanoparticle diffusion

impactor nozzle

coefficients for < 20 nm are relatively

high; collecting them on a substrate
trajectory of

particles too small

for morphological and chemical to impact

......

characterization is thus difficult.

trajectory of\/

. . . L impaction plate
Inertial, or mechanical, impaction is by impacting particles

far the most utilized and reviewed Figure 2.16: lllustration of an inertial particle impactor.

method of impaction for aerosol particles in general, although electrostatic precipitation of
charged particles on a substrate is also common." When a gas-particle beam is impinged normal
to a surface a division of particle sizes occurs based on inertia and only those with some critical
diameter will continue its straight line motion and impact on the surface.*®

Figure 2.16 shows an illustration of an inertial impactor with two particle trajectories.
The smaller particle does not impact on the plate because it is more mobile and thus has a
smaller settling velocity toward the plate.! If the plate is moved closer than both the smaller
and larger particle will impact. When studying monodisperse populations of particles, this is not
an issue. However, often particles are not monodisperse and size segregation in impaction for
chemical and morphological analysis can be desirable. Cascade impactors are often used for
size segregation, which are very similar to the impactor illustrated in Figure 2.16. In a cascade
impactor, several stages with different plate to nozzle distances are used to collect a plethora of
particle sizes. Typically the smallest particle collection stage, i.e. the smallest plate to nozzle
distance, is at the bottom of the impactor and larger particle collection stages increase

monotonically up the length of the cascade impactor.
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Impactor efficiency is a sharp function of diameter, which have an abrupt “cutoff”
region corresponding to a critical diameter for impaction.! Impactor stages are usually
quantified by their cutoff size, or cutoff diameter ds, which is a diameter that corresponds to
50% collection efficiency.

Most commercial impactors have cutoff diameters in the micron to hundreds of
nanometer range,’ although this threshold is being pushed into the tens of nanometer range.
Applied Physics Inc. has recently introduced the Nano-MOUDI (multi orifice uniform deposition
impactor) cascade impactor; Model 125 B has a minimum cutoff diameter of 10 nm.** TSI Inc.
also offers a nano-electrostatic precipitator, Nanometer Aerosol Sampler Model 3089, capable
of impacting charged (Boltzmann distribution of charge states) particles between 2-100 nm on
any substrate.®> Commercial devices are reliable, although generally expensive; for example,
the two previously mentioned devices cost in the $20,000 range. Thus, it was desirable to
construct an in-house device capable of impacting 10-20 nm particles on any substrate for
chemical and morphological analysis of SDS/NaCl nanoparticles.

Due to the highly mobile nature of nanoparticles, inertial impactors operating in the

33,36-38
’ Under normal

supersonic and hypersonic flow regimes have proven to be quite effective.
impaction conditions, nanoparticles will follow gas streamlines and miss the impaction plate
altogether.®® In a supersonic or hypersonic impactor, a gas-particle beam is expanded through a
pinhole (typically microns in diameter) into an evacuated region (typically a few torr). The
expanding jet accelerates supersonically (or hypersonically depending on the pressure drop
across the pinhole) into a region of considerably lower pressure where a plate for impaction is
located downstream.®®* Consequently, the mean free path of gas increases considerably near

the plate and the force of drag acting on the nanoparticle decreases, which allows nanoparticles

to be trapped on the impactor plate.® The expanding jet interacting with the plate downstream
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leads to the formation of a bow shock.®® Due to the complicated nature of supersonic flow

fields, stagnation pressure, backpressure and the formation of a bow shock, theoretical

. i 38
treatments of supersonic and hypersonic impactors are rare.

2.5.2 — Nanoparticle Jet Impactor Experimental Schematic
Figure 2.17 shows a detailed schematic of

the in-house designed nanoparticle jet impactor,

gas-particle beam

| .- nozzle diameter d,
"

which is based on the design of De La Mora et al.**
into an

is expanded

\Ll\/ ....... bow shock
P - characterization substrate .
"""" The gas-particle beam
substrate holder
evacuated region (P; ~25 torr) through a (d, =200

——

Figure 2.17: Nanoparticle jet impactor. P, is
ambient pressure while P, is ~25 torr.
located 5 mm downstream. The particle beam is

um) pinhole where a substrate for impaction is

directed into the jet impactor at 400 SCCM and a fraction of this flow is vented before
encountering the pinhole. The jet impactor pump rate is determined by the pinhole size, which
was measured to be 330 SCCM. The characterization substrate is attached to the substrate
holder via carbon tape and can easily be removed from the translator stage for analysis of
impacted nanoparticle material. Figure 2.18 shows an operational schematic of the ENG with
the nanoparticle jet impactor. Figure 2.19 is a photograph of the nanoparticle jet impactor.

to pump and baratron

. » vent
MFC =~ <—dry t
I air 1
==
2-4 HV 85K ali O op, T
oy | °Kr neutralizer 0 Linear translator
—e=g— el E orerdva F'T‘l( ................... —
e f——"
ringe pum /
YHnge pump CCD impaction plate
camera
pinhole (200 um)

30 - 100 pL/

hr
Figure 2.18: Operational schematic of the electrospray nanoparticle source and
nanoparticle het impactor. Key: MFC = mass flow controller, HV = high voltage,

P, = ambient pressure, P, = ~25 torr.
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Figure 2.19: A photograph of the nanoparticle jet impactor.

Section 2.6 — Analytical Tools and Methodologies for Morphological and Chemical
Characterization of SDS/NaCl Nanoparticles

2.6.1 — X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis (VG Scientific LTD) was carried out on
the full particle distribution (see Table 2.2) emerging directly from the electrospray particle
source as depicted in Figure 2.18 for each composition to maximize XPS signal. Nanoparticles
were impacted on highly ordered pyrolytic graphite (HOPG) for roughly 6 hours, after which
time a ring approximately 0.5 mm in diameter was visible on the substrate surface. Figure 2.20
shows a photograph of a ring of impacted nanoparticle material on a HOPG substrate in the load
lock compartment of the XPS chamber.

In XPS, a sample is irradiated with high-energy x-ray photons, which are energetic
enough to expel core level electrons from chemical moieties in a molecule. Core level electrons

are chemically sensitive to environment, thus a metallic sulfur atom will look much different
57



Figure 2.20: A ring of impacted nanoparticle material on a graphite
substrate in the load lock compartment of the XPS chamber.

than an oxidized sulfur atom in XPS. After a sample absorbs an x-ray, a core level electron
(sometimes called a photoelectron) is expelled into a vacuum (typically nano-torr) with a certain
amount of kinetic energy. The energy of the x-ray photon (E},) is equal to the binding energy of
the core electron plus the kinetic energy that it leaves the sample with. Equation 2.20
demonstrates this, where V,,.,... is potential energy of the core electron (or binding energy) and

T,....... 1S kinetic energy of the photoelectron.

Epy =Velectron + Tetectron (2.20)

The XPS experiments were carried out under ultra-high vacuum conditions (1-4 nano-
torr) and incident photons were generated from an Al source operating at 14 kV and 34 mA.
The HOPG substrate was attached to an XPS stub via carbon tape and translated such that the
nanoparticle ring was centered directly under the optimized position of the energy analyzer. An
energy analyzer pass energy of 20 eV was used for all experiments. This essentially forces

electrons into a tighter path in the hemispherical energy analyzer region, which reduces
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resolution but enhances sensitivity.  Sulfur S(2p) photoelectrons and chlorine Cl(2p)
photoelectrons were analyzed as proxies for SDS and NaCl respectively.

XPS is a surface sensitive technique. X-rays irradiate the entire depth of sample;
however, photoelectrons are collected from a small depth in the sample due to inelastic
scattering of photoelectrons. The inelastic mean free path (IMFP) of an electron through Nacl
with 1300 eV kinetic energy is roughly 3.5 nm.>*® The Al source produced 1456 eV photons and
the binding energy of Cl(2p) is ~200 eV, thus the majority of electrons collected for NaCl would
originate roughly 3.5 nm deep into the sample if no SDS existed on the surface of the NaCl
nanoparticles. IMFP through aliphatic chains is roughly 4.0 nm for an electron which has 1300
eV kinetic energy.”® The binding energy of S(2p) is ~170 eV; therefore photoelectrons could be
collected through an SDS film thickness of ~4.0 nm.

2.6.2 — Transmission Fourier Transform Infrared Spectroscopy

Samples of SDS/NaCl nanoparticle material were impacted on ZnSe windows and were
monitored using standard transmission Fourier transform infrared (FTIR) spectroscopy, which
will not be reviewed herein. Infrared spectra were collected over the spectral range of interest,
4000 — 650 cm™, as single beam spectra at 4 cm™' resolution using 2560 scans for both
background and sample spectra, respectively, using a Nicolet AVATAR FTIR (now Thermo
Electron Corp. Madison, WI). Infrared absorbance spectra were obtained by ratioing the single
beam spectra of the deposited nanoparticle material to the background spectrum of a clean
ZnSe window. The entire particle distribution was used (TABLE 2.2, Figure 2.18) and impaction
time for FTIR analysis was also ~6 hours, after which time a visible ring was present on the ZnSe
window. A slightly different substrate holder was used to collect nanoparticles for FTIR analysis.
This holder is a metallic ring, which allowed the substrate to be placed on the translator stage

without contaminating the backside of the ZnSe window. Impacted nanoparticle material sat in
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the FTIR chamber for several days under dry conditions (<1% RH @ 295K) until rotational water
bands were no longer visible and degassing of water had thus stopped.
2.6.3 — Atomic Force Microscopy Imaging

Atomic focrce microscopy (AFM), which will not be reviewed herein, was used to
characterize the morphology of SDS/NaCl nanoparticles. Samples of SDS/NaCl nanoparticle
material impacted on HOPG or mica were imaged at ambient pressure and humidity using a Park
Scientific Instruments AutoProbe CP Research (now Veeco Metrology Inc., Santa Barbara, CA)
scanning probe microscope in intermittent contact mode. Impaction time was much shorter
than samples prepared for XPS and FTIR analysis; where collection times of 30 — 45 minutes
were typically employed. AFM images were acquired using highly doped silicon tips
(BudgetSensors) with a force constant of 3 N/m in intermittent contact mode. The piezoelectric
scanner (5 mm) was calibrated using a grating in the xy directions and in the z direction using
several conventional height standards. Topographs were obtained as 256 x 256 pixels and were
flattened line-by-line and analyzed using AutoProbe image processing software supplied by the

manufacturer of the AFM.
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Chapter 3 — Hygroscopic Growth and Deliquescence of NaCl Nanoparticles

Section 3.1 — Size Effects on Deliquescence Relative Humidity and Mobility Growth Factor
3.1.1 - Hygroscopic Growth Curves

Sodium chloride was used as a test case to evaluate the tandem nano-DMA
experimental apparatus due to the numerous studies on NaCl nanoparticles, aerosols, and
surfaces.°

Figure 3.1(a)-(d) shows the mobility hygroscopic growth curves for NaCl nanoparticles
with mobility diameters of 9, 11, 14, and 17 nm, respectively for 1 s humidity exposure. The
dashed lines in Figure 3.1 indicate the predicted DRH values from the empirical power law
determined by Biskos et al." The observed values of DRH are in good agreement with the
previous measurements; the deviations are within the accuracy of the RH probes. We were also
able to confirm the discrete nature of deliquescence of NaCl nanoparticles (reported in Figure 2
of Ref. 2), wherein a bimodal particle size distribution is observed in the immediate vicinity of
the deliquescence transition (discussed further below). Humidity exposure time did not make a
difference for DRH determination of NaCl nanoparticles.

Figure 3.1(e)-(h) shows the shape corrected growth factors for d,, =9, 11, 14, and 17 nm
NaCl particles, respectively, with special attention paid to the region immediately before the
deliquescence point. GF,, were converted into effective coverage of water (®,) by using
equation 1.12 and assuming water coverage layers are spherical shells (discussed further
below).

Present measurements also confirm that post-deliquescence GF,, (that is, GF,,
measured above the DRH point) decrease with decreasing dry diameter as a consequence of the

Kelvin effect.> TABLE 3.1 shows the mobility GF,, for NaCl nanoparticles at 80% RH, when
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Figure 3.1: Hygroscopic growth curves (20 errors from repeat measurements) of pure NaCl
nanoparticles: d,, = (a) 9 nm; (b) 11 nm; (c) 14 nm; (d) 17 nm. Special attention is given to the region
before deliquescence for d,, = 9, 11, 14, 17 nm particles in panels (e), (f), (g), (h), respectively. Water
monolayer coverage was calculated from the GF values as described in the text. The dashed lines are
calculated DRH from Ref. 1. RH exposure timeis 1s.

TABLE 3.1: Nanosize Effects on GF,, of NaCl Nanoparticles at 80% RH

d,, (nm) GF,* GF,}
6 1.45°
8 1.55°
9 1.57 + 0.05
10 1.55°
11 1.52 + 0.04
14 1.66 + 0.01
15 1.68
17 1.71+0.01
20 1.71
30 1.74
40 1.76
60 1.75
oo 1.84

% This work; 20 error bars result from averaging repeated measurements

From Biskos et al.?
Growth factor on the efflorescence branch measured in vicinity of 80% RH>

b

c

particles are already deliquesced. Within the experimental uncertainties, the GF values

measured in this work for 9, 11, 14, and 17 nm particles, and in Ref. 3 for 6, 8, 10, 15, 20, 30, 40,
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and 60 nm particles, increase monotonically with the particle mobility diameter. In summary,

our tandem nano-DMA instrument correctly reproduces the shapes of the growth curves and

the GF,, values for NaCl nanoparticles.
determination of NaCl nanoparticles.

3.1.2 — Mobility Histograms

Humidity exposure time did not affect the GF,,

Figure 3.2 shows representative mobility histograms of size selected NaCl nanoparticles

at various levels of humidity for 1 s exposure. The dashed line in Figure 3.2 indicates the initial

dry size selected diameter at 7.0% RH, which is 14.0 = 0.2 nm.

Mobility histograms have been fit
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Figure 3.2: Mobility histograms of size selected 14.0 = 0.2 nm NacCl

particles corresponding to the growth curve
Mobility histograms have been fit with lognormal
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with lognormal distributions. As 14 nm NaCl particles take on a thin film of water prior to
deliquescence, they grow slightly past the dashed line indicated in mobility histograms. In the
vicinity of 14 nm NaCl DRH, 79.1 = 1.0% RH," a bimodal distribution of particle sizes is observed.
This corresponds to the co-existence of a wetted, crystalline population of particles and a
dissolved, aqueous droplet population of particles, which are both thermodynamically stable at
the deliquescence point. Once the ambient humidity is increased slightly, the dissolved,
aqueous nanodroplets prevail and grow expansively in size as they take up more water due to
humidity exposure. Figure 3.1(c) shows the corresponding hygroscopic growth curve from the
mobility histograms presented in Figure 3.2(a), where the dashed line indicates 14 nm NaCl
DRH.? As can be seen in Figure 3.1(c) and 3.2, hygroscopic growth increases considerably after

the deliquescence point.

Section 3.2 — Pre-Deliquescent Wetting of NaCl Nanopatrticles
3.2.1 - Converting Mobility Growth Factor into Water Coverage Layer

Crystalline NaCl (bulk) is known to uptake 3.5-4.0 MLs of water at humidities just below
75.4% RH at room temperature and pressure.”” The same should hold true for NaCl particles
larger than 100 nm; however the GF,, of a 100 nm particle with 3.5-4.0 MLs of water is roughly
1.01 under the same experimental DMA conditions employed in this work. Quantification of ML
coverage on large (> 100 nm) NaCl particles is therefore difficult in a tandem DMA experiment
as mobility diameter bandwidths are proportional to the ratio of the aerosol flow and sheath
flow (~0.1d,). The GF,, of a 10 nm particle with 3.5-4.0 ML is roughly 1.10, which is well above
the threshold for repeat measurements in experimental conditions employed in this work (GF,,
+0.02). ML coverage on particles smaller than 100 nm is expected to be less than bulk NaCl due

to the Kelvin effect; however, few measurements are available which support this.
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Mobility growth factors were converted into water coverage layer by using equation
1.12. Surface concentration of adsorbed water, S,,, can be calculated from d,,.

N AV, 1
Sy =2 = Pl =—pwdm(GF,2 —1) (3.1)
rd,” =nd,” ©

In equation 3.1, N, is the total number of adsorbed water molecules, p, is the density of
adsorbed water (33 molec nm®), and AV,, is the particle volume change due to the water
adsorption.

Dry NaCl particles have a cubic shape,® whereas the deliquesced NaCl particles are
spherical. It is unclear what kind of shape a crystalline NaCl nanoparticle with a few MLs of
adsorbed surface water will have. As an approximation, particles are regarded as spherical and
consequently water coverage layers are the addition of spherical shells. The measured mobility
diameters of dry NaCl particles (d,) were converted into diameters of envelope-equivalent
spheres (d,) using equation 3.2. The parameter A(Kn,)) is a function of Knudsen number (Kn)
and shape factor () in the appropriate flow regime, which is the same solution to equation 2.12
and the results presented in TABLE 2.1. Parameter A(Kn,)) is a collection of all the iterative
steps taken to solve equation 2.12.

d,(0)=d,,(0)- A(Kn, x) (3.2)
Thus, rearrangement of equation 3.1, including the definition of a water coverage layer
(eg. 1.12), and incorporating equation 3.2 for mobility diameter leads to equation 3.3.

b

3
O Swact A KR X) | g (5141 " 33

Py~ de (0)

GF,,(RH) =

3.2.2 — Comparison of Data to Standard Adsorption Isotherms
Equation 3.3 is a means for plotting any standard adsorption isotherm in growth space.

Using equations 1.13-1.15 for O(S) in equation 3.3, one can plot the BET isotherm in growth
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Figure 3.3: Standard adsorption isotherms compared to

measured mobility growth factors of 14 nm NaCl particles.

Error bars are 20 from repeat measurements.

=0.898. Appropriate FHH (A =0.96, B=1) and

BET (c = 1.5) constants are used for water

7,8,11,12

adsorption on NaCl(001). The bulk

density of water (997.1 g cm~>) is converted to
the molecular scale (33 nm™3) for 0,

As can be seen in Figure 3.3, there is
reasonable agreement in measured GF,, of 14
nm NaCl particles with equation 3.3 in the
region corresponding to 3.0>0,>1.5
(1.06 > GF,, > 1.02) occurring at roughly 70%
RH. This is not surprising as GF, > 1.02

represents measurements just above the

threshold for repeat measurements under the
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employed experimental conditions in this work. In the case of NaCl, measured GF,, are less than
1.00 under conditions near ~40% RH. This is attributed to dynamic reshaping of NacCl
nanoparticles upon interaction of initially adsorbed surface water where ®,, << 1.0 ML. Figure
3.4 shows a more detailed view of the pre-deliquescent growth region of 14 nm NaCl particles,
where error bars have been removed for clarity and data provided from Biskos et al." of 15 nm
NaCl particles are shown for comparison. There is excellent agreement between our data and
that of Biskos et al..

Recent in situ ambient pressure XPS and Kelvin probe microscopy (KPM) studies™ have
revealed near ~40% RH the insulating NaCl(001) surface becomes slightly discharged due to
induced ion mobility on the surface. KPM images reveal step-edge mobility and terrace ionic
solvation occurs at RH > 35% and this is attributed to the onset of large scale restructuring of the
NaCl(001) surface upon interaction with adsorbed water.** At ~50% RH the surface is smooth
and completely discharged.”* Measurements of hygroscopic growth in the vicinity of this region
(~40% RH) in this work are not reliably quantifiable; however, the lack of agreement between
measured GF,, and those predicted by the model in equation 3.3 is not surprising. The
parameter A(Kn,y,) assumes a direct reshaping of NaCl nanoparticles at constant RH, which is a
mobility conversion of a cube to a sphere. Measurements from Ref. 13 reveal this is a dynamic
reshaping as a function of RH, therefore when the measured GF,, are less than the predicted
GF,, by equation 3.3 the particle can be thought of as a cube with rounded edges. When the
measured data converge to agreement with the theory, the particles can be regarded as
spherical, containing a multilayer of adsorbed surface water prior to deliquescence.

Equation 3.3 reveals at the DRH (79.1 % RH)' of 14 nm NaCl, the predicted coverage
should be 2.4 MLs of adsorbed surface water according to the FHH isotherm and 2.3 MLs

according to the BET isotherm. Measured GF,, (1 and 67 s RH exposure) are plugged into the

69



left hand side of equation 3.3 at the DRH (average of values between DRH 1% RH) and this
analysis reveals an estimated surface coverage of ®,, = 3.1 + 0.5 MLs (propagation of 20 error in
measured GF,,) of adsorbed surface water on 14 nm NaCl particles. This result is quantitatively
accurate from what would be predicted by the Kelvin effect when comparing equilibrium vapor
pressures over bulk crystalline NaCl” and 14 nm NaCl aerosols (see equations 1.7 and 1.11). For
example, 79.1% RH above a 14 nm particle surface is equivalent to 67.3% RH (20.0 mbar at
297K) above a bulk NaCl crystalline surface, which has roughly 3 MLs of adsorbed surface
water.” The data points seen above ©, > 3.0 MLs (GF,, > 1.06) for NaCl nanoparticles are from
mobility histograms which contained two mode diameters. Consequently, the error of O,
calculation is large in this region of the deliquescence point due to fluctuations of particles co-
existing in a wetted crystalline state and dissolved droplet state. This detailed analysis provides
a molecular picture of the NaCl nanoparticle surface, which is a particle containing a uniform

multilayer of water prior to deliquescing.

Section 3.3 — Post-Deliquescence Measurements and Modified Kéhler Theory
3.3.1 — Modified Kéhler Theory

Koéhler theory was derived and reviewed in Section 1.3.3 for sub-saturation situations.
As demonstrated in Figure 1.9 and TABLE 3.1, the Kelvin effect works against hygroscopic
growth. In other words, nanoparticles (< 100 nm) do not take up as much water as large
(> 100 nm) particles do. Furthermore, NaCl particles are cubic® and upon uptake of water
reshaping will also work against hygroscopic growth. Biskos et al.® constructed four Models of
sub-saturation Kéhler theory for NaCl nanoparticles and these models will be compared to 14
nm NaCl hygroscopic growth curves. Equation 3.4 shows modified Kéhler Theory (MKT) and

TABLE 3.2 summarizes what each MKT model entails.
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TABLE 3.2: Modified Kéhler Theory Models

Model ° a,(w,) A(Kn, x)
1 Eq. 1.6 & 1.7 1.000
2 Eq.1.7&1.11° 1.000
3 Eq.1.7&1.11%°  0.960°
4 Eq.1.7&1.11°  0.898°

from Biskos et al.?
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Figure 3.5: Models 1-4 from Biskos et al.? compared to
measured 14 nm NacCl hygroscopic growth factors, 1 sec
humidity exposure.

Kelvin effect considerations for 14 nm NacCl
continuum regime flow considerations
free molecular regime flow considerations (14 nm)

In Model 1, the shape
correction parameter A(Kn,)) is not
considered nor is the Kelvin effect.
Model 1 is the same plot as Figure 1.8
provided by equation 1.19
(deliguescence mode GF,), which is
relevant for very

large spherical

particles. Model 2 considers the
Kelvin effect (14 nm NaCl); however,
does not include a shape correction.

Just as in the adsorption isotherm

analysis, Models 3 and 4 both consider the Kelvin effect and shape correction. Model 3 uses

continuum regime flow considerations and Model 4 uses free molecular regime flow

considerations (14 nm).

71

Figure 3.5 is a plot of Models 1-4 as well as measured 14 nm Nacl



hygroscopic GF,, for 1 second humidity exposure. As can be seen in Figure 3.5, there is
excellent agreement with measured growth factor data and Model 4, which is expected given
the prevailing considerations of the Kelvin effect and particle shape considerations in the free
molecular flow regime. From this point forward, Model 4 from Biskos et al.> will be referred to
as modified Kéhler theory (MKT).

TABLE 3.1 demonstrates growth factors at 80% RH monotonically decrease with initial
dry diameters. A more expansive analysis of MKT with varying nanoparticle diameter is shown
in Figure 3.6, where MKT for d,, = 11, 14, and 17 nm is plotted along with measured GF,, data for

the same sizes. It is clear from Figure 25

—— MKT (11 nm)
—— MKT (14 nm)
—— MKT (17 nm)
2.0+ ® GF, (11 nm)
e GF, (14nm)

e GF, (17 nm)

m

3.6 that the measured growth factor

data monotonically decreases with

initial dry mobility diameter. The

1.8
differences in growth factors as

predicted by MKT for varying size are
1.6

Mobility Growth Factor (GF )

very slight, smaller than the error

bars in repeat measurements. From 1.4

i i i i i A

65 70 75 80 85 90 95 100
% Relative Humidity (RH)

this, we are able to accurately

measure the nanosize effect with

Figure 3.6: MKT for d,, =11, 14 and 17 nm NaCl particles
compared to measured GF,, data for d,,= 11, 14, and 17
nm NaCl particles.

respect to hygroscopic mobility
growth factor for NaCl nanoparticles.
3.3.2 — Nanosize effect on Activity-Solubility Relationships

The role of the Kelvin effect is often regarded as an increase in vapor pressure over a
curved surface relative to a flat surface. There is also another consequence of the Kelvin effect,

which are the relationships associated with activity-solubility presented in Section 1.2.4 and in
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Figure 1.7. A saturated NaCl
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particles, upon deliquescence

their saturation concentration Figure 3.7: Bulk NaCl activity-solubility (eq. 1.7)
compared to calculated dissolved NaCl weight percent in

should be greater. Figure 3.7 14 nm droplets frorln measured mobility growth factors.
The DRH (79.1% RH)" is indicated by the red dashed line.

demonstrates this, which is a

comparison of bulk activity-solubility (eq. 1.7) and calculated dissolved NaCl weight percent in
14 nm droplets from measured mobility growth factor data. Weight percent in 14 nm droplets
was calculated by using equation 3.4 and solving for w,(a,,) with measured GF,,.

The dashed line indicates the DRH of 14 nm NaCl particles' occurs at 79.1% RH, which is
an equivalent activity of a,,=0.71 over a bulk NaCl solution. Correspondingly, because an
activity of 0.71 is less than the bulk equilibrium vapor pressure of a NaCl saturated solution (a,, =
0.75), 14 nm NacCl droplets have deliquescence compositions that are equivalent to a super
saturated bulk NaCl solution. The red dashed arrow indicates this composition is 29.6 w, in
water at 295 K. A similar analysis for 11 and 17 nm NaCl droplets was also carried out and
TABLE 3.3 shows those results. The error reported in dissolved NaCl weight percent is
propagated from 20 error in repeat measurements of growth factor. As can be seen in TABLE

3.3, deliquescence compositions are different for 11, 14, and 17 nm NaCl particles; however,
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these differences are slight as the errors of calculations are similar in magnitude to the overall
difference in composition for a given size.

TABLE 3.3: Activity-solubility Relationships of Dissolved NaCl Droplets at 295 K

Size GF,(DRH)®  DRH(%RH)° w, (%) M (mol L)
) 1.81° 75.4° 265" 6.19"°
17nm  1.65+0.05 783+ 1.0 28.7+2.6 6.91 = 0.63
14nm  1.63+0.02 79.5+ 1.0 29.6+1.1 7.22 +0.27
11nm  1.59 +0.02 80.3+1.0 31.7+1.2 7.96 + 0.30

measured data in this work
b from Refs. 3, 15, and 16

Section 3.4 — Conclusions of NaCl Nanoparticle Hygroscopic Growth

A tandem nano-DMA apparatus was constructed and it was confirmed that it correctly
captures the details of the hygroscopic growth curve of pure NaCl nanoparticles. The NaCl
nanoparticles are observed to adsorb 1-4 MLs of water below DRH. At the DRH of 14 nm NaCl
particles, there are 3.1 + 0.5 ML of adsorbed surface water, which is consistent with the Kelvin
effect when comparing a bulk NaCl surface to a 14 nm NaCl particle.’” The deliquescence
transitions in NaCl nanoparticles occur at well-defined DRH values. Two mode diameters are
observed in the vicinity of NaCl DRH, which corresponds to the co-existence of a wetted nano-
crystal and dissolved nano-droplet. Above NaCl DRH, the dissolved state prevails and

nanoparticles take up water as predicted by MKT>*®

with good agreement. The measured DRH
values and growth factors are in quantitative agreement with previously published data.
Interestingly, as the size of the particle decreases its deliquescence composition and
DRH increases. Vapor pressure lowering is a colligative property; therefore as the amount of
dissolved components increases in solution the equilibrium vapor pressure of the solution
1,3,8-10,18

should decrease.'” Quite the contrary, it is well accepted in our laboratory and others as

the size of the particle decreases, its equilibrium vapor pressure (or deliquescence point)
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increases, despite the fact that the deliquescence composition increases with decreasing size.
This is a consequence of the Kelvin effect which in itself is a consequence of the surface energy
contributions to the Gibbs free energy of deliquescence.’’ These results demonstrate the
importance of surface interactions when studying nano-scale objects, such as NaCl

nanoparticles.
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Chapter 4 — Hygroscopic Growth and Deliquescence of SDS/NacCl
Nanoparticles

Section 4.1 — Effect of SDS on Hygroscopic Properties of NaCl Nanoparticles and Bulk
NaCl(aq) Mixtures

4.1.1 - Hygroscopic Growth Curves of SDS/NaCl Nanoparticles

For the data on pure NaCl nanoparticles presented in Chapter 3, the present results
corroborate the existing literature. The growth factors predicted by the MKT curve agree well
with measured GF,, for pure NaCl particles following deliquescence at high RH. The DRH values
predicted from an empirical DRH-size relationship for NaCl developed by Biskos et al." are also in
good agreement with the present observations of a sudden increase in GF,, attributed to
deliquescence. As our tandem nano-DMA apparatus and humidity exposure/measurement
setup is capable of reproducing previously established data, the next step is to study
hygroscopic growth of SDS/NaCl particles. To the best of our knowledge, there is no data
currently available on hygroscopic growth of SDS/NaCl nanoparticles smaller than 20 nm in
diameter.

In the SDS/NaCl experiments, one mobility equivalent diameter (14.0 £ 0.2 nm) was
chosen via mobility size selection for all of the SDS/NaCl compositions listed in TABLE 2.2. Each
SDS/NaCl nanoparticle studied is therefore the same size, but should have a different SDS
content. The final relative SDS/NaCl concentration in the nanoparticles is a function of the
electrospray dynamics and is unknown a priori. Consequently, the various compositions of
SDS/NaCl nanoparticles will be referred to by the solution composition from which they were
generated and all values refer to the relative weight percents of SDS relative to NaCl. Following
electrospray generation and size selection, nanoparticles are directed downstream for

hygroscopic growth analysis.
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Figure 4.1: Hygroscopic growth curves of mobility equivalent diameter selected 14.0+0.2 nm
SDS/NaCl particles. The legend details wt/wt% of solutions that were electrosprayed. The DRH of 14
nm NaCl particles from reference 1 is indicated by the thick dotted line. The thick curve is a plot of the
MKT Model 4. Labels 1 s and 67 s refer to the time the particles were exposed to RH before sizing.
Error bars are 20 from repeat measurements.

Figure 4.1 shows the measured hygroscopic growth curves for size selected 14.0 + 0.2
nm particles containing variable amounts of SDS and NaCl. The legend details the composition
of solutions that were electrosprayed (TABLE 2.2) as well as RH exposure time. The solid curve
represents MKT (Model 4 in TABLE 3.2) and the dotted line shows the empirically determined
DRH® of 14 nm NaCl particles. Figure 4.2(a-e) below shows each growth curve individually.

As the weight percent of SDS increases in the solutions used for making nanoparticles,
GF,, are suppressed and the apparent location of DRH shifts to lower values of humidity in
comparison to pure NaCl nanoparticles. Although growth factors are suppressed by the
presence of SDS, the growth curves still have the same qualitative shape when compared to
NaCl nanoparticles.
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Figure 4.2: Individual hygroscopic growth curves of 14.0 = 0.2 nm SDS/NaCl particles. See legend in
Figure 4.1 for details. Error bars are 20 calculated from repeat measurements. *Pure SDS data are
not shown in Figure 4.1; humidity exposure time is 1 s and initial mobility equivalent diameter is
175+ 0.1 nm.
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Nanoparticles originating from the 5.0 wt/wt% SDS/NaCl solution display prompt
deliquescence at the same RH value where pure NaCl nanoparticles deliquesce at
79.5+1.0% RH. Prompt deliquescence is not observed for nanoparticles generated from
solutions containing more than 5.0 wt/wt% SDS. Nanoparticles from the 11 wt/wt% SDS/NaCl
system deliquesce between 73-77% RH and then display a growth curve that is qualitatively
similar to pure NaCl nanoparticles, albeit at lower absolute GF,,. The nanoparticles from the 23
wt/wt% SDS/NaCl solution continue this trend but their growth curve has several unique
features. For these nanoparticles, a fairly sharp growth region is observed between 68-71% RH,
followed by a slower growth region until roughly 73% RH. Interestingly, there are indications of
another sharp growth between 73-75% RH but only for the nanoparticles exposed to RH for 67
s. After that the particles appear to grow steadily with RH with the rate characteristic of fully
deliquesced droplets. The nanoparticles from the 50 wt/wt% SDS/NaCl solution have greatly
suppressed growth and the onset of deliquescence is difficult to discern. Pure SDS nanoparticles
do not take up any measurable amount of water at humidities between 5-95% RH (GF,, < 1.02),
which is consistent with measurements from this laboratory on pure AOT nanoparticles.?
Nanoparticles from the 50 wt/wt% SDS/NaCl solution definitively take up more water in the 65-
95% RH range than neat SDS nanoparticles do.

The differences in the growth curves obtained with different RH exposure times (1, 7,
and 67 s) are either undetectable or very small. The hygroscopic growth for SDS/NaCl
nanoparticles as well as NaCl nanoparticles must occur on time scales that are faster than
experimentally measurable with a tandem nano-DMA setup. The differences observed are likely
due to the range of analytical accuracy in measuring RH, which is 1% between 0-90% RH and +2

% RH between 90-100% RH.
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4.1.2 — Mobility Histograms and Prompt Deliquescence in 5.0 wt/wt% SDS/NaCl Nanoparticles

Previously, “prompt” deliquescence was observed in studies of large NaCl particles
(~100 nm) containing surfactants.>* Here prompt deliquescence is defined as the co-existence
of two thermodynamically stable phases, wetted crystalline and aqueous droplet, over a very
narrow range of RH (£1% RH). This co-existence manifests itself in a bimodal mobility
equivalent diameter distribution in the vicinity of the DRH values, with the lower diameter
corresponding to particles that have not yet deliquesced and larger diameter corresponding to
the deliquesced aqueous droplets." Once RH increases slightly the dry phase disappears in a
very “prompt” manner, and only the aqueous particles remain.

Figure 3.2(a) demonstrates this bimodal size distribution in mobility histograms for 14
nm NaCl particles. Similarly, Figure 4.3 shows a representative bimodal mobility equivalent
diameter distribution at 79.4% RH for the 5.0 wt/wt% SDS/NaCl nanoparticles exposed to 67 s of
humidity. The data points shown in Figure 4.3 have been fit with two lognormal curves, which

predict two mode diameters of 15.3 nm

| T |
corresponding to the dry nanoparticles wetted
19.7 nm
. with a few ML of water and 19.7 nm
§e)
s
‘qc: corresponding to the deliquesced
§ 15.3 nm
% ° nanoparticles. In this particular mobility
S
= . - .
S histogram, the majority of the nanoparticles
have deliquesced at 79.4% RH. Integration of
L]
J
10 15 20 25 30 each respective lognormal curve gives a good

Mobility Diameter (nm) . . .
approximation of what fraction of the total

Figure 4.3: Bimodal size distribution in mobility
histogram of 14.0 £0.2 nm 5.0 wt/wt% SDS at amount of nanoparticles have deliquesced for

79.4% RH. Data is fit with lognormal curves.
a given mobility measurement. This analysis
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Figure 4.4: Bimodal particle distributions in growth space for 14 nm NaCl and 5.0 wt/wt%

SDS/NaCl. The size of the marker indicates the relative fraction of particles in their respective

size mode.
was carried out for 14 nm NaCl and 5.0 wt/wt% SDS/NaCl near the deliquescence point and
those results are presented in Figure 4.4. In Figure 4.4, the size of the marker indicates the
relative fraction of nanoparticles in each respective mode (i.e., dry or deliquesced). Each data
point seen in Figures 4.1, 4.2, and 4.4 is an average value resulting from several mobility
measurements at one value of RH. As can be seen in Figure 4.4, between 79% and 80% RH,
majority of the nanoparticles for both NaCl and 5.0 wt/wt% SDS/NaCl are in the dry mode
wetted with a few MLs of water. Above 80% RH, the majority of nanoparticles of both

compositions very abruptly appear in the deliquesced mode corresponding to the completion of

the phase transistion.

82



4.1.3 — Water Vapor Activity over Bulk Mixtures of NaCl/Na,SO,and NaCl/SDS

Figure 4.5 shows measured water vapor activity, a,, as a function of dry NaCl mole
fraction, “Yn.ci, in the NaCl/SDS (filled circles) and NaCl/Na,SO, (open circles) mixtures
submerged in H,0. Since these are bulk measurements, activity is determined by eq. 1.6. There
are no prior measurements for the NaCl/SDS mixture. The NaCl/Na,SO,; mixture, which was
used for the validation of the measurements, has been examined previously.” The eutonic point
of NaCl/Na,SO,4, which corresponds to the composition of the mixture that minimizes water
activity, 0.743 £ 0.015 (1o deviation in repeat measurements) at y(n.c; = 0.62, agrees well with
previous studies.” Na,SO, has a solubility of 21.9 w/w% in water that is comparable with the
NaCl solubility of 26.5 w/w% at 298K. SDS is less soluble in water (2.8 wt/wt% in H,0 at 293K)
and appears to have a eutonic point at Yy, = 0.92 corresponding to a measured activity of
0.747 £0.010. This is very close to the measured activity of a saturated NaCl solution of
0.764 + 0.010 in this laboratory. Above the eutonic point, measured activities are analogous to
a saturated NaCl solution where the NaCl solubility is weakly affected by the presence of SDS or

Na,SO,. However, below the eutonic point,

1.00 L] T T T T T
activity goes up monotonically. Here activity - : [} t 3 ¢ 3
© 0953 f } ]
is equivalent to that of an under-saturated = 0.90F § i
% ' 2 eutonlc point
NaCl solution. Measured activities of pure < 0.85¢
B ﬁ
SDS and Na,SO, solutions at yn.c; = 0 are close 7 0.80f 1
@©
_ Q 0.75¢ me§ -
to unity, 0.982+0.010 and 0.945+0.011, =
070 1 L 1 " 1 i 1 " 1 " 1
respectively. As vapor pressure lowering is a 0.0 02 04 06 08 10
XNaCl

colligative property, these measurements
Figure 4.5: Measured water activities above
indicate that high concentrations of SDS saturated solutions of NaCl/Na,SO, (open circles)
and NaCl/SDS (filled circles) bulk solutions. Data
reduce the apparent NaCl solubility. are reported as a function of dry NaCl mole
fraction (xnacl) in the corresponding mixture.
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Section 4.2 — Pre-Deliquescent Wetting of SDS/NaCl Nanoparticles

4.2.1 - Pre-Deliquescent Growth

Just as pure NaCl nanoparticles do, mixed SDS/NaCl nanoparticles also take up a few
MLs of water prior to deliquescing. Figure 4.6 shows the pre-deliquescence region for NaCl and
SDS/NaCl 14.0 = 0.2 nm particles exposed to 1 s of humidity. The legend in Figure 4.1 details the
data points in Figure 4.6 and the thick dotted line indicates the DRH of 14 nm NaCl.! As can be
seen in Figure 4.6(a), 5.0 wt/wt% SDS/NaCl nanoparticles follow pure NaCl nanoparticle growth

with excellent agreement in the pre-deliquescent

1.15r T
region. Figure 4.6(b) shows nanoparticles (@)
L. 110_ ..........................
containing 11, 23 and 50 wt/wt% SDS have GF,,
S
L
reproducible larger than 1.00 near the DRH, O  1.05}
S :
although do not follow the pure NaCl nanoparticle © {
© 1.00}-
LL :
pre-deliquescent growth trend. Interestingly, § 40 50 60
. - O  1.15p— T T ———
nanoparticles containing more than 5.0 wt/wt% (9 (b) : F
> : L | 1
= ‘o8
SDS do not deliquesce promptly or agree with g 1.10r aig’ : .
§ o- ¥ .
NaCl pre-deliquescent growth, whereas the 5.0 1.05 gii ! #
i !
wt/wt%  SDS/NaCl nanoparticles deliquesce kﬁ 1
- & ;;v : 1
100_ ......... !4?;;4 ..... .
promptly at NaCl DRH and follow NaCl pre- 2 S T

deliquescent growth with excellent agreement.

% Relative Humidity (RH)

It is uncertain if the influence of particle
Figure 4.6: Pre-deliquescent growth of

14.0£ 02 nm NaCl and SDS/Nacl
nanoparticles exposed to 1 s of RH. See the
nanoparticles. Presumably these SDS/NaCl legend in Figure 4.1 for details. The thick
dotted line indicates 14 nm NaCl DRH. Error
nanoparticles could be spherical if SDS existed in  bars are 20 from repeat measurements.

shape on mobility is present in SDS/NaCl

an outer shell on the NaCl surface, which would make shape considerations on mobility

irrelevant. Previous research by Woods et al. * showed, using probe-molecule techniques, prior
84



to deliquescing 70-100 nm SDS/NaCl particles appear to have a mobile, soapy-like layer on their
surface. This was described as a thin film of water (ML regime) on the NaCl surface with the
polar head group of SDS sitting on top of the adsorbed water film.* Certainly, a wetted
surfactant layer should be able to smooth the NacCl surface;*® however, it is uncertain what
shape this nanoparticle would take on. Standard adsorption isotherms will be evaluated below
with and without considerations of shape correction for 5.0 wt/wt% SDS/NaCl nanoparticles.
4.2.2 - Comparison of Data to Standard Adsorption Isotherms

Figure 4.7 shows adsorption isotherms plotted in growth space (see section 3.2.1)
compared to measured growth factor data of 14 nm 5.0 wt/wt% SDS/NaCl nanoparticles prior to
deliquescence. The black family of curves is isotherms which have been corrected for the
assumed cubic shape and are nominally the same adsorption isotherms as plotted for NaCl in
Figure 3.3 (FHH values: A=0.96, B=1.0; BET value: ¢ =1.5); however, a constant value of
32mN m™ is used for surface tension in the Kelvin effect correction term as opposed to
empirical formulations of surface tension as a function of weight fraction, g,,(w,) , determined
for concentrated NaCl aqueous solutions.” The blue family of curves have not been corrected
for shape and also uses the same considerations of surface tension and isotherm parameters as
the black family of curves. The red family of curves have been corrected for shape and includes
the reduced value of surface tension; however, isotherm values have been parameterized for a

best-fit with experimental data (FHH values: A =0.75, B = 1.0; BET value: ¢ = 1.1).

85



1.08

1.04

Mobility Growth Factor (GF )
(") ebeiono)

1.00

% Relative Humidity (RH)

Figure 4.7: Standard adsorption isotherms compared to

measured mobility growth factors of 14 nm
5.0 wt/wt% SDS/NaCl particles.

The blue family of curves

Error bars are 20 from
repeat measurements.
represents isotherms that are not shape corrected
whereas the black family of curves is shape corrected.
The red family of curves has been shape corrected and
isotherm values have been parameterized for a best-fit

with experimental data.

As can be clearly seen in

Figure 4.7, error bars near the

deliquescence point are large;
consequently, it is difficult to ascertain
the influence of particle shape on
mobility with the limited amount of
data presented in Figure 4.7.
Nevertheless, with the cubic shape
there is more agreement with
measured growth factor data and the
black family of curves than compared
to the blue family of curves. However,

this agreement can also be brought

around by other factors. For example,

the red family of curves has the best agreement with experimental data due to best-fit
parameterization. A BET ¢ value of 1.1 for 5.0 wt/wt% SDS predicts the interaction between the

1* ML and multilayer region is less exothermic than interactions between the 1* ML and

10-12

multilayer region for water adsorption on neat NaCl (¢ = 1.5). BET ¢ value greater than 1 is

still adequate for describing interactions that are dominated by electrostatic NaCl-H,0

11,12

interactions in the 1* ML and H,0-H,0 interactions in the multilayer. Similar conclusions can

11,12 . .
“ In summary, pre-deliquescent wetting

be reached by comparison of the FHH isotherms fits.
of 5.0 wt/wt% SDS/NaCl nanoparticles is very similar to pre-deliquescent wetting of pure NaCl

nanoparticles.
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The size of error bars in this region also indicates the heightened degree of variability in
growth factor measurements for 5.0 wt/wt% SDS/NaCl could be related to the mobile, soapy
layer Woods et al.* discussed on SDS/NaCl particle surfaces prior to deliquescence. Indeed,
analysis similar to that done for NaCl nanoparticles in section 3.2.2 reveals 5.0 wt/wt% SDS/NaCl
nanoparticles have 3.1 + 0.5 ML of adsorbed surface water on their surface prior to deliquescing
as well. The nature of this H,0-SDS-NaCl surface layer is uncertain, and further investigation of
how much SDS is on the surface of 5.0 wt/wt% SDS/NaCl nanoparticles prior to electrospray
generation is necessary. It seems the SDS layer would have to be less than a ML or is fairly
porous, facilitating the uptake of water through the hydrophobic chains and percolating in
toward the hydrophilic NaCl core. The SDS surface layer and SDS content of mixed hybrid

SDS/NaCl nanoparticles will be evaluated in Section 4.3.

Section 4.3 — Estimating SDS content in Nanoparticles based on Hygroscopicity
4.3.1 - Structure of SDS/NaCl Nanoparticles Inferred from their Hygroscopic Growth
Hygroscopic growth of SDS/NaCl nanoparticles can reveal details about the composition
and morphology of SDS/NaCl nanoparticles produced in the electrospray process. SDS and NaCl
are likely to phase segregate during the primary and progeny droplet evaporation in the
electrospray source as bulk activity measurements showed SDS and NaCl are poorly miscible
with each other in solution. Once the evaporation stage is complete nanoparticles should have
a NaCl crystalline core decorated by a film of SDS molecules and possibly some residual water
stuck in between SDS and NaCl (the evidence for the residual water will be discussed in Chapter
5). The sub-monolayer SDS film on NaCl is likely to have the -O0-SO; Na* head group of the SDS

pointing toward the NaCl surface similar to an inverted micelle-like orientation. This is
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consistent with the morphology of 70-100 nm SDS/NaCl particles deduced by Woods et al.* from
probe molecule spectroscopy techniques.

When the amount of SDS exceeds the amount needed for one monolayer, the excess
SDS can either accumulate in a “blob” attached to the particle or coat the surface more
uniformly with a multi-layer film of SDS. The effective thickness of the SDS coating should
increase with the SDS weight fraction from the solutions that were electrosprayed. This appears
to be a good initial assumption as GF,, are monotonically suppressed in growth curves (Figure
4.1) as the weight percent of SDS increases. The actual thickness of the SDS film can be
estimated using a simple model,? which assumes core-shell morphology and the volume of each
component is represented by bulk densities (on.ci and psps) and amounts of NaCl and SDS.
Equation 4.1 shows how the core NaCl diameter (dy,) is calculated, where w, is NaCl weight
percent and d,, is the overall particle diameter. The effective SDS film thickness (Ag) is then

calculated as (d,, — dy.c))/2.

1
3 b2
Wt PsDS dm
PNacCl ~ (pNaCl - pSDS)Wt

dnacr = (4.1)

It should be emphasized, however, that these calculations are rather approximate as the density
of the surfactant layer is uncertain. For example, Tsai et al.”® studied Au nanoparticles (10-60
nm) functionalized with alkanethiol self-assembled monolayers (SAMs) and showed the organic
coating was quite “soft”. The actual thickness of the organic coating, which was deduced from
temperature programmed desorption and mobility diameter measurements, was found to be
smaller than expected from purely geometric considerations.™
4.3.2 — Zdanovskii-Stokes-Robinson (ZSR) model

The ZSR model (Equation 4.2) can be used to estimate the relative volume fractions, &g

and &y,¢, of SDS and NaCl in the SDS/NaCl nanoparticles.
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3 3 3
GFpam'cle = enac1GFNaci + €spsGF sps (4.2)
4.2

GFgarticle ~1+ gNaCl(GF]\s}aCl - 1)
Pure SDS nanoparticles do not adsorb any measurable amount of water in the range of 5-95%
RH; therefore, it is assumed the ZSR model only depends on growth factors for NaCl (GF 'y, )-
The right hand side of Equation 3.4 (the MKT Model 4) is substituted for GF, in Equation 4.2
and the NaCl volume fractions (&y,;) expected from electrosprayed solutions (TABLE 2.2) are
used as the initial guesses. &ny¢ is then used as an adjustable parameter to get the best
agreement between the ZSR predictions and experimental observations. Figure 4.8 shows the
results for 14 nm (b) 5.0 wt/wt % SDS/NaCl, (c) 11 wt/wt % SDS/NacCl, (d) 23 wt/wt % SDS/NaCl,
and (e) 50 wt/wt% SDS/NaCl. The ZSR model clearly fails with the assumption that the
nanoparticle composition is identical to that of the electrosprayed solutions. The agreement
improves significantly if one allows for the enhancement of SDS relative to NaCl in the
electrosprayed droplets. The dotted lines in Figure 4.8 represent optimized dry NaCl volume
fractions based on GF,, measurements of SDS/NaCl nanoparticles. There is excellent agreement
in the shape of predicted GF,, in the parameterized ZSR model with measured GF,,. TABLE 4.1
summarizes the results of this analysis, where the SDS weight percent calculated from the ZSR
model is compared to the composition of the initial solution as well as the SDS film thickness
discussed above.
4.3.3 — Surfactant Enhancement in Nanoparticles
The shape of the growth curves predicted by the parameterized ZSR models matches
the shape of the observed SDS/NaCl growth curves even at high SDS volume fractions, when
NaCl is the minor component in the particle. This implies that SDS/NaCl nanoparticles contain
well defined nanocrystals of NaCl embedded in the SDS matrix as opposed to small

“nanoshards” of NaCl randomly distributed through the SDS matrix.
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Figure 4.8: Predictions of MKT model 4 and the ZSR model (Eq. 4.2) compared to the
experimental data for 14 nm (a) NaCl and (b)-(e) SDS/NaCl particles. Solid lines represent
predictions that use NaCl volume fractions (ey,c) expected from bulk solutions. Dotted lines
represent ZSR model results with the NaCl volume fractions adjusted to fit the GF,,

measurements. Both 1 s and 67 s RH exposure data sets are plotted (see legend in Figure 4.1)
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The ZSR model predicts significant SDS enhancement in nanoparticles relative to the solutions
from which they were electrosprayed. In our previous experiments with AOT/NaCl particles® an
AOT enhancement was also observed; however, not to the extent as for SDS/NaCl nanoparticles.
These differences likely reflect stronger surfactant properties of SDS relative to AOT.

The observation of surfactant enhancement in nanoparticles in this work and
previously? is consistent with other studies involving electrospraying surface active materials.
Tang and Smith™ observed smaller satellite and progeny droplets generated by the spray
formation and asymmetric fission processes to be enhanced in surfactants SDS and
Flurad Carbon™ (FC-171, CgF17SO;,N(C,H40),CHs), a nonionic liquid surfactant. It is uncertain
which generation of droplet fission in the electrospray process the SDS/NaCl nanoparticles
originated from in this work. It was empirically found that the nanoparticle size characteristics
changed dramatically when the electrospray protocols presented in TABLE 2.2 were altered.
Specifically, variance of the electrospray distance [/, had the largest effect on the size distribution
as well as measured hygroscopic properties of the resulting SDS/NaCl particles (this will be
discussed in more detail in Chapter 6). This suggests different generations of droplets could
likely contain a different SDS content, which is consistent with Tang and Smith’s observations of
surfactant enhancement in the progeny droplets.*

4.3.4 - SDS Coverage on NaCl Nanoparticles

The effective SDS coverage for Ogpg < 1.0 ML can be calculated from the assumed values
of eyacr (either from the solution composition or from the ZSR fits) using equations 4.3 and 4472
Ngyps is the number of SDS molecules, N, is Avogadro’s number, and My, is the molecular weight

of SDS.

3 3
Nsps _ PsDs NA(dm - dNaCl)

> (4.3)
T dNgci 6 Msps dnaci
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S
Ogpg = —D5 (4.4)

This analysis reveals for the 5.0 wt/wt% SDS/NaCl nanoparticles Og4pg = 0.4 ML assuming the
composition is that of the electrosprayed solution. The parameterized ZSR model composition
of these nanoparticles predicts that the actual SDS fraction in these particles is roughly
14 wt/wt% SDS, translating to ®¢ps = 1.0 ML. The true SDS coverage is likely to be in between
these two values. The adsorption isotherm analysis presented above in section 4.2 shows that
water forms a film of the same thickness on pure NaCl and on the 5.0 wt/wt% SDS/NaCl
nanoparticles. This suggests that SDS does not greatly interfere with NaCl-H,0 interactions at
O¢ps £1.0 ML. The thickness of the SDS layer for the remaining SDS/NaCl compositions is
expected to exceed 1.0 ML based on the parameterized ZSR model results.
4.3.5 - Non-prompt Deliquescence in Nanoparticles

Smaller NaCl particles appear to lose the ability to deliquesce promptly in the presence
of sufficient amounts of SDS or AOT.> Prompt deliquescence is still observed with 5.0 wt/wt%
SDS/NaCl nanoparticles at the same RH as pure NaCl nanoparticles. Per the above discussion,
these particles are coated with a sub-monolayer of SDS. This promptness disappears in particles
with higher SDS weight fractions, which correspond to the SDS coverage in excess of a
monolayer. A non-prompt deliquescence transition can be clearly recognized when viewing the
data plotted with the parameterized ZSR models in Figure 4.8. The ZSR model describes an
aqueous phase and, therefore, a phase transition from crystalline to aqueous phase can be
viewed as complete when the growth curve converges onto the respective ZSR model
predictions. The 11 and 23 wt/wt% SDS/NaCl data sets converge to their respective ZSR models
over several %RH units, with particles achieving fully deliquesced states at 76.8% RH and 70.7%

RH, respectively. Only 1 mode diameter is observed in mobility histograms across the entire RH
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range studied for both of these compositions. It is therefore concluded that the 11 and 23
wt/wt% SDS/NaCl nanoparticles are partially dissolved droplets during their observed non-
prompt deliquescent growth. It is difficult to detect a deliquescence-like transition in the
50 wt/wt% SDS/NaCl nanoparticle growth curves. ZSR analysis reveals the NaCl volume fraction
of these nanoparticles to be 0.05; therefore it is not surprising the nanoparticles barely grow,
even at high humidities.
4.3.6 — Implications of SDS Content in Nanoparticles from Bulk Activity Measurements

Soluble multi-component particles display mutual deliquescence at the eutonic point
(Y somee » @,y) Of the corresponding bulk mixture.”> In Figure 4.5, the eutonic composition of
NaCl/SDS occurs at Y. = 0.92. At NaCl mole fractions exceeding this composition, the activity
is nearly the same (x1% RH) as a pure NaCl solution. SDS/NaCl nanoparticles studied in this
work should therefore display mutual deliquescence in the same vicinity (+ 1% RH) as pure NaCl
nanoparticles at compositions of 0.92 < yy,c < 1.00. TABLE 4.1 implies that, if the composition
of the nanoparticles is the same as the electrosprayed solutions, then the 5.0, 11 and 23 wt/wt
% SDS/NaCl nanoparticles should have displayed mutual deliquescence at roughly the
deliquescence point of pure NaCl nanoparticles. This is not the case as only the 5.0 wt/wt%
SDS/NaCl nanoparticles displayed mutual deliquescence at the pure NaCl nanoparticle
deliquescence point. This observation is more consistent with compositions from the ZSR
model, which predicts that 5.0 wt/wt% SDS/NaCl nanoparticle is the only composition satisfying
the condition 0.92 < yn.a < 1.00.

The observations for the mutual deliquescence of the bulk NaCl/SDS mixtures and the
corresponding nanoparticles are in serious disagreement at high SDS volume fractions
(TABLE 4.1). SDS/NaCl nanoparticles that are at Yy, < 0.92 (assuming ZSR model composition)

display mutual deliquescence at lower values of activity in comparison to pure NaCl
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nanoparticles. On the contrary, NaCl/SDS bulk mixtures at yy,c < 0.92 result in greater water
vapor activities relative to a pure saturated NaCl solution. Because vapor pressure lowering is a
colligative property,’® this would imply SDS is more miscible with NaCl in the nanometer regime
as opposed to the bulk regime. A more likely interpretation is that presence of SDS greatly
affects the values of surface tensions at the NaCl(solid)-H,0O(adsorbed) and H,0O(adsorbed)-
H,O(gas) interfaces, which are theoretically predicted to have a large effect on the
deliquescence phase transition in NaCl nanoparticles.” Regardless of the explanation, this
dramatic change in the deliquescence behavior is a clear manifestation of the importance of

interfacial molecules in thermodynamic phase transitions experienced by nanoparticles.

Section 4.4 — Modified K6hler Theory Analysis of SDS/NaCl Nanoparticles

4.4.1 - Using NaCl Parameters as an Initial Guess

Based on bulk activity measurements and the presence of a prompt deliquescence
transition in 5.0 wt/wt% SDS/NaCl nanoparticles, it would appear activity-solubility relationships
of NaCl are weakly affected by the presence of SDS at low concentrations. Therefore, the
observed reduction of GF,, in hygroscopicity experiments of 14 nm 5.0 wt/wt% SDS/NaCl
particles is solely attributed to there being less NaCl in the nanoparticles (due to the presence of
SDS) and MKT Model 4 should be amendable to predict this observed growth. It is worthwhile
to note that use of the ZSR model and its ability to predict GF,, by allowing NaCl volume fraction
to be parameterized is nominally the same analysis as amending MKT in this fashion. In other
words, SDS and NaCl are assumed to segregate in nanoparticles and the solution core is a
saturated NaCl solution with free SDS monomers partitioned to the droplet surface. MKT Model

4 is shown again for clarity in equation 4.5.
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The results of MKT analysis for 5 wt/wt% SDS/NaCl nanoparticles are presented in
Figure 4.9. This analysis is also conducted for the other SDS/NaCl nanoparticle compositions as
a proof of principle. The black curves represent MKT calculated with no shape correction
considerations (A(Kn,x) =1), a constant surface tension of 32 mN m™ in the Kelvin effect

correction term, and dy, from ZSR model results (TABLE 4.1) are used to calculate weight
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Figure 4.9: MKT amendments for surface-active molecules compared to measured
GF,, of 14.0+0.2 nm SDS/NaCl nanoparticles. The black curves have not been
corrected for shape, use dy,, (TABLE 4.1) to calculate activity-solubility relationships
of each composition, and use 32 mN m™" as the surface tension in the Kelvin effect

correction terms. A shape correction has been applied to the colored curves.
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fraction as a function of activity, w,(a,, ), for each respective composition. The colored curves
(red in Figure 4.9(a), green in (b), yellow in (c), and blue in (d)) are similar to the black family or
curves, where the only difference is a shape correction (A(Kn,x) = 0.898) is used. In both the
black and colored curves, the density of NaCli) and NaClpg (as a function of aqueous weight
fraction) are used for psand p,, (w,) respectively; however, in reality the actual density (solid
and aqueous) of the particle (SDS content + NaCl content, dry or in solution) should be used for
these parameters instead.

As can be seen in Figure 4.9, GF,, are predicted to be too large in either amendment of
MKT Model 4 for any composition of SDS/NaCl nanoparticles. Use of a shape correction reduces
the magnitude of predicted growth factors; however, as will be shown in Chapter 5, 23 wt/wt%
SDS/NaCl nanoparticles are spherical. Thus, a shape correction is not physically accurate in this
analysis. The reasons for the lack of agreement in predicted versus measured GF,, are
attributed solely to the misrepresentation of solid and aqueous densities of the mixed
nanoparticles, which are a function of activity and are unknown a priori. Recall that activity-
solubility relationships used in MKT Model 4 for neat NaCl nanoparticles in section 3.3.1 were
from empirical determination.” To use MKT for proper comparison of measured GF,, in
SDS/NaCl nanoparticles, the density and activity as a function of total solute weight fraction

SDS

+ W’NaCl

(w, ) needs to be measured.

The density and particle shape of 296 and 500 nm SDS/NaCl particles has been studied
experimentally by a single particle laser ablation time of flight (SPLAT) technique.'® Researchers
found the totally particle density dropped significantly as the weight fraction of SDS increased
from 0.0 to 0.2. Interestingly, at high SDS weight fractions, the density of the dry particle was
more representative of an SDS liquid-crystal-phase at 1.13 g cm™ as opposed to a dry-

crystalline-phase of SDS at 0.37 g cm™.*® It is unclear how these physical properties will change
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as a result of nano-size effects. For now, the combined SDS/NaCl nanoparticle density remains
unknown a priori.

Interestingly, even though it would appear that 5.0 wt/wt% SDS/NaCl nanoparticles
(more likely to be 14 wt/wt% SDS/NaCl according to the ZSR model) have remarkably similar
hygroscopic properties to pure NaCl nanoparticles, amendments to MKT analysis in this work do
not predict GF,. The evidence for this statement comes from identical pre-deliquescent
wetting, prompt deliquescence, and bulk water vapor activity. Once again, this demonstrates
the importance of interfacial molecules in hygroscopic properties of nanoparticles and certainly

merits further investigation.
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Chapter 5 — Characterization of SDS/NaCl Nanoparticles

Section 5.1 — Atomic Force Microscopy
5.1.1 — 21 nm 23 wt/wt% SDS/NaCl Particles

Figure 5.1 shows representative AFM images of 23 wt/wt% SDS/NaCl nanoparticles
impacted on HOPG at different resolutions. For these measurements, the particles were size
selected (21 nm, GSD = 1.05) prior to impaction and Figure 5.2 shows a representative mobility
histogram of these particles. AFM images reveal particles preferentially align with the graphite
step edges, likely because graphite step edges are on par with the size of impacted
nanoparticles. Line scan analysis of the observed particle heights (shown below in section 5.1.2)
indicates the size selected mobility diameter was consistent with the AFM imaged diameter.
Despite the size selection, some images (shown below in section 5.1.3) contained a number of
very small particles (< 5 nm). Such small particles are not efficiently screened by the DMA due
to diffusional limitations as the TSI nano-DMA has a lower cutoff size of 4.5 nm. Furthermore,
uncharged nanoparticles can diffuse through the sheath flow of the DMA. This is especially
important for smaller nanoparticles because of their large diffusion coefficient and small charge
fraction (< 1%, Boltzmann).! Presence of these particles does not affect the results of the
hygroscopic growth measurements, as the condensation particle counter is very insensitive to
particles in this size range.

Interestingly, some images contained a very small amount of nanoparticles inconsistent
with the size selected mobility diameter that could not have passed through the DMA column.
Figure 5.1(c) shows such an example as this, where the AFM imaged diameter is roughly 8 nm
and these nanoparticles were found on the same HOPG substrate as those nanoparticles imaged

in Figures 5.1(a) and (b). It is uncertain where these particles could have originated from given
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Figure 5.2: Representative mobility histogram
of 23 wt/wt% SDS/NaCl nanoparticles imaged by
AFM in Figure 5.1 prior to impaction on HOPG.
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Figure 5.1: AFM images of size selected (21 nm,
GSD =1.05) 23 wt/wt% SDS/NacCl particles
impacted on HOPG at different resolutions: (a) AFM images of the sort shown in
5x5 um (b) 10x10 um (c) 0.5%0.5 um.

investigation.

Figure 5.1 suggest indirectly that 23 wt/wt%
SDS/NaCl nanoparticles are uniform and spherical. Higher resolution (0.5 x 0.5 pum) images
were acquired, shown in Figure 5.1(c), to confirm that. Those images revealed no irregular or

peculiar features on the nanoparticles, despite the lack of agreement in mobility diameter and
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AFM imaged diameter for those particular nanoparticles seen in Figure 5.1(c). These images
suggest that: i) both NaCl and SDS inclusions pack with similar geometry; ii) NaCl crystal is not
expelled to the surface of SDS (or vice versa). It is also clear from the image in Figure 5.1(c) that
some nanoparticles clump together, making them appear much wider in the x and y dimensions
compared to the z dimension.
5.1.2 - Line Scan Analysis of AFM Imaged Nanoparticles

Figure 5.3(a) shows a representative AFM image of the same size selected 21 nm
23 wt/wt% SDS/NaCl particles impacted on HOPG as presented in Figure 5.1. The red line
illustrates where line scan analysis using the PSI ProScan Image Processing™™ software was
conducted and those results are shown in Figure 5.3(b). As can be seen in Figure 5.3, while the
majority of particles analyzed are consistent with the size selected mobility diameter of 21 nm,
there are some particles that are inconsistent with the mobility diameter. One possibility could
be related to particles crossing the edge of the line scan as opposed to the center. In the 10-20

nm regime, the majority (~¥99%) of particles are expected to be neutral and the remaining
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Figure 5.3: (a) Representative AFM image of the same size selected, impacted 23 wt/wt% SDS/NaCl
nanoparticle on HOPG as presented in Figure 5.1. (b) Line scan analysis results of the red line
illustrated in panel (a).
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fraction are expected to have a =1 charge state." The contribution of multiply charged
nanoparticles to the total nanoparticle distribution is therefore expected to be minimal and thus
is likely not a sufficient explanation to the peculiar results presented in this section and the next.
However, diffusion of uncharged nanoparticles through the DMA could have resulted in their
passage through the size selector as discussed above.

The discovery of very small (<5 nm) nanoparticles generated from the electrospray
source is a peculiar observation. Indeed, mobility histograms of the full nanoparticle
distribution emerging from the electrospray and mobility histograms after size selection
revealed no particles smaller than 5 nm. Of course, this observation is mediated by the fact that
particles smaller than 5 nm can diffuse through the mobility analyzer. Furthermore, the
condensation particle counter employed in this work cannot detect particles this small. Ergo,
the nanoparticles smaller than 5 nm and shown below in Figure 5.4 could only be discovered by
AFM imaging.

5.1.3 — Shapes of Very Small Nanoparticles

In Figure 5.4(a)-(f), various compositions of nanoparticles are shown impacted on HOPG
in panels (a)-(e) and on mica in panel (f). These compositions are pure NaCl in panels (a) and (b),
5 wt/wt% SDS/NaCl in panels (c) and (d), and 11 and 50 wt/wt% SDS/NaCl in panels (e) and (f),
respectively. It is uncertain if the morphology of these very small nanoparticles is similar to the
morphology of the larger nanoparticles appearing in mobility histograms. These very small
nanoparticles dominated the number count of imaged particles. In fact, whether a size selection
was made prior to impaction or not, nanoparticles smaller than 5 nm were by far the most
numerous. It should be noted that the nanoparticles imaged in Figures 5.1 and 5.3 were located

right away, contrary to any other attempt, which pugnaciously involved several hours of
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scanning the substrate surface only to find the tinniest nanoparticles unexpected in our
attempts.

Despite these peculiar observations, as can be seen in Figure 5.4(a) and (b), imaged NaCl
nanoparticles are not perfectly cubic, which is consistent with other observations of imaged
NaCl particles.® This is likely due to the fact that nanoparticles were imaged under ambient
conditions (~40% RH at 295K) and the presence of a few MLs of adsorbed water is contributing
to imaged morphology. Nanoparticles containing SDS also appear to conglomerate which each
other on the substrate surface as depicted in Figure 5.4(c), (d), and (e).

At present time it is impossible to make a clear distinction of nanoparticle morphology
for the various SDS/NaCl compositions based on AMF imaging. Nevertheless, images of the sort
shown in Figure 5.1 and 5.3 suggest nanoparticles containing a large amount of SDS are
spherical and uniform. Further investigation and use of other imaging techniques, such as
Environmental Transmission Electron Microscopy (ETEM), should certainly be employed. ETEM
can image particles under near ambient conditions, which is desirable in this work and the
reason for the initial use of AFM. Furthermore, it is much easier to zoom out and image a much

larger area using electron microscopy as opposed to raster-scanning very small areas in AFM.
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Figure 5.4: AFM images of nanoparticles not size selected and impacted on HOPG in (a)-(e) and on
mica in (f). (a) and (b): NaCl, (c) and (d): 5 wt/wt% SDS/NaCl, (e): 11 wt/wt% SDS/NaCl, and
(f): 50 wt/wt% SDS/NaCl.
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Section 5.2 — X-ray Photoelectron Spectroscopy

5.2.1 — Quantifying XPS Response Reliably
Our  hypothesis that SDS/NaCl
nanoparticles are enhanced in SDS prompted
us to investigate their composition using XPS
methods. Figure 5.5 shows representative
narrow scan range XP spectra of S(2p) and
Cl(2p) photoelectrons from the various
compositions of impacted SDS/NaCl
nanoparticles listed in TABLE 2.2. The
nanoparticles analyzed by XPS are not sized
selected; the full nanoparticle size distribution
of each composition (see TABLE 2.2) is
impacted for analysis. Spectral features of
S(2p), Cl(2p), O(1s), and Na(1s) did not change
significantly after several exposures totaling
30 minutes and thus are not affected by beam
damage. Differences in the absolute peak
areas of the S(2p) and Cl(2p) are attributed to
difficulties in positioning the nanoparticle
deposition ring directly under the optimum
sampling position for the electron energy
analyzer. To avoid these problems only

relative intensities are used in the analysis.
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Figure 5.6 shows the S(2p)/Cl(2p) ratio of integrated peak areas as a function of solution
composition from which nanoparticles are generated. Nanoparticles from different solutions
display markedly different S(2p)/Cl(2p) ratios, which increase with the amount of SDS. The
largest increase is observed in going from the 5.0 to 11 wt/wt% SDS. As the fraction of SDS
increases further (23 and 50 wt/wt% SDS), the S(2p)/Cl(2p) ratio shows signs of saturation.
TABLE 2.2 shows that the size of the nanoparticles from the 5.0 and 11 wt/wt% SDS solutions is
similar, while the impacted size for the nanoparticles from the 23 and 50 wt/wt% SDS/NaCl
systems are larger. This size difference may affect both the average composition of
nanoparticles generated by the electrospray source and the relative XPS response. It is assumed
the effect of the impacted particle size on the relative S(2p)/Cl(2p) XPS response is minimal, and
the S(2p)/Cl(2p) measurement reflects the relative amount of SDS and NaCl on the surface of
the particles.

5.2.2 — Morphology of SDS/NaCl Nanoparticles Deduced from XPS Analysis

Absolute determination of the SDS coverage is not experimentally attainable from the
information presented in Figures 5.5 an 5.6. However, a qualitative assessment of the
nanoparticle surface can be made, as XPS is a surface sensitive technique. X-rays irradiate the
entire depth of sample; however, photoelectrons are collected from a relatively small depth in
the sample due to inelastic scattering of photoelectrons. The inelastic mean free path (IMFP) of
an electron through NaCl with 1300 eV kinetic energy is roughly 3.5 nm.”> The Al source
produced 1456 eV photons and the binding energy of Cl(2p) is ~200 eV, thus the majority of
electrons collected for NaCl would originate roughly 3.5 nm deep into the sample if no SDS
existed on the surface. IMFP through aliphatic chains of the sort found in SDS is roughly 4.0 nm
for an electron which has 1300 eV kinetic energy.® The binding energy of S(2p) is ~170 eV;

therefore photoelectrons could be collected through an SDS film thickness of ~4.0 nm.
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A simplistic core-shell model, in which a NaCl core floats in the middle of an SDS shell,
predicts that the relative S(2p)/Cl(2p) should increase more rapidly than linear (almost
exponentially) with the SDS weight fraction. Above the SDS film thickness of 4 nm, nearly all
Cl(2p) photoelectrons from the NaCl core should be inelastically scattered and thus not
detectible. TABLE 4.1 shows that the particles examined by XPS have an SDS thickness ranging
from 0 to 3.9 nm or 0 to 5.5 nm depending on whether one assumes the solution composition or
ZSR composition for the nanoparticles. The S(2p)/Cl(2p) should increase greatly over this range
of SDS coat thicknesses. Figure 5.5 demonstrates that the measured S(2p)/Cl(2p) signal
increases less than linearly with increasing SDS weight fraction. These observations suggest the
core-shell morphology is not the best picture at high SDS weight fractions. It is also possible that
a large fraction of particles deposited were very small (<5 nm). For such small particles Cl (2p)

photoelectrons would not be attenuated by the presence of SDS on the surface.

(a) (b)

SDS

Figure 5.7: A cartoon depiction of the (a) “zone-inclusion” model
and (b) “core-shell” model.

The XPS results are consistent with a “zone-inclusion” model, whereby NaCl and SDS still
segregate in separate phases but the NaCl zone is no longer in the very center of the
nanoparticle as the core-shell model assumes. Figure 5.7 shows a cartoon depiction of these
two models. With the NaCl zone positioned near the edge of the particle, the Cl(2p)

photoelectrons originating from NaCl could be fairly close to the surface and detectible by XPS.
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Note that the zone-inclusion model is just as consistent with the hygroscopic growth results as
the core-shell model.

5.2.3 — Oxygen Photoelectron Spectra

Figure 5.8 shows a narrow scan XP L I L BN L BN B
R-O-SO, -

spectrum of the Oxygen, O (1s), region from

-0O-H
impacted 23% SDS/NaCl nanoparticles. Two
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different types of oxygen in 23% SDS/NaCl Figure 5.8: A representative narrow scan O (1s)

XP spectra from impacted 23% SDS/NacCl

nanoparticles. The peak at 532.6 eV is .
nanoparticles.

attributed to O (1s) from a sulfate moiety (R-O-SOs3) and the peak at 531.3 eV is attributed to
O (1s) from a hydroxide moiety (-OH), which are both in good agreement with literature values.’

The majority of impacted nanoparticles are neutral,’ therefore the contribution of
protonated sulfate groups to the O (1s) signal is expected to be extremely small. Adsorption of
H,0 on NaCl surfaces with a high surface defect density can lead to dissociation of H,0 to form
hydroxide surface species, which will be detectable on NaCl surfaces in the ultra-high vacuum
regime.® It is uncertain if the electrospray source will make NaCl nanoparticles of the low or
high surface defect variety; however, the presence of SDS in NaCl nanoparticles could influence
defects of the sort which will contribute to adsorbed surface water, even under nano-Torr
conditions. The spectrum in Figure 5.8, along with the very long water degassing times in FTIR
analysis discussed in Chapter 2, section 2.6.2, gives evidence that 23% SDS/NaCl nanoparticles

may not be entirely void of solvent after production.
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Previous investigators have reported residual solvent in SDS/NaCl particles (> 100 nm)
after diffusion drying.? Zelenyuk et al.’ discussed the presence of residual solvent in SDS/NaCl
particles could lead to a variety of different SDS meso-phases (i.e. liquid crystals, micelles, etc.)
which will contribute to a markedly different SDS densities. These observations suggest the
phase-state of SDS in nanoparticles could be different in all of our experiments as there are a
variety of different environmental conditions and exposure times to that environment that were
utilized. For example, in the hygroscopicity experiments SDS/NaCl nanoparticles are diffusion
dried for a very shot time (~1 sec.), whereas in the FTIR analysis nanoparticles were exposed to
dry air for several days. Nevertheless, we proceed with characterization of SDS/NaCl
nanoparticles and caution is used in comparing and reporting the morphology of impacted

nanoparticles to aloft nanoparticles in the hygroscopicity experiments.

Section 5.3 — Fourier Transform Infrared Spectroscopy
5.3.1 — Nature of SDS in Zones and Inclusions

Figure 5.9 shows an FTIR spectrum of nanoparticles from the 23 wt/wt% SDS system
impacted on a ZnSe window without size-selection. The CH-stretching region (2700-3100 cm™)
is plotted to show characteristic vibrations of the aliphatic moiety of SDS. The peaks at
2848 cm™, 2918 cm™, and 2956 cm ™ are attributed to the symmetric -CH,- stretch (vgm), the
asymmetric -CH,- stretch (v.), and the asymmetric -CH; stretch, respectively.’® Bands
associated with the -O-SO;  Na* moiety were detectible at lower frequencies; however, the
signal-to-noise ratio was poor due to the small amount of material analyzed. The collection time
and thus amount of impacted SDS/NaCl nanoparticles is limited by the amount of solvent in the

electrospray syringe, for XPS and FTIR analysis this was approximately 6 hours of impaction.
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As discussed previously, the presence

of residual solvent can have an influence on T T T
SDS. The phase state of SDS in the 2918
nanoparticles (23 wt/wt% and 50 wt/wt%) is

therefore uncertain. Some of the possibilities

Absorbance

include: (1) a glassy state with the alkyl chains

being fairly disordered; (2) a crystalline state

with a higher degree of order. All known - - -
2700 2800 2900 3000 3100

-1
crystalline forms of SDS pack head to head Wavenumbers (cm )

and tail to tail; however, because of chain Figure 5.9: Transmission FTIR spectra of
impacted 23 wt/wt% SDS/NaCl nanoparticles on

tilting stronger bonding occurs between tails  aZnSe window.

and hence the growth rate for the monohydrate and hemihydrate forms are much faster than

the 1/8 hydrate and anhydrous forms.™ If SDS is in a crystalline state, the 23 and 50 wt/wt %

SDS/NaCl nanoparticles are likely of the monohydrate variety as the habit of this crystal domain

is rectangular and ideally could pack well with the cubic NaCl crystal habit.

The 23 wt/wt% SDS/NaCl nanoparticles were examined by FTIR because this
composition should have well in excess of a ML of SDS. FTIR spectra were difficult to obtain due
the small amount of material impacted on the ZnSe window. However, the resulting spectra in
the CH-stretching range (Figure 5.8) were quite informative. Most significantly, the symmetric
and asymmetric -CH,- stretches, occurring at 2848 and 2918 cm™ respectively, were quite
narrow, indicating minimal heterogeneous broadening of the peaks.

FTIR spectra of various SDS phases (crystalline and disordered) have been reported

previously.”? The position of the symmetric -CH,- stretch was consistently below 2852 cm™ for

crystalline phases of SDS, while for micellar solutions of SDS and water was consistently above
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2852 cm . The position of the asymmetric -CH,- stretch was just at or below 2920 cm™ for
crystalline phases of SDS, while for micellar solutions and liquid crystal phases of SDS was above
2920 cm ™. The position of the peak relative to 2920 cm™ is not necessarily a function of
order, but can also be related to packing density.”” In disordered SDS phases, (i.e. micelles and
liquid crystals) broadening of symmetric and asymmetric -CH,- peaks was observed relative to
ordered, crystalline SDS phases (i.e SDS anhydrous, SDS-1/8H,0, SDS-1/2H,0, and SDS-H,0) as
well as a decreased molar absorptivity of the asymmetric -CH,- stretch relative to the symmetric
-CH,- stretch.”” The FTIR spectra presented in Figure 5.9 in this work appears to be more
representative of an ordered, crystalline phase of SDS with high packing density.

It is peculiar that AFM images suggest 23% SDS/NaCl nanoparticles are spherical yet the
FTIR spectrum presented in Figure 5.9 suggests SDS is in some type of crystalline state. Once
again, the influence of residual solvent on SDS and the very different conditions used to
characterize these nanoparticles (recall AFM is done under ambient RH whereas FTIR was done
under very dry conditions) suggests these techniques may not be universally applicable to the
characterization of SDS/NaCl nanoparticles as they exist in the hygroscopicity experiments.
Nevertheless, the wide variety of employed characterization experiments, as far as this author
knows, is the first attempt to characterize impacted nanoparticles produced from an

electrospray source in this manner.
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Chapter 6 — Final Remarks and Suggested Future Work

Section 6.1 — The Role of Size and Composition
6.1.1 — Sodium Chloride Nanoparticles

A combination of experimental techniques has been used to explore hygroscopic growth
of 14.0+0.2 nm NaCl and SDS/NaCl particles as well as 10.9+0.1 and 17.0 £ 0.2 nm NaCl
particles. As the size of the dry NaCl nanoparticle decreases, its DRH increases in full accord
with previous studies on NaCl nanoparticles."” Experimentally determined growth factors of
NaCl nanoparticles were also found to have good agreement with modified Kéhler theory when
properly accounting for particle shape.*® Sodium Chloride 14 nm particles were found to have
3.1+ 0.5 ML of water adsorbed to the surface at the deliquescence point. This coverage of
water was consistent with what would be expected on a bulk NaCl surface when taking the
Kelvin effect into consideration for such a 14 nm particle.®™*

Interestingly, as the size of the dry particle decreases, its solution composition upon
deliquescence increases (see TABLE 3.1), even though its deliquescence relative humidity
increases. Recall, the equilibrium vapor pressure over a saturated salt solution is identical to the
deliquescence point. The DRH of a salt particle is lower than the equilibrium vapor pressure of
neat liquid water due to entropic effects and this is a colligative property.*> Therefore, it should
be expected that the DRH would decrease with particle size. On the contrary, the opposite
happens due to nontrivial free energy contributions of the multilayer water film to the total free

energy of the particle.” This demonstrates the importance of the phenomenological size

dependence on thermodynamic phase transitions experienced by NaCl nanoparticles.
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6.1.2 — Sodium Dodecyl Sulfate/Sodium Chloride Nanoparticles

14 nm particles electrosprayed from a 5.0 wt/wt% SDS/NaCl solution deliquesce at
79.1 £ 1.0% RH, the same RH as pure NaCl nanoparticles. This composition also has the same
water coverage level, 3.1+0.5ML, as pure NaCl nanoparticles immediately prior to
deliquescence. The estimated SDS film thickness (®gps) for the 14 nm 5 wt/wt% SDS/NaCl
particles is close to one monolayer, and this SDS monolayer does not appear to have a strong
effect on the hygroscopic properties of the NaCl core. The presence of SDS on the surface in
fact makes adsorption of water more thermodynamically favorable than on bare NaCl because
of the effect of SDS on the interfacial surface tension. The phase state of this H,0-SDS surface
film prior to deliquescence is likely to be fairly mobile,”* contrary to a highly rigid array of
aliphatic chains in a self-assembled monolayer, for example.

The situation changes considerably as the relative amount of SDS increases in the 14 nm
particles. XPS analysis suggests that nanoparticles with high SDS content deviate from the
simple NaCl core-SDS shell morphology. It is expected there is a strong energetic benefit for the
SDS head groups to interact with the NaCl surface, but there is simply not enough space to
accommodate all of them and lead to the growth of an SDS crystalline phase around the NacCl
inclusion. The FTIR analysis reveals alkane chains are fairly ordered for 23 wt/wt% SDS/NaCl
collected particles, confirming that NaCl and SDS exist in segregated crystalline structures within
the nanoparticle. This morphology, referred to as a “zone-inclusion” model, is just as consistent
in hygroscopic growth as the core-shell morphology, contrary to many “nano-shards” of NaCl
and SDS randomly distributed throughout the particle.

As the relative amount of SDS in the nanoparticle grows the deliquescence relative
humidity decreases and the deliquescence transition becomes less well defined. Hygroscopic

growth curves of SDS containing nanoparticles are representative of NaCl after deliquescence.
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The “non-prompt” phase transitions observed in these nanoparticles can be thought of as
droplets which are partially dissolved and thus thermodynamically metastable.> Eventually,
these droplets appear to become fully dissolved droplets due to their agreement with the ZSR
model. Unfortunately, these results do not foreshadow agreement with the modified Kéhler
theory model for surfactants used in this work. The effect of SDS on the deliquescence and
hygroscopic growth of NaCl appears to be much greater in nanoparticles than in the bulk
NaCl/SDS mixtures of the same composition. This underscores the importance of interfacial

properties in the phase transitions experienced by mixed organic-inorganic nanoparticles.

Section 6.2 — Suggested Future Work: Electrospray Dynamics
6.2.1 — Distance Dependence of Electrospray for Nanoparticle Generation

Nanoparticle production from the electrospray source is very sensitive to the
experimental parameters, which are syringe pump flow rate, applied voltage, and distance [,
from the capillary tip to the neutralizer entrance. The most sensitive parameter is distance [,
and great care was taken to ensure the electrospray conditions presented in TABLE 2.2 were
reproducible. A picture of the electrospray Taylor jet-cone illustrated with [, is shown in Figure
2.8 in Chapter 2.

Initial experimentation on the distance dependence of electrospray nanoparticle
production was carried out and those results are presented here. It should be noted, however,
these are preliminary observations and a satisfactory explanation for this distance dependence

on nanoparticle production is not yet attained.
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Figures 6.1 and 6.2 show mobility histograms from the electrospray nanoparticle source
for the 5 and 11 wt/wt% SDS/NaCl solutions, respectively. In panels (a), (b), and (c) of each
figure the electrospray conditions are nearly same except distance [, is varied. As [ is changed,
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the nanoparticle distribution changes.

Lognormal curves have been fit to the mobility

histograms and this analysis reveals some distributions are bimodal.  Hygroscopicity

experiments were conducted from a size selection of the distributions representative of panel

(a) in each figure for both 5 and 11 wt/wt% SDS/NacCl.
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Figures 6.3 and 6.4 show mobility histograms from the 23 and 50 wt/wt% SDS/NacCl
solutions, where the distance [, was varied similarly as in the data presented in Figures 6.1 and
6.2. Hygroscopicity experiments were conducted from a size selection of the distributions
representative of panel (a) in each figure for both 23 and 50 wt/wt% SDS/NaCl. As can be seen
in Figures 6.3 and 6.4, the particle distribution is not as sensitive to distance [, for 23 and 50
wt/wt% SDS/NaCl solutions as it is for the 5 and 11 wt/wt% SDS/NaCl.

The chemical content of nanoparticles emerging directly from the electrospray source as
a function of distance I, can be probed indirectly by water uptake. A size selection
(14.0 £ 0.2 nm) of each composition was made from each [, distance presented in Figures 6.1-6.4
and those particles were exposed to a constant RH (84-86% RH). Figure 6.5 shows the results of
this experiment, where the open circles indicate the same hygroscopicity data presented in
Chapter 4. The colored markers indicated in each legend in Figure 6.5 are growth factors taken
from a size selection at different electrospray distance Is at constant RH.

As can be seen in Figure 6.5, as the electrospray jet-cone is moved closer to the
neutralizer, growth factors become larger. The most prominent differences are seen in panels
(b) and (d) for 11 and 23 wt/wt% SDS/NaCl, respectively. While there is an electrospray distance
dependence for growth factors from 5.0 wt/wt% SDS/NaCl, growth factors from 50 wt/wt%
SDS/NaCl seems to show no difference when the electrospray distance was varied.
Interestingly, the mobility histogram characteristics as a function of [, (Figure 6.3) for 23 wt/wt %
SDS/NaCl were fairly constant, even though growth factors at constant RH as a function of [,
were very different. This could indicate that younger progeny droplets are deficient in SDS while
older progeny droplets are enhanced in SDS assuming the electrospray dynamics are constant
over this range of distances. This is likely a bad assumption as the electric field changes over

very short distances (millimeters)'* and solution conductivities of each composition are
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Figure 6.5: Hygroscopic growth curves of 14 nm 5, 11, 23, and 50 wt/wt% SDS/NaCl in (a), (b), (c), and
(d) respectively. The open circles in each panel are the same data presented in Chapter 4, where [, =
(a) 4.0 mm, (b) 5.0 mm, (c) 4.0 mm, and (d) 6.0 mm. The colored markers indicated by the legends are

data measured at different distance /..

expected to be different. No further attempts to explore these observations were carried out;
however, it should be stressed that the hygroscopicity experiments presented in Chapter 4 were
conducted at constant [, and great care was taken to ensure these conditions were reproducible
throughout the course of experimentation. The electrospray distance dependence of

nanoparticle production certainly merits further investigation.
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Section 6.3 — Suggested Future Work: Theoretical Investigations
6.3.1 — Molecular Dynamics

The data presented in Chapters 3-5 has recently been submitted to the Journal of
Physical Chemistry B in the form of a full journal article,® and is currently under review. In this
manuscript, preliminary theoretical investigations were conducted by collaborators using
molecular dynamics (MD) to compare to experimental data.

Figure 6.6 shows a snapshot from a MD simulation of a SDS/NaCl “core-shell”
nanoparticle relaxed for 100 ps. The SDS/NaCl nanoparticle was generated with a crystalline
NaCl core that was decorated by SDS molecules (Appendix Il shows the input files). The
nanoparticle was generated in an x-y-z
periodic simulation box of dimensions x =
100.00 A, y = 100.00 A, z = 200.00 A. The
diameter of the particle is roughly 5 nm.

The NaCl crystalline core was
generated manually using a standard NaCl
crystal structure with a lattice constant of 5.63
A, which gave a nearest neighbor spacing of

2.81 A. A full coverage monolayer of dodecyl

sulfate anions (DS) were arranged in a

Figure 6.6: A NaCl core-SDS shell nanoparticle

relaxed by a 100 ps MD simulation. A section of

o . rectangular lattice 5.00 A apart on the NaCl
the particle is cut away to reveal the inner

structure of the NaCl core. . . .
slab with an appropriate number of sodium

cation counterions on all 6 faces of the NaCl core. This defined the slab with ®¢,g = 1.00. SDS

molecules were positioned such that the sulfur was placed 6.61 A above the surface of the NaCl
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slab with sodium cation counterions placed between the surfactant head group and NacCl
surface.

The SDS/NaCl nanoparticle was relaxed following an initial energy minimization with a 1
ns trajectory using the NAMD (Not Another Molecular Dynamics) program. NAMD was
developed by the Theoretical and Computational Biophysics Group in the Beckman Institute for
Advanced Science and Technology at the University of Illinois at Urbana-Champaign.” The SDS
molecules and Na* and ClI™ ions were described using the CHARMM?27 lipid force field'® and the
SHAKE algorithm constrained the lengths of covalent bonds to hydrogen.”” Long-range
electrostatic interactions were computed using the smooth particle mesh Ewald (PME) method®
and van der Waals interactions were truncated at a 12 A cutoff distance. The simulation was
run with a 1 fs time step and snapshots were saved at 1 ps intervals for detailed analysis.
Langevin dynamics maintained a simulation temperature of 300 K. The goal of this simulations
was to probe the behavior of SDS on corners and edges of the underlying NaCl crystal.

This simulation predicts a significant degree of distortion of the NaCl structure by SDS
near the edges and corners of the NaCl crystal. These sites are the least protected from water
by the alkyl tails of SDS, and therefore represent the most likely sites for the initial water
adsorption. From there, water molecules can percolate in between NaCl and SDS, and
eventually deliquesce the NaCl crystal. The interaction of water with the SDS/NaCl nanoparticle
was not simulated; however, this is the next logical step to proceed in for future work.

In Chapter 5, a peculiar observation was reported for very small (< 5 nm) SDS/NaCl
nanoparticles impacted on HOPG and imaged with AFM. It is worthwhile to note the SDS/NaCl
nanoparticle simulated by MD is a representative size of actual SDS/NaCl nanoparticles imaged.
Simulating water uptake by these nanoparticles should therefore be regarded as a priority as

MD simulations are rarely on par with the size of the system studied. These simulations could
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reveal insights, over very short time scales, of fundamental water uptake on realistic 3-

dimensional systems like the one presented in Figure 6.6.
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APPENDIX |

APPENDIX la: A block diagram of the custom LabView™ program used to monitor
relative humidity.
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APPENDIX Ib: A block diagram of the custom virtual instrument (VITM) used for
Vaisala Humidity probes in the LabView™ program used to monitor relative humidity.
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APPENDIX II

A PDB structure file of one dodecyl sulfate anion.

ATOM 1374 C1 SDS X
ATOM 1375 C1 SDS X
ATOM 1376 C2 SDS X
ATOM 1377 C2 SDS X
ATOM 1378 C3 SDS X
ATOM 1379 C3 SDS X
ATOM 1380 C4 SDS X
ATOM 1381 C4 SDS X
ATOM 1382 C5 SDS X
ATOM 1383 C5 SDS X
ATOM 1384 C6 SDS X
ATOM 1385 C6 SDS X
ATOM 1386 C7 SDS X
ATOM 1387 C7 SDS X
ATOM 1388 C8 SDS X
ATOM 1389 C8 SDS X
ATOM 1390 C9 SDS X
ATOM 1391 C9 SDS X
ATOM 1392 C10SDS X
ATOM 1393 C10SDS X
ATOM 1394 C11SDS X
ATOM 1395 C11 SDS X
ATOM 1396 C12 SDS X
ATOM 1397 C12SDS X
ATOM 1398 OS1 SDS X
ATOM 1399 OS1 SDS X
ATOM 1400 OS2 SDS X
ATOM 1401 OS2 SDS X
ATOM 1402 OS3 SDS X
ATOM 1403 OS3 SDS X
ATOM 1404 OS4 SDS X
ATOM 1405 OS4 SDS X

20.680 -26.914 -17.977
20.680 -26.914 -17.977
20.659 -28.444 -17.986
20.659 -28.444 -17.986
22.095 -28.973 -17.975
22.095 -28.973 -17.975
22.074 -30.503 -17.983
22.074 -30.503 -17.983
23.509 -31.033 -17.972
23.509 -31.033 -17.972
23.488 -32.562 -17.981
23.488 -32.562 -17.981
24.924 -33.092 -17.970
24.924 -33.092 -17.970
24.903 -34.622 -17.978
24.903 -34.622 -17.978
26.338 -35.152 -17.967
26.338 -35.152 -17.967
26.318 -36.681 -17.976
26.318 -36.681 -17.976
27.753 -37.211 -17.965
27.753 -37.211 -17.965
27.732 -38.741 -17.973
27.732 -38.741 -17.973
19.339 -26.419 -17.987
19.339 -26.419 -17.987
18.099 -24.434 -17.808
18.099 -24.434 -17.808
19.847 -24.461 -19.375
19.847 -24.461 -19.375
20.528 -24.584 -17.132
20.528 -24.584 -17.132

R G G G G U G GG G G G G (T QU G G Y

[T G G W QI (i Qi G O i ]

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

ATOM 1406 S SDSX 1 19.431 -24.900 -17.978 1.00 0.00
ATOM 1407 S SDSX 1 19.431 -24.900 -17.978 1.00 0.00

ATOM 1408 H11 SDS X
ATOM 1409 H11 SDS X
ATOM 1410 H12SDS X
ATOM 1411 H12SDS X
ATOM 1412 H21 SDS X
ATOM 1413 H21 SDS X
ATOM 1414 H22 SDS X
ATOM 1415 H22 SDS X
ATOM 1416 H31 SDS X
ATOM 1417 H31 SDS X
ATOM 1418 H32 SDS X
ATOM 1419 H32 SDS X
ATOM 1420 H41 SDS X
ATOM 1421 H41 SDS X
ATOM 1422 H42 SDS X
ATOM 1423 H42 SDS X
ATOM 1424 H51 SDS X
ATOM 1425 H51 SDS X
ATOM 1426 H52 SDS X
ATOM 1427 H52 SDS X

21.207 -26.553 -18.860
21.207 -26.553 -18.860
21.190 -26.562 -17.081
21.190 -26.562 -17.081
20.149 -28.795 -18.882
20.149 -28.795 -18.882
20.132 -28.805 -17.103
20.132 -28.805 -17.103
22.622 -28.612 -18.858
22.622 -28.612 -18.858
22.605 -28.622 -17.078
22.605 -28.622 -17.078
21.564 -30.855 -18.880
21.564 -30.855 -18.880
21.547 -30.864 -17.100
21.547 -30.864 -17.100
24.036 -30.672 -18.855
24.036 -30.672 -18.855
24.019 -30.681 -17.076
24.019 -30.681 -17.076

R G T G T G T G G U G G G G T G AT G U QT G G §
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1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS

0000000000000000000000000000000O0

SDS S
SDS S

SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS

IITIIIIIIIIIIIIIIIIIIT



ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443

H61 SDS X
H61 SDS X
H62 SDS X
H62 SDS X
H71 SDS X
H71 SDS X
H72 SDS X
H72 SDS X
H81 SDS X
H81 SDS X
H82 SDS X
H82 SDS X
H91 SDS X
H91 SDS X
H92 SDS X
H92 SDS X

1444 H101 SDS X
1445 H101 SDS X
1446 H102 SDS X
1447 H102 SDS X
1448 H111 SDS X
1449 H111 SDS X
1450 H112 SDS X
1451 H112 SDS X
1452 H121 SDS X
1453 H121 SDS X
1454 H122 SDS X
1455 H122 SDS X
1456 H123 SDS X
1457 H123 SDS X

[ G G WU G G G G G U QA G G G G

_ e b e e e e

22.978 -32.914 -18.878
22.978 -32.914 -18.878
22.961 -32.924 -17.098
22.961 -32.924 -17.098
25.451 -32.731 -18.853
25.451 -32.731 -18.853
25.434 -32.741 -17.073
25.434 -32.741 -17.073
24.393 -34.974 -18.875
24.393 -34.974 -18.875
24.376 -34.983 -17.095
24.376 -34.983 -17.095
26.866 -34.790 -18.850
26.866 -34.790 -18.850
26.849 -34.800 -17.071

26.849 -34.800 -17.071

25.807 -37.033 -18.873
25.807 -37.033 -18.873
25.790 -37.042 -17.093
25.790 -37.042 -17.093
28.280 -36.850 -18.848
28.280 -36.850 -18.848
28.263 -36.859 -17.068
28.263 -36.859 -17.068
27.222 -39.092 -18.870
27.222 -39.092 -18.870
28.755 -39.118 -17.966
28.755 -39.118 -17.966
27.205 -39.102 -17.090
27.205 -39.102 -17.090

A PDB structure file of a cluster of (Na,Cl),"

ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

1CLA CLAO 1
2CLA CLAO 2
3CLA CLAO 3
4CLA CLAO 4

28255
28256
28257
28258
28259
28260
28261
28262

SOD SOD 0
SOD SOD 0
SOD SOD 0
SOD SOD 0
SOD SOD 0
SOD SOD 0
SOD SOD 0
SOD SOD 0

lc¥oNoNoNoNoNoRoRoRoNoRoRoRoRo)

QG U O UGGy
o
[eNeNeleNeolNeoNeNoloNoleoNoNolNoNeNo]

1.00

-y
o
o

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-18.291 -18.291 -18.291 1.00 0.00
-15.477 -18.291 -15.477 1.00 0.00
-15.477 -15.477 -18.291 1.00 0.00
-18.291 -15.477 -15.477 1.00 0.00

1
1
2
2
3
3
4
4

-18.291 -21.477 15.477 1.00 0.00
-18.291 -21.477 15.477 1.00 0.00
-9.849 -21.477 18.291 1.00 0.00
-9.849 -21.477 18.291 1.00 0.00
-12.663 -21.477 15.477 1.00 0.00
-12.663 -21.477 15.477 1.00 0.00
-4.221 -21.477 18.291 1.00 0.00
-4.221 -21.477 18.291 1.00 0.00

128

SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS
SDS

TTTTTTTTTTTrTrTrTTIIIIIIIIIIIIIIIT

CLACL
CLACL
CLACL
CLACL
SOD NA
SOD NA
SOD NA
SOD NA
SOD NA
SOD NA
SOD NA
SOD NA



