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The spatial distribution of species within an aerosol droplet
influences how it interacts with its environment. Despite the
ubiquity of multicomponent nanodroplets in natural and techno-
logical aerosols, there are no published measurements of their
internal structure. Here, we report the first experimental results
for structure in aqueous organic nanodroplets based on small
angle neutron scattering by high number density aerosols. For
H,O-n-butanol droplets, fitting of the diffraction patterns con-
firms the picture of an aqueous core containing ~3 mol%
alcohol covered by a shell of densely packed alcohol molecules.

Internal structure substantially affects the heterogeneous
reactions, the growth and evaporation kinetics, the accommo-
dation of trace gas species, and the radiative properties of
droplets.'> Furthermore, the rate at which new particles form
is sensitive to the surface free energy, and thus, to the
composition and structure of the nanometre sized critical
clusters.® Evidence for structure in nanodroplets includes the
partitioning of ethanol to the surface of ethanol-water clusters
in Monte Carlo® and molecular dynamics simulations* and the
scaling with size observed for the organic carbon content in
atmospheric aerosols.” Direct experimental evidence for a
core—shell structure in nanodroplets, however, has been lack-
ing until now.

To investigate nanodroplet structure, we developed in situ
small angle neutron scattering (SANS) experiments to study
aerosols with droplet or particulate radii in the range 1-20
nm.%’ With wavelengths between 0.5 and 2 nm, cold neutrons
are well suited to probe the structure of matter on this length
scale.® Our experimental approach parallels the contrast
matching technique used to investigate the structure of micro-
emulsions.” As Fig. 1 illustrates for a core-shell model,
selective deuteration changes both the shape and intensity of
the scattering spectrum. Deuterated compounds coherently
scatter neutrons more intensely than their hydrogenated ana-
logues, and, thus, for the H,O-deuterated n-butanol (d-buta-
nol) aerosol, scattering comes primarily from the organic rich
shell of the droplets. In contrast, scattering from the D,O—
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hydrogenated n-butanol (h-butanol) aerosol comes almost
exclusively from the aqueous core. The key differences be-
tween the two curves include more intense scattering from the
D,0 core at low ¢, a pronounced feature in the shell scattering
case at intermediate ¢, and a difference in the rate of decrease
in scattering intensity, ¢~ vs. g2, at high ¢. For the real H,O—
d-butanol aerosol, the feature at intermediate ¢ will be less
pronounced because of isotopic exchange of the labile D of the
alcohol with H from water and because of the moderate
solubility of the deuterated alcohol in the aqueous core.

Our aerosols are formed by nucleation and condensation of
the targeted species from a dilute vapour—N, carrier gas
mixture as it flows through a supersonic nozzle.'® The number
densities of droplets N are typically between 10'' and 10'?
cm ™. For an average droplet radius (r) of 10 nm, the volume
fraction ¢ is ~5 x 10~°, and the absolute scattering intensities
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Fig. 1 The aerosols consist of multicomponent droplets suspended in
N, carrier gas. The colour coding for the droplet cartoons is: red
(pink) = hydrocarbon with positive (negative) scattering length
density, dark blue (light blue) = water with positive (negative)
scattering length density. The lower curve corresponds to the expected
scattering signal from droplets with a pure H,O core and a pure d-
butanol shell, while the upper curve corresponds to droplets with a
pure D,0 core and a pure h-butanol shell. The calculations assumed a
polydisperse (Schultz) distribution of cores and a constant shell
thickness with: ¢ = 3 x 1075 (reorey = 9 nm; core polydispersity,
0.2; dshenn = 0.5 nm. The scattering length densities are: d-butanol =
6.51 x 107° A7, D,0 = 6.39 x 107 A~2 h-butanol = —3.29 x 10~
A2, H0 = —5.60 x 1077 A2
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Fig.2 (left) A schematic diagram of the experimental apparatus illustrating the material flows and the crossed beam scattering geometry. During
a SANS experiment the windows that separate the sample box from the neutron pre-sample flight path and the detector tube are removed, and the
neutron flight path is evacuated to both minimize and stabilize the background scattering. (right) A 2D scattering pattern illustrates the distortion
that arises because the ratio of the particle to neutron velocities in this experiment is ~0.9. The dark central region is due to the beam stop. The
scattered neutron intensity scale ranges from yellow (highest) to black (lowest). The aerosol flow is from right to left in the horizontal plane.

are approximately four orders of magnitude lower than those
of typical microemulsions.

Fig. 2 is a sketch of the experimental system. For the current
experiments, the pressure and temperature at the entrance to
the nozzle were 60.0 kPa and 308.15 K, respectively. The flow
rate of N, carrier gas was ~ 17 mol/min while the condensible
flow rate was 0.355 mol/min for the H,O—d-butanol aerosol
and 0.305 mol min~" for the D,O-h-butanol. In both experi-
ments, the initial condensible vapor contained 6.2 mol%
butanol. At 298 K the concentration of butanol in the
saturated water-rich phase is only ~2 mol%,'! and, thus,
we must produce and mix two vapour streams to generate the
desired composition. In earlier experiments using propanol
and water, we found no differences in condensation behaviour
if the desired mixture was vaporized directly or if two vapour
streams were produced independently.'?

The neutron scattering experiments were carried out using
the NG7 SANS instrument at NIST. The nozzle and asso-
ciated plumbing were placed in the sample box with the
neutron beam perpendicular to the flow in the nozzle. The
nozzle sidewalls have 0.45 mm thick silicon windows that are
transparent to the neutrons and separate the flow inside the
nozzle from the evacuated sample chamber. The neutron
wavelength was 4 = 0.8 nm with a wavelength spread of
AJJA = 0.22. Measurements of scattered intensity from the
aerosol and from the background (pure N, gas) were made in
alternating 30 min intervals to ensure the background did not
drift. The total sample integration time for the H,O—-d-butanol
aerosol was 135 min at a sample to detector distance (SDD) of
2 m. For the D,O-h-butanol aerosol it was 60 minutes at each
SDD (2.0 m and 3.75 m). Longer background integrations, 8§ h
at2mand 9 h at 3.75 m, were obtained by combining the local
background with that measured during other experiments
conducted during the same NIST visit. In the scattering
volume, the droplet/gas velocity was ~450 m s~ !, and the
gas pressure and temperature were ~17 kPa and 235 K,
respectively. Thus, the temperature is well above the 200 K
limit that Bartell'*> and co-workers found was required to
freeze pure water droplets in this size range and under
comparable flow conditions.

One interesting complication in our experiments is the
Doppler shifted scattering patterns that arise because the high

speed droplets and the neutrons (500 m s~ ') intersect at a right
angle (Fig. 2). Thus, neutrons scattered in the direction of the
aerosol beam acquire an added momentum shift that system-
atically distorts the two-dimensional scattering patterns mea-
sured in the laboratory frame. In earlier work we explored this
phenomenon in detail'*!* and developed a Doppler correction
procedure that is implemented in the SANS data reduction
program.'®

Fig. 3a illustrates the SANS scattering spectra measured for
the two aqueous—butanol nanodroplet aerosols. The data were
reduced following the procedure outlined in Kim er al.'® and
setting the droplet velocity equal to the gas velocity derived
from axial pressure measurements. The spectrum correspond-
ing to the H,O—d-butanol aerosol clearly contains the key
features associated with scattering from a core—shell structure,
while the corresponding spectrum from the D,0O-h-butanol
aerosol looks like scattering from a polydisperse distribution
of spheres.

To derive the structural parameters of the droplets and their
overall composition, we used the NIST data analysis pro-
grams]6 to fit the HyO—deuterated n-butanol spectrum assum-
ing a polydisperse (Schultz) distribution of cores (reore)
covered by a layer of alcohol with constant thickness 9.
Because the volume fraction of the aerosol ¢ and the scatter-
ing length densities of the core (SLD¢o.) and shell (SLDygpepr)
are perfectly correlated, only one of these parameters can be
varied. Thus, we set ¢ equal to the value determined by
the pressure trace measurements, and set SLDg,.; equal to
SLDg.putanol (C4D9OHg 97Dg 03 to account for H-D exchange
with H>O). The fitting procedure returned the average radius,
polydispersity, and scattering length density of the droplet
core, the thickness of the shell, and the magnitude of the
constant scattering from the background. To test for the
presence of H,O in the shell, we decreased SLDg.; and refit
the spectrum. Decreasing SLDy;.;; always made the fit of the
model to the measured scattering intensity worse as estimated
by a y° statistic. The best fit parameters are given in Table 1
and the solid line in Fig. 3b is the fit.

To test the consistency of the fit, we used the SLDcype
returned by the fit to estimate the composition of the core
and found that the mole fraction of butanol in the core was
Xeore = 0.029. Solubility measurements for butanol in water
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Fig. 3 Scattering from a D,O-h-butanol aerosol is compared to that from a H,O—d-butanol aerosol formed under identical conditions (7, p,
mol% butanol) in the nozzle. SDD is the sample-to-detector distance. The falloff in intensity at low ¢ is due to shadowing from the beam stop. (a)
In the high ¢ region, the intensity falls off as ¢~ for the D,O-rich droplets, but only as ¢~ for the H,O-rich droplets. The residual background
(~5x 107 cm™") arises primarily from incoherent scattering from hydrogen species (b) A well mixed droplet model (not shown) cannot reproduce
the feature in the region 0.4 nm~' < ¢ < 0.5 nm™" of the H,O—d-butanol spectrum. A core shell model fits the data well (;*/(degrees of freedom)
~0.8). After adjusting the parameters from the core—shell fit to account for the differences in scattering length density and molar flow rates of the

condensible material (see text for further details), the scattering spectrum for the D,O-h-butanol aerosol is predicted rather well.

are not available at low temperatures, but the limiting con-
centration at 273 K is 2.7 mol%, and below about 325 K
solubility increases with decreasing temperature.'! Thus, our
fit value for x.o. is quite reasonable. We then used the
structural parameters and compositions to determine the
amount of H,O and d-butanol contained in the aerosol. The
volume fraction of d-butanol in the aerosol predicted by the
core—shell droplet model (22%) differed by only 12% from
that entering the nozzle (25%). The volumetric flow rate of
either component was less than that entering the nozzle—
consistent with our estimate that ~80% of the vapor entering
the nozzle condenses.”

A second consistency test relies on the observation that if
the core—shell model and the parameters determined by fitting
the H,O-d-butanol aerosol are reasonable, we should also be
able to predict the scattering spectrum observed for the D,O—
h-butanol aerosol by using these parameters, inverting the
roles of D and H, and adjusting the average droplet size'® for
the slightly lower volumetric flows V as (Feore.new)
(rcore,old)(Vnew/ Vi)' ®. The prediction is the dashed line
passing through the D,O-h-butanol data (Fig. 3b). The
remarkable consistency observed is strong support for the
reliability and quality of our experimental procedures as well

as for our theoretical analysis of the results. Finally, from the
volume fraction and structural information we determined
that the number densities of the two aerosols are ~8 x 10"
cm >, typical of aerosols formed in this nozzle.

Our results have important implications for understanding
the structure and behavior of nano-sized atmospheric droplets
in situations ranging from marine aerosol evolution to cloud
formation.! For example, they support the “inverted micelle”
picture that has been invoked to explain the scaling of the
carbon content of atmospheric aerosols with size.> They also
demonstrate the strength of the aerosol SANS technique to
probe samples under conditions of high metastability, low
temperature, high pressure, or extreme cleanliness. These
conditions, which are often difficult, if not impossible to
achieve for bulk samples, are either the direct outcome of
the nozzle expansion or, in the case of high pressure, the result
of the Laplace effect in droplets of small radius.

We also find it interesting that, although our measurements
probe very small length scales at subcooled conditions, our
results on structured nanodroplets can be qualitatively under-
stood in terms of the behavior of macroscopic systems at room
temperature. The interfacial shell of the water-rich droplets
resembles the vapor-liquid interface of the water-rich phase of

Table 1 The structural parameters for H,O—d-butanol derived by fitting the SANS spectrum. Values without uncertainties have been assigned as
described in the text. For the D,O-h-butanol aerosol, ¢ comes from the pressure trace experiment, (r.ore) has been scaled to account for the
difference in ¢, the scattering length densities are adjusted by inverting the role of H and D while maintaining the shell and core compositions, and
the remaining parameters are identical to those derived from the H,O-d-butanol fit

Aerosol ¢ (Feore)/nm — a/r Jd/nm SLDmre/A’2 SLDSheH/A’2 Background/cm’1

525 % 107° +1.03 x 107
525 x 107°

H,0O-d-butanol 3.4 x 107% 9.06 + 0.39 0.197 + 0.047 0.42 + 0.05 4.57 x 1077 £ 0.69 x 1077 5.84 x 10°¢
D,O-h-butanol 2.9 x 107% 8.65 0.197 0.42 5.43 x 107° 3.55 x 1077
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bulk aqueous butanol mixtures, which is highly enriched in
butanol.'”?° The thickness of the shell (0.4 nm) is comparable
to the interfacial peak width for the hydrophobic tail group
found in Monte Carlo simulations (0.8 nm) of the bulk inter-
face.?® Furthermore, the limited size of the droplets means that
these experiments are unlikely to be contaminated by capillary
wave roughness that can be an issue in reflectivity measure-
ments of interfacial thickness.?>?! Finally, the high concentra-
tion of butanol in the interfacial zone is a microscopic
precursor of the butanol-rich phase on the other side of the
miscibility gap. This suggests that in a butanol-rich vapor
the nanodroplet structure should resemble that of the bulk
butanol-rich phase. How the structure of these droplets
changes as the vapor composition is shifted from water-rich
to butanol-rich and whether or not bulk thermodynamics can
predict such a transition stand as interesting questions for
future research.
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