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Abstract: Rigorous knowledge of the optical fingerprint of droplets is imperative for the
understanding of complex aerosol processes. Here, a Paul trap is operated to store single
semi-volatile organic droplets in air. The droplets are illuminated with a green laser and the elastic
scattering is collected on a CMOS camera. The setup provides excellent performance in terms
of confinement and stability, allowing us to detect size changes of the order of few nanometres.
The stability also allows us to measure vapour pressures with remarkable reproducibility. This
approach supplies a robust method for the optical interrogation in the sub-micron range.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The physical and chemical features of aerosols are essential signatures that must be understood
and quantified for a broad range of purposes. From particles and clouds in the atmosphere, haze
and fog, pollution, industrial processes, and the spreading of biological organisms and pathogens
(pollen, bacteria, viruses, etc.), aerosols can be linked to respiratory, cardiovascular, infectious
and allergic diseases [1–3].
The understanding of the process of droplet evaporation is a highly demanding task and

considerable uncertainties still remain [4]. This knowledge is pivotal in numerous disciplines
such as in the evolution of climate [5], transpiration in plants [6] or drug delivery [7–9]. The
accomplishment of accurate analysis of the evaporation of droplets is challenging because it
is notably laborious to determine vapour pressure of pure compounds in the liquid phase, as
well as the activities of the components in the condensed phase occurring in the atmosphere
[10]. Aerosol ensembles allow measurements of vapour pressures on supersaturated aqueous
solutions. However, the required precision in measuring small size changes of droplets over
time often prevent measurements that are sensible to fluctuations in atmospheric variables like
temperature and relative humidity [11]. Indeed, ensemble aerosol techniques supply averaged
values of physicochemical properties over large ranges of droplets sizes, shapes and compositions
[12–14]. This averaging leads to measurements with inadequate accuracy for quantitatively
evaluating aerosol processes. In order to avoid invasive aerosol manipulation, single droplet
tools can yield new outlooks over the evaporation processes. In low and steady relative humidity
(RH) (<10%) the droplet shrinking indicates the evaporation of semi-volatile compounds and
can be exploited to estimate the vapour pressure. In this RH range, size changes need to be
measured with a higher exactitude in comparison with other approaches; hence, single droplet
techniques seem suited to evaluate the vapour pressure of semi-volatile droplets improving
gas-droplet partitioning. Multiple publications about hygroscopicity and evaporation of single
aerosol droplets using electrodynamic balances and optical trapping have been addressed [15–22].
Nevertheless, reported vapour pressures of semi-volatile individual aerosol compounds measured
by different techniques still present large differences [23]. Indeed, [16] reported a vapour
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pressure mean value of 7.5± 2.5 mPa for five glycerol individual droplets using optical trapping,
whereas [11] provided a mean value of 15.1 mPa with errors of +1.1 mPa and -0.5 mPa with a
similar levitation scheme. Therefore, the high variability of pure component vapour pressures
values reported in the literature for organic compounds, with low vapour pressures, limits the
improvement of laboratory techniques and the model validations.
Single droplet levitation tools have contributed with an extraordinary perspective to assess

individual optical and thermodynamic processes avoiding inconsistency coming up from the
complexity of the aerosol in the atmosphere. However, these methodologies have been used for
analysing specific droplet size ranges. For instance, the electrodynamic balance apparatus has
offered highly accurate measurements of droplet hygroscopicity, but has been largely focused
in studying droplets larger than 4-10 µm in diameter [24,25]. Individual atmospheric droplets
with diameters below 1 µm in size have been barely studied using these laboratory techniques.
However, they have an exceptional significance from the point of view of their atmospheric
implications [26,27]. A huge step forward, within fine mode range, was performed in Ref.
[28], where an accurate parameterization of real refractive index, as function of wavelength and
relative humidity, for different inorganic aerosol, was retrieved using a Bessel beam optical trap.
Nevertheless, although the optical trapping is suitable and powerfully established for the scattering
of spherical aerosol, instabilities arise for irregular shapes and for materials that absorb radiation
in the wavelength used for trapping. Therefore, alternative tools must be developed to confine
different specimens, allowing their robust assessment and the improvement of physicochemical
models.
The electrodynamic balance, also called Paul trap (PT), provides benefits as an alternative to

optical trapping because it is able to trap a wider range of materials. Although, as mentioned
above, its use has been largely limited to larger particles due to the accuracy (± 0.25 µm) on
the geometrical optics approximation to estimate particle size [24], they are very well suited
to the levitation of particles in the fine mode. Conveniently coupled with optical systems with
high numerical aperture (NA), it is feasible to achieve sensitivity and control similar to what is
obtained with optical tweezers [29–31]. Indeed, Bullier et al. [32]. reported that the PT setup
enabled to reach signal-to-noise ratios as good as 106 with a displacement sensitivity better than
10−16 m2/Hz. Further, Bullier et al. [33] found that the charge on the nanoscillator is stable
over timescale of at least two weeks and they can estimate the mass of the oscillator with a
3% uncertainty using a linear Paul trap. Therefore, this approach represents an alternative and
improvement tool to standard optical traps.

In this work, we demonstrate that a conveniently designed Paul trap can be used to examine the
physicochemical properties of aerosols in the fine mode regime during evaporation. Although
semi-volatile organic 1,2,6-hexanetriol and glycerol compounds are not atmospheric aerosol
relevant, we use them as a good benchmark model to estimate the validity of the PT approach for
studying droplet volatilities in low relative humidity (RH<10%). This arrangement allows us to
perceive small size changes easily without perturbing the trapping stability. Measurements of
gas-droplet partitioning of semi-volatile components have been reported.

2. Experimental setup

2.1. Electrodynamic Paul trap: levitation of droplets

A schematic diagram of the PT and an artistic representation of the trapping scheme are shown in
Figs. 1(a) and 1(b), respectively.
The PT is located inside a custom-made chamber and operated at atmospheric pressure and

room temperature, with all measurements performed between 295 and 300K (Fig. 2).
This platform is formed by two conical electrodes separated by 1.5mm that are enclosed

by grounded cylindrical shields which has a diameter of 2 cm and 3 cm of length. An AC
voltage signal V0cos(ωdt) is applied to the cones; the typical applied amplitude V0 is of 2 kV at a
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Fig. 1. a) The schematic setup of the Paul trap experiment, b) artistic representation of the
trapping scheme.



Research Article Vol. 28, No. 23 / 9 November 2020 / Optics Express 34815

Fig. 2. Picture of the custom-made chamber, where the grounded cylinders are clearly seen
housed.

frequency ωd = 2π x 2000Hz. With these parameters, the PT was capable of trapping droplets
ranging between 500 nm up to few microns in radius. The design principles of this technique have
been reported elsewhere [29,34]. Droplets are injected into the PT by applying a square voltage
pulse (or sequence of pulses) to a droplet-on-demand micro-dispenser (Microfab MJ-ABP-01).
Droplets of opposite polarity to the voltage applied to an induction electrode (with a voltage
ranging from 50 to 600V), placed between the droplet dispenser and the trap, are attracted and
injected into the PT. The RH inside the trapping cell was monitored using a capacitance probe
(Honeywell). The RH is controlled using dry nitrogen, introduced from the top of the chamber at
flow rates up to 20 cm3/min, low enough to ensure that RH falls below 10%. The aerodynamic
force on the droplet is small, and therefore does not significantly affect droplet position, as we
discuss below.

An aperture at the side of the trapping cell gives access to a horizontally propagating Gaussian
laser beam of λ= 532 nm which illuminates the droplet for angularly resolved elastic scattering
measurements of the droplet size. A CMOS camera (Thorlabs, DCC1546M) coupled to a 20×
long working distance objective (Mitutoyo) with a numerical aperture (NA) of 0.42, orientated
90° to the laser beam, is used to capture the phase function (PF) from a single trapped droplet.
Figure 3 shows example the PF image of a 1,2,6-hexanetriol droplet illuminated with laser of
λ= 532 nm in RH below 10%. The angular scattering lobe structure predicted by Mie theory is
clearly observed.

Dry nitrogen is injected into the trapping cell until the in-cell RH probe reports a stable value
below 10%. Initially many droplets are dispensed into the trapping cell and the RH increases
rapidly up to 15–25%. An abrupt increase on the drive frequency of the PT together with gas
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Fig. 3. PF image of a trapped 1,2,6-hexanetriol droplet.

flow is used to purge the cell of excess aerosol. Finally, a single droplet is kept in RH below 10%
after a few minutes. When a steady equilibrium is reached, the droplet is levitated in the middle
of the two tips of the cones.

3. Results

For benchmarking the new setup and assessing its validity, it is common to determine the radius of
a spherical droplet of constant composition during the evaporation process and determine whether
the data can be reproduced using Mie theory. 1,2,6-hexanetriol and glycerol are semi-volatile
organic compounds that are relatively non-hygroscopic. Although they are not atmospheric
relevant, have been chosen as ideal systems to validate that type of configuration in numerous
studies [16,20,21]. Potential uncertainty sources in our experiment will be non-zero RH, the
noise in the PFs associated to an unappropriated selection of the scattering angular range in the
simulations and the impurity traces in semi-volatile organic levitated droplets.

The radius r of the trapped droplet is determined from the best fit to the experimental PF from
a simulated library of PFs obtained from Mie theory across a realistic range of radii, considering
a real refractive index (n) at λ= 532 nm. The Pearson correlation coefficient, c, between each
of the simulated and measured PFs is calculated. For each measured PF, the simulation with
the highest correlation defines the best-fit radius of the droplet for the corresponding value of n.
This process is evaluated for the entire data set and the mean arithmetic correlation value c̄ is
calculated for all of them. It is possible identify the best-fit n at λ= 532 nm which maximizes c̄
out of this data set. This correlation procedure has been traditionally employed by other authors
[16,20,28,35].
Eleven different 1,2,6-hexanetriol droplets were electrodynamically trapped and their elastic

scattering recorded as they evaporate over time. For these droplets, the experimentally acquired
signal of the scattering intensity versus scattering angle was compared with simulations to retrieve
the size and refractive index of the droplet. An example of the agreement between theory and
experiment is shown in Fig. 4 for a droplet of 2394 nm of radius, where prominent peaks, valleys
and shapes are remarkably similar in both curves.
The fitting procedure is as follows. At every time frame, the out-of-focus image (see Fig. 3)

is converted into the PF (Fig. 4), and the best values for n and r are obtained from comparison
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Fig. 4. Modelled and experimental phase function versus scattering angle range for a
levitated 1,2,6-hexanetriol droplet of 2394 nm of radius.

with Mie theory. Then, we compute the mean value of the refractive index determined from all
the measurements (the eleven droplets at all times), obtaining n= 1.484± 0.002, where error
accounts for one standard deviation. This error in n causes an uncertainty on the estimation of
droplet radius, as we illustrate in Fig. 5. In order to estimate it, we fit again every PF to obtain r for
all the droplets with the mean n, as well as n± 0.002, providing an uncertainty interval for every
r. Figure 5(a) shows the obtained radii for the mean n as well as its uncertainty (1.484± 0.002)
for one particular droplet of 1500 nm of radius when it is trapped. The top inset is a zoom for a
specific radius range where it is appreciable the difference in radii for the different n. The bottom
inset shows the correlation coefficient (c̄) versus n during fitted procedure for entire PFs data
set between experimental and modelled PFs. Overall, the accuracy reported here in radius is
acceptable, estimated within 10 nm of the correct size if the n is known typically within the error
range due the uncertainty in the RH (±0.02) [36].

We also quantified the stability of the droplet position from the image obtained with the CMOS
camera [Fig. 5(b)]. Excursions of the droplet smaller than 15 µm from the mean position along
the direction of propagation of the laser beam (y) are observed. Notice that this is the axis where
the largest fluctuations are expected, since the nitrogen flux is directed along this axis, and the
electric field, and hence the confinement, are weaker in out PT design [30]. Different features
can be seen in Fig. 5(b). First, the sharp peaks arise when the droplet size is such that there is a
scattering resonance with the laser light, leading to stronger radiation pressure that pushes the
droplet along the direction of propagation of the beam. This is clearly seen from the fact that that
these kicks are always in the positive direction, along the propagation direction of the beam. A
second feature observed in Fig. 5(b) is the presence of slower drifts of the position of the droplet.
We attribute these to motion due to the gas flow in the chamber.

Finally, we also observe a noisy component that is due to Brownian motion of the droplet in
the trap. In this case, we quantified the standard deviation from the curve without considering
the peaks due to resonances neither the drifts due to gas flow, which is found to be smaller than
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Fig. 5. a) The fitted radius versus time for one 1,2,6-hexanetriol droplet for the estimated
mean value of n and for its uncertainty (±0.002). The top inset is a zoom for a specific radius
range. The bottom inset shows the mean correlation coefficient c̄ between the measured and
simulated PFs as a function of n for the radius data of one 1,2,6-hexanetriol droplet. (b)
Particle position variation over the course of the measurement.
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1 µm, in agreement with theoretical predictions [30]. Deviations on the droplet position higher
than 200 µm were found in Ref. [20] using a Bessel beam optical trap and glycerol as compound.
Recently, Bullier et al. [32] reported a displacement of up to 40 µm for confined nanoparticles in
a linear Paul trap. Therefore, the stability of the droplet position is excellent in our experiment
and the determination of the droplet size from PFs is not compromised by large excursions of the
droplet.
The evolving sizes estimated for eleven 1,2,6-hexanetriol droplets obtained from the PFs are

shown in Fig. 6(a). We see that the variability in both the initial and final size is significant. The
largest droplet is initially trapped at a radius of 2157 nm, and the smallest droplet evaporates to a
radius of 493 nm. The variability is likely due to the stochastic nature of the charging process. In
our protocol, we leave the droplet escape out of the trap when the PF starts to blur in the image.
The blurring is likely due to an increase in both the Brownian fluctuations and the micromotion
as the charge to mass ratio decreases in the case of the smaller droplets, [29]. In any case, this
plot illustrates the high level of reproducibility that can be achieved between slopes of the time
dependence of the radius of the evaporating semi-volatile organic aerosol.
The relationship of the single-component droplet evaporation rate with respect to the droplet

surface area or radius squared over time is given by the Maxwell’s equation [10]:

dr2

dt
=

2DijMi

Rρ

(
p∞
T∞
−

p
T

)
, (1)

where Dij is the gas phase diffusion constant of i-th specie in the surrounding medium j estimated
using the Chapman-Enskog method [37]. In Eq. (1), Mi is the molecular weight, ρ the density of
the droplet, R the gas constant, p and p∞ are the partial pressures of the species at the surface of
the droplet and at infinite distance, respectively, and T and T∞ the corresponding temperatures.
Additionally, at droplet sizes below 1 µm in diameter other adjustments such as surface curvature
(Kelvin effect) and atmospheric molecular mean-free-path considerations are also required [38].
Taking into account the vapour pressure of the component i at infinite distance is negligible,
Eq. (1) can be reduced to:

dr2

dt
=

2DijpMi

RTρmi
(2)

where mi is the mass fraction of solute i. No other component in the surrounding gas will
combine or react with the droplet. Therefore, the pure component vapour pressure, p0, is related
to the determined vapour pressure by p = p0γixi, where γi is the activity coefficient and xi is
the mole fraction of species i in the droplet. In this experiment we assume that both activity
coefficient and the mole fraction are equal to unity. If the surrounding gas is moving with respect
to the droplet, as in our setup, then the evaporation rate will also depend on the gas-flow rate and
hence, the velocity (Sherwood number) [39]. For the experimental conditions in the present work,
the maximum value of the Sherwood number has been estimated to be in the range 2.03-2.07,
remaining almost constant during the entire period of an experiment. Temperature control has
not been implemented yet.
Figure 6(b) shows the radius-squared changes observed for the eleven 1,2,6-hexanetriol

droplets radius plotted in Fig. 6(a) as they evaporate over time. The slopes of the lineal fits reveal
evaporation rates spanning from 4.05× 10−16 to 5.62× 10−16 m2/s, where in the worst case the
correlation coefficient is 0.996. The quality of our result is a consequence of the stability of our
trap and the efficiency in collecting the elastic scattering. Figure 6(c) summarises the results
of the eleven pure component vapour pressures (black dots) calculated from the analysis above.
This plot includes mean value (black line) with one standard deviation (shaded area). From
the evaporation rate, the mean vapour pressure estimated for all eleven droplets is of (4.0± 0.4)
× 10−4 Pa, with values ranging from (3.3± 0.3) × 10−4 to (4.6± 0.3) × 10−4 Pa. Overall, the
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Fig. 6. a) Change in measured radius over time for eleven 1,2,6-hexanetriol droplets, b) the
radius-squared as a function of time for the eleven evaporating droplets. The black lines
correspond to the lineal fit, c) vapour pressures from eleven droplets (black dots) where the
mean value is indicated by the black line and one standard deviation by the shaded area.
Error bars are added to each individual vapour pressure value. References values of vapour
pressure are included.
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estimated vapour pressures fall within the value ranges obtained in previous publications [see
Fig. 6(c)], apart from [11] and [16] for which the reported data are lower.

Fig. 7. a) Change in measured radius over time for ten glycerol droplets, b) the radius-
squared as a function of time for the ten evaporating droplets. The black lines correspond to
the lineal fit, c) vapour pressures from ten droplets (black dots) where the mean value is
indicated by the black line and one standard deviation by the shaded area. Error bars are
added to each individual vapour pressure value. Reference values of vapour pressure are
included.
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Compared to 1,2,6-hexanetriol, glycerol droplets evaporate faster owing to the much higher
vapour pressure. The evaporation profile recorded from ten glycerol droplets is again highly
reproducible under a fixed set of conditions [see Fig. 7(a)]. Figure 7(b) shows the radius squared
of the data shown in Fig. 7(a). The slopes of the fitting reveal evaporation rates ranging from
1.01× 10−14 to 1.23× 10−14 m2/s, giving values of vapour pressures from (0.0117± 0.0012) ×
10−2 to (0.0138± 0.0031) × 10−2 Pa with a mean value of (1.24± 0.08) × 10−2 Pa. These values
are in agreement with previous results published in [40] (0.0118 Pa) and [24] (0.0116 Pa). In
spite of the higher volatility of this compound compared to 1,2,6-hexanetriol, the precision of
our measurements is demonstrated by the high degree of the lineal fit achieved with correlation
coefficient values in the range [0.998-0.999]. Figure 7(c) summarizes the results from the ten
pure glycerol droplets for the estimation of the vapour pressures (black dots), their mean value
(black line) and the one standard deviation (shaded area). The level of reproducibility of the
vapour pressure for ten droplets is quite reasonable when we compare with the variability showed
from other studies whose references are included in this plot for comparison.

4. Conclusion

In this work, a PT is used to demonstrate a new approach to measure the droplet size in the
fine mode range during evaporation. We validated our platform using two semi-volatile organic
aerosols: 1,2,6-hexanetriol and glycerol. To our knowledge, this is the first report using a PT to
study the evaporation of single liquid droplets in the fine mode. Experimental phase functions are
fitted to Mie theory to accurately determine droplet radii capable of revealing changes in size as
small as 10 nm. The evaporation rates retrieved from radius-squared versus time present a high
precision level, which we attribute to the increased stability of the droplets in this platform. The
capability of this PT to access the vapour pressure of semi-volatile organic aerosols is successfully
demonstrated with an acceptable reproducibility, quantified by the low standard deviation.
Overall, this platform is an accurate and highly useful tool allowing precise determination

of changes in size with minimal computation time. The PT has the potential for a complete
characterization of physicochemical aerosol properties. Finally, the ability to confine any type of
droplet could be used to explore complex droplet shapes including light absorbent materials.
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