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Introduction

Liquid—liquid phase separation and evaporation of
a laser-trapped organic—organic airborne droplet
using temporal spatial-resolved

Raman spectroscopy

Aimable Kalume,® Chuji Wang,® Joshua Santarpia® and Yong-Le Pan () *@

Chemical reactions in aerosol particles can occur between the reactive components of the particle or
between the particle and its surrounding media. The fate of atmospheric aerosols depends on the
environment, the composition and the distribution of components within a particle. It could be very
interesting to see how a liquid aerosol particle behaves in ambient air if the particle is composed of
mixed chemicals. Do the chemical components remain homogeneously mixed within a particle or
separate as the mixed liquid is aerosolized? How do the chemicals within a droplet separate and interact
with the air? In this paper, a single microdroplet formed from an organic—organic mixture of diethyl
phthalate (DEPh) and glycerol was investigated using laser-trapped position-resolved temporal Raman
spectroscopy. For the first time, we were able to directly observe the gradient distributions of the two
chemicals at different positions within such an airborne droplet, their time-resolved processes of liquid—
liquid phase-separation, and changes of the physical microstructure and chemical micro-composition in
the droplet. The results revealed that DEPh migrated to the surface and formed an outer layer and
glycerol was more concentrated in the interior of the droplet, DEPh evaporated faster than glycerol, and
both organic chemicals within the mixed droplet evaporated faster than either of them within their pure
droplets. This technique also provides a new method for studying the fine structure and chemical
reactions of different molecules taking place inside a particle and at the interface of a particle with the
surrounding microenvironment.

reactions, is significantly pronounced in liquid particles.'® It
could be very interesting to see whether the components within
a droplet are still kept in a homogeneously mixed phase or

Airborne aerosol particles play an important role in a wide
variety of domains including the global climate, earth’s radia-
tion budget'” and human health.®*° In the atmosphere, they
are involved in atmospheric chemical reactions, such as ozone
depletion®'! and combustion processes."*” In the pharmaceutical
industry, inhalation aerosol products are used to treat a wide
variety of symptoms;® ™ and in household sprays, they are widely
used in daily life.">™** How these aerosols undergo reactions or
interact with the surrounding media in each of the aforemen-
tioned scenarios depends on multiple parameters including the
structural, composition, physical and chemical properties of
the particles, as well as those of the surrounding environment.
The interphase mass-transfer at the particle-medium interface,
often comprising adsorption, desorption, solvation and surface
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separate from each other as a mixed liquid, which is formed by
multiple chemicals, or are aerosolized into ambient air. If they
go through a phase separation process, how do the chemicals
within the droplet separate and interact with the air? Such
fundamental questions continue to challenge the aerosol
physical chemistry or chemical physics communities and
remain an interesting subject of study.

Over the past century, substantial experimental progress has
been made on a better understanding of droplets resting on
substrates.'®"® Some studies have focused on deciphering
properties of multicomponent aerosols and probing the eva-
poration dynamics of mixed droplets in a controlled environment
or inside a spray."®**** You and co-workers** demonstrated
liquid-liquid phase separation in droplets containing organic
compounds mixed with inorganic salts; they found that the
separation process is related to the relative humidity and the
oxygen-to-carbon (O: C) elemental ratio of the droplet. The phase
process was reported mostly for the cases where the ratio of oxygen
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to carbon O:C < 0.5 but not for when O:C > 0.8. The same
group, later, showed that the phase separation has no evident
correlation to either temperature or molecular weight of the
individual components of the mixture.*" Using chemical imaging
techniques at the nanometer scale, O’Brien and co-workers®
showed that mixed organic-inorganic droplets were not homo-
genous; they rather presented a gradient of concentration with the
most organic liquid located at the outer layer, due to a lower
surface tension of the organic liquid than that of the inorganic
liquid.

Recently, there have been quite a few reports
study of phase separation in droplets suspended in air. Zhang
et al.>® studied the hygroscopic properties of Mg(NO;), droplets, as
they were levitated by an electrodynamic balance, using Raman
spectroscopy. Kwamena et al.>* proposed a model to predict the
equilibrium morphology of two immiscible aerosol phases and it
was found to be in good agreement with a previously studied
decane/NaCl/aqueous system by the same group.>® Corsetti et al.”®
studied gasoline-ethanol mixed droplets and they reported that
the longer lifetimes were correlated to higher ethanol concentra-
tions. Recently, Gorkowski et al.”” utilized the Raman spectra of
laser trapped organic-inorganic mixed droplets to distinguish
various morphologies (homogenous droplets, core-shell and
partially engulfing microstructures) of the droplet at different
times by performing a meticulous fitting of morphology depen-
dent Raman peaks. Marcolli and Krieger studied phase changes
during the hygroscopic cycles of mixed organic/inorganic
systems.?® Song et al. found the core-shell morphology to be the
prevalent configuration of liquid-liquid-phase-separated tropo-
spheric organic/AS/H,O particles.*® Freedman’s group studied
the phase separation in an organic aerosol, and they observed
the size dependence of morphology for some systems in which
large particles phase separate and small particles remain
homogeneous.***!

Direct spectroscopic methods, such as infrared or Raman
spectroscopy, have proven to be useful for the chemical char-
acterization of single-component liquid aerosols, however, the
efficiency of these methods can be tempered by the complexity
in the chemical composition of multicomponent aerosols.*>
While phase separation studies have flourished in the case of
organic-inorganic mixed droplets, there are few reports on
organic-organic droplets, where Raman spectroscopy is further
disfavored by similarities in vibrational modes for various
organic compounds, resulting in low chemical specificity in
terms of Raman shift. Gorkowski et al.>* demonstrated phase-
separation in multicomponent droplets, made up of glycerol or
a squalene core, coated with a shell of secondary organic
aerosol. Other studies included characterizing spatial gradients
in composition within phase separated particles, the properties
of core-shell particles, and how this morphology and size affect
the phase-separation and evaporation rates.>*3%3*37 In this
paper, we studied single organic-organic airborne droplet systems
using our recently developed laser-trapped position-resolved tem-
poral Raman spectroscopy.*®*® The phase-separation and the
evaporation processes in ambient air were observed from a mixed
microdroplet formed by diethyl phthalate (DEPh), a simulant of
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the VX nerve agent, and glycerol at different initial volume ratios.
The advanced spatial- and time-resolved Raman spectroscopy allows
us to directly observe the morphology, phase-separation, and
evaporation process within the multicomponent organic-organic
microdroplet in a core-shell microstructure simultaneously.

Experimental setup

The experimental setup utilized in this work has been
described previously,*®*° therefore, only the details pertinent
to this study are given here. Diethyl phthalate (Sigma Aldrich,
99.5% purity) and glycerol (Sigma Aldrich, >99% purity) com-
pounds were used as the test materials without further purifi-
cation. Three liquid samples (mixtures of DEP-glycerol in 2:1,
1:1, and 1:2 initial volume ratios) were prepared and kept in
25 mL glass bottles. For each sample, droplets (average initial
diameter of ~20-22 um) were generated using a low-temperature
drop-on-demand single-jet piezoelectric dispensing device (Microfab
MJ-ATP-01, 30 pm diameter orifice).

As shown in Fig. 1, the single droplet was trapped with a
tightly focused 488 nm hollow laser beam, with an output
power of ~750 mW. After trapping, the scattered Raman signal
was focused into a spectrograph (Princeton Instruments Iso-
Plane SCT-320) and dispersed by a 1200 grooves per mm grating
with a blaze wavelength of 750 nm. Raman spectra were
continuously recorded by using an electron-multiplying
charge-coupled device (EMCCD, Princeton Instr., ProEM) in
its image or graph mode. In order to monitor the dynamic
process of the microdroplets in ambient air, imaging Raman
spectra were periodically recorded every 15 s, and each of these
images was integrated for 1 s for signal accumulation. The
elastic scattering of 488 nm light within a scattered angle of
90° + 2° was recorded by using a photomultiplier tube (PMT).
Its intensity variation was used to compare with the simulated
resonance scattering spectrum computed using the Lorenz-Mie
theory for particle size determination.”® Under the experi-
mental conditions, a magnified image of a 20 pm droplet
formed an image on the EMCCD with a 100 pixel diameter.
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Fig. 1 Experimental setup for measuring position-resolved temporal
Raman spectra and particle size from a laser-trapped single airborne
aerosol particle. ASL: aspheric lens; CSM: concave spherical mirror; DBS:
dichroic beam splitter; L: lens; LP: long-pass filter; M: mirror; MO: micro-
scopic objective; PMT: photomultiplier tube.
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In order to record the Raman scattering image, a magnified
image of the droplet is projected onto the entrance of the
spectrograph and only a small slice is allowed to pass through
a narrow slit (10 um). Therefore, the vertical spatial position is
achieved by selecting the Raman signal from different vertical
pixels on the detector. Raman spectra from different horizontal
positions were obtained by scanning the projected image across
the narrow slit to cover different sampling slices horizontally.
In such an arrangement, each pixel is equally corresponding to
a 200 nm x 200 nm area size of the droplet in the geometry.
However, the image resolution is restricted by the Abbe diffrac-

Lo A . . .
tion limit INA the best spatial resolution that we achieved was

600 nm from the droplet.

In the aerosolizing process, glycerol was premixed with
methanol to allow it to go through the piezo-electric activated
nozzle due to the high viscosity, within our standard operating
conditions. Methanol was also used as a co-solvent to facilitate
the mixing of glycerol and DEPh, which are practically immiscible.
By varying the mixing ratio of methanol and the testing chemicals,
we were able to change the initial size of the droplet of the testing
chemicals. We had previously found that methanol, mixed with
testing chemicals, evaporated quickly (on the order of a few
milliseconds) during the aerosolizing and trapping process and
its signals were not detected in the Raman spectrum of the trapped
microdroplets. In the data recording process, a time delay of 1 min
was set before collecting the spectra for the complete evaporation
of methanol after a testing droplet was trapped.

Results and discussion

Fig. 2 shows the typical Raman spectra of a laser-trapped single-
microdroplet, obtained from each of the three liquid samples:
DEPh, glycerol, and the DEPh-glycerol mixture. These spectra
were obtained from the whole central vertical slice of the
droplet with all signals summed from all vertical positions to
represent the spectral signature of the whole droplet. Despite
the large similarities in the lower-frequency spectral region,
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Fig. 2 Raman spectra of the laser-trapped single droplets of DEPh,
glycerol, and mixed DEPh—glycerol (1: 1 initial ratio in volume).
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which are due to the common vibrational modes in both DEPh
and glycerol molecules, one can observe that there are a few
diagnostic peaks inherent to the particular chemical bonding
of each individual compound. On the one hand, glycerol has a
broad band at around 3366 cm ™', resulting from the multiple
peaks of the O-H stretching mode, which is absent in the
molecular structure of DEPh. On the other hand, DEPh has
a C=O stretching mode with a Raman shift observed at
~1733 em™ " and another peak at ~3080 cm ™' from the C-H
stretching mode localized on the aromatic benzene ring. As
expected, the Raman spectrum of the mixed DEPh-glycerol
droplet (top curve) possesses a combination of the signature
peaks from both individual components. The morphology
dependent resonances, also known as whispering gallery
modes (WGMs), were observed over the O-H stretching band.

In the initial experiments, the evaporation of a mixed DEPh-
glycerol microdroplet was monitored by continuously collecting
Raman spectra at a 15 second interval, binning all the spectra
vertically, which is the same as what the traditional single-
particle laser-trapped Raman spectroscopy can provide. The
representative time-resolved spectra for ¢ = 1 min, 20 min, and
40 min are shown in Fig. 3(a). At the beginning (lower curve,
time ¢ = 1 min), the Raman spectrum exhibits a strong DEPh
characteristic signal (~1733 and 3080 cm ' peaks, shaded in
grey lines), which was highly attenuated at time ¢ = 20 min and
almost totally disappeared at time ¢ = 40 min. In contrast, the
glycerol signal (the broad band around 3366 cm ™', shaded in
tiffany blue) decreases more slowly and shows little change in
the first 20 min, as the evaporation got even slower after the
DEPh peaks were cleared from the spectrum.

The Raman intensities obtained from the characteristic
peaks were measured and plotted against the evaporation time
(with each initial peak intensity value set to 100%). As shown in
Fig. 3(b), the Raman intensity of the DEPh C=0O stretching at
~1733 ecm " (lower black curve A) decreased at a faster rate
(slope = —0.050% s '), reached a minimum value <1%, and
remained at such a value after 25 min of evaporation in
ambient air. Note that in the beginning, the DEPh signal
intensity was also subject to large amplitude fluctuations, due
to the excitation-wavelength resonances®® within the droplet,
which happen when the electromagnetic field of the excitation
laser is in resonance with the micro-cavity of the droplet at a
certain wavelength (see more detail in Fig. 4). A similar rapid
decrease (slope = —0.052% s~ ') in peak intensity was observed
in the C-H stretching at ~3080 cm™ ' from DEPh (middle blue
curve B), although the final value did not reach <1%, due to
the overlap with the intensities from the neighbouring aliphatic
C-H peak and the O-H broad band of glycerol. For most of the
peaks in the low frequency region that are from the contribu-
tion of about half DEPh and half glycerol, such as the CCC
deformation stimulated Raman peak ~542 cm ™" (middle red
curve C), a fast decay rate (slope = —0.043% s~ ') was initially
observed, then about 50% remained with a slow decay rate
similar to that of glycerol (slope = —0.001% s~ '). In contrast,
the decrease in the Raman band intensity, only from glycerol,
at around 3366 cm ' decreased at a slower rate with a
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Fig. 3 (a) Raman spectra recorded during the evaporation of a laser-trapped
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microdroplet of mixed DEPh—glycerol (initially 1: 1 in volume ratio) at time

t =1 min, 20 min, and 40 min. (b) Relative intensity decays of the representative Raman peaks of a laser-trapped microdroplet: (A) the C—O0O stretching at
~1733 cm™* from DEPh (shaded grey in (a)), (B) the C—H stretching at ~3080 cm~* from DEPh and partially from glycerol (shaded grey in (a)), (C) the
CCC deformation stimulated Raman peak at ~542 cm™ from both DEPh and glycerol, and (D) the broad band around 3366 cm™ from glycerol (shaded

tiffany blue in (a)).
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Fig. 4 Time-resolved Raman spectra showing the temporal dynamics of
the spontaneous and resonance Raman peaks taking place during the
evaporation of a mixed DEPh—glycerol droplet.

slope = —0.012% s~ ' (top green curve D) initially, which is
5 times slower than that of DEPh. After the evaporation of the

19154 | Phys. Chem. Chem. Phys., 2018, 20, 19151-19159

Table1 Rate comparison of intensity decay for the representative Raman
peaks of individual components in mixed and pure microdroplets

Raman Assignment Rate  Rate’

shift (em™") (curve in Fig. 3(b)) Origin (%s™ (s

542 CCC deform. (C)  S.R.S (mix) —0.043 —0.001

1733 C=0 (A) DEPh (mix) ~0.050 <—0.001

3080 C-H (ring) (B) DEPh (mix) —0.052  —0.001
DEPh (pure) —0.013

3366 O-H (D) Glycerol (mix) —0.012 —0.002
Glycerol (pure) —0.003

Note: S.R.S: stimulated Raman scattering; mix: mixed DEPh-glycerol
microdroplet; pure: a droplet formed of one pure chemical. “ Rate: the
first 25 min of the evaporation process with mixed DEPH and glycerol.
b Rate: final phase of the evaporation process after ¢ = 25 min after most
of the DEPh had evaporated.

DEPh shell, the signal from glycerol with some remaining DEPh
continued to decrease at a much slower rate (slope = —0.002% s~ %),
which is comparable to that of the single component glycerol droplet
(slope = —0.003% s~ '), as shown in Table 1.

In comparison with the respective pure compound experi-
ments, the decay rates of the Raman peak for DEPh and glycerol
in a mixed droplet were roughly 4 times faster (Table 1). The
relative evaporation rate of different substances within a multi-
component droplet is difficult to quantify, as it is sensitive to
multiple parameters, which include the gas-liquid interface
equilibrium, the activation energy, the surface tension, the
intermolecular forces within the individual substances or
between different compounds and the constantly changing
molar fraction during the whole evaporation process. For instance,
an earlier study on water-in-oil microemulsions reported slower
evaporation rates than that in pure liquids, due to the limitation of
water diffusion in oil.*' In this work, as mentioned in the
experimental method section, DEPh and glycerol were not com-
pletely miscible initially. Their dissolution was facilitated by the
addition of a small quantity of methanol, creating a well-mixed
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Table 2 Observed Raman peaks of a mixed DEPh—glycerol droplet and
their intensity decrease rates

Observed

Raman Suggested Origin (main Rate® Rate”
shift (ecm™") assignment**™** contributor) (% s ') (% s )
232 S.R.S DEPh/gly —0.035 <0.001
364 S.R.S/intermolec. H-bond DEPh/gly —0.052 —0.002
392 S.R.S DEPh/gly —0.043 —0.002
542 S.R.S/CCC deform. DEPh/gly —0.043 —0.001
749 S.R.S DEPh/gly —0.029 —0.004
860 C-C str. DEPh/gly —0.023 —0.002
934 CH, rock Gly —0.009 —0.002
1054 C-C ring/C-O str DEPh —0.024 —0.003
1069 CH, twist DEPh —0.041 —-0.002
1119 C-O str. Gly —0.018 —0.001
1261 CH, twist Gly —0.016 —0.002
1287 C-C ring DEPh —0.024 —0.001
1304 CH, twist DEPh —0.025 —0.001
1470 CH, deform. Gly —0.014 —0.002
1587 DEPh —0.039 —0.003
1609 CC ring DEPh —0.025 —0.001
1655 DEPh —0.037 —0.003
2893 C-H sym., str. Gly —0.014 —0.002
2826 C-H str. Gly —0.016 —0.002
2935 C-H str. DEPh/gly —0.018 —0.002
2949 C-H antisym., str. DEPh/gly —0.02  —0.002
2974 C-H str. DEPh/gly —0.02  —0.002
3080 C-H ring DEPh —0.052 —0.001
3366 O-H str. Gly —0.012 -0.002

Note: DEPh: diethyl phthalate; gly: glycerol; S.R.S: stimulated Raman
scattering; mix: mixed DEPh-glycerol microdroplet; indiv.: individual
component microdroplet. “ Rate: the first 25 min of the evaporation
. . b .
process with mixed DEPh and glycerol. ” Rate: the final phase of the
evaporation process (after ¢ = 25 min) after most of the DEPh had
evaporated; intermolec.: intermolecular; deform.: deformation; str.:
stretching; sym.: symmetric; antisym.: antisymmetric.

solution by an endothermic process. After laser-trapping, the rapid
evaporation of methanol from the microdroplet left behind two
barely miscible liquids, which quickly transformed through phase-
separation into a core-shell microstructure.

Following the same procedure, the intensity decrease of all
Raman peaks was plotted as a function of time. Table 2 shows
the intensity decay rates. They provide a reliable qualitative
chemical discrimination referring to the peaks exclusively from
DEPh as those having the steepest decay slope, in contrast to
those from glycerol exhibiting the slowest decay. Between the
two cases, there are peaks due to vibrational modes common to
both compounds. Such a case is portrayed by a rapid decrease
during the DEPh evaporation and a slower rate later, similar to
the decay rate observed in pure glycerol microdroplets. This can
be seen in the intensity decrease of a stimulated Raman peak
(~542 cm™ "), as shown in the middle red plot C of Fig. 3(b). As
previously reported,*®*° our experimental system provides high
quality (S/N ratio) spectra and the full width at half maximum
(FWHM) is ~25 cm~ ' for spontaneous Raman peaks and
10 cm ! for stimulated Raman peaks on average. Due to the
overlap and the congestion in the signature spectral range,
the slope values may not be able to clearly distinguish the
origin of some weak Raman peaks. This approach of monitor-
ing the Raman intensity decrease can be used for the deconvo-
lution of the normally complicated vibrational spectra of
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multicomponent droplets in the cases where individual com-
pounds have different evaporation rates. Overall, the decay
rates from the Raman peak intensity can be listed from fast
to slow in the order of RpEPh in mixed droplet > RpEphin pure droplet >
Rglycerolin mixed droplet > Rglycerol in pure droplet; 1NOT€ details on the
absolute evaporation rates obtained from the measurements
will be further analysed later.

Compiling all the Raman spectra obtained from the central
vertical slice, which were continuously recorded at 15 second
intervals for about a one-hour period, Fig. 4 shows a portion of the
3D time-resolved Raman spectra of the mixed DEPh-glycerol
droplet. It is easy to visualize that the Raman intensity of the
C-H peak at ~3080 cm ™" from the aromatic ring of DEPh kept
dropping until it disappeared after ~25 min. The fast evaporation
during that time is also confirmed by a quick blue-shift in
frequencies of the WGM resonance peaks, observed over the
O-H broad band. The peak lines vertically distributed (along the
time-axis direction) without any frequency shift are the Raman
peaks (stimulated Raman scattering and spontaneous) at a fixed
Raman shift. While the peak lines (dashed and purple) horizon-
tally distributed (parallel to the Raman shift axis) at various time
points mark the illuminating laser wavelength resonance peaks. As
the droplet was evaporating and the size was shrinking with time,
the input laser wavelength resonances occurred at certain sizes.
The resonance peaks within the first 25 min are more congested
than those after 25 min. This feature also suggests that the
evaporating rate during the initial phase of evaporation is faster
than that in the later time of the process. After the first ~25 min,
the remaining droplet was mostly made of glycerol and the WGMs
(marked with dashed red line) were shifting at a slower rate,
comparable to that observed in the experiments of individual
glycerol droplets. This sudden change in the frequency shifting
rate at the 25™ min confirms our observation of the core-shell
morphology, and this observation is consistent with the sudden
change in the Raman intensity decrease for the band frequencies
attributed to both DEPh and glycerol.

In order to further investigate the micro composition and
morphology of such a multicomponent droplet suspended in
air, we probed the Raman signal at various positions (at a
600 nm x 600 nm resolution) within the droplet using the
position-resolved temporal laser-trapped Raman spectroscopic
technology.*® In Fig. 5, each of the three panels shows a portion
of the imaging Raman spectra, obtained through a 10 um
narrow slit, vertically aligned with the centre of the droplet
and from which Raman spectra were retrieved from three
different vertical spots, indicated as A-C. Fig. 5(a) shows the
position-resolved Raman spectra obtained from the three spots
of this mixed droplet at time ¢ = 1 min. The signal originating
from the surface area (A and B positions on the droplet cartoon)
exhibits stronger DEPh peaks, while the glycerol signal pre-
dominates at the middle (position C) of the droplet. The same
pattern was consistently observed over a period of time, with a
rapid decrease in the intensity of DEPh. In Fig. 5(b), the DEPh
signal is barely detectable at the middle of the droplet, but it is
still visible around the surface positions. In Fig. 5(c), the
glycerol signal is predominant at every position of the projected

Phys. Chem. Chem. Phys., 2018, 20, 19151-19159 | 19155


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp02372g

Open Access Article. Published on 14 June 2018. Downloaded on 8/1/2025 3:20:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

(d) t=1 min.

‘ \ DEPh
\

Glycerol

Radial coordinates (um)
°

0 20 40 60 80 100
Raman intensity (A.U.)

(e) =20 min.

AN

2 \DEPh
= Glycerol
!

Radial coordinates (um)
2 °

o 20 40 60 80 100
Raman intensity (A.U.)

(f) t=40 min.

e
<= pepn
- €— Glycerol

Radial coordinates (um)
°

Relative intensity (A.U)

- T T
0 20 40 60 80 100
Raman intensity (A.U.)

Raman shift (cm )

Fig. 5 Raman spectra obtained from three typical positions (600 nm x
600 nm area) near the bottom, in the middle, and near the top of the
droplet at time t = (a) 1 min, (b) 20 min, and (c) 40 min from a laser-trapped
droplet of mixed DEPh and glycerol initially with a 1:1 volume ratio. The
Raman intensity distributions of the representative peaks from DEPh (C=0O
stretch peak at ~1733 cm™) and glycerol (the broad O—H stretching band
at ~3366 cm™Y) along the vertical diameter of the droplet at time = (d) 1 min,
(e) 20 min and (f) 40 min, respectively.

Raman image, but the signal of DEPh has almost disappeared.
This approach provided a direct and indubitable experimental
observation of the phase separation, physical microstructure,
and the distribution of chemical compositions. It unveiled the
typical core-shell morphology, where glycerol was highly con-
centrated at the core and was surrounded by DEPh that formed
the outer layer. In contrast to the Raman spectra obtained from
the whole slice, as shown in Fig. 3, the Raman peak from DEPh
collected around the droplet surface at positions A and B is
barely visible yet still detectable at 40 min (after 25 min); but,
there is no DEPh signal at the middle position (curve C), as
shown in Fig. 5(c).

Fig. 5(d-f) presents the Raman intensity from the represen-
tative peaks of DEPh (C=O stretching band at ~1733 cm™ ')
and glycerol (the broad O-H stretching band at ~3366 cm™') at
different positions along the vertical diameter of the droplet at
time ¢ = 1 min, 20 min and 40 min, respectively. They were
obtained from the Raman spectra of all the pixels along the
central vertical slice. As the scattering intensity of the sponta-
neous Raman peak is proportional to the molar concentration
of the scattering molecules and the illumination light intensity,
the analysis of relative Raman intensity was able to support the
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quantitative measurements of molar concentration.*>*® If the
laser has the same intensity distribution along this central
diameter, the Raman intensity gives the chemical distribution
along this diameter. At time = 1 min, Fig. 5(a) clearly indicates
that DEPh is more distributed near the droplet surface, while
glycerol is mainly in the central region. For a transparent
droplet, the laser gives stronger illumination at the back (the
top) than at the front surface (the bottom) along the laser
propagating direction due to the focusing effect of the droplet;
so, the Raman scattering is stronger at the top area than that at
the bottom area even with the same chemical concentration.
Although there are published calculations for the laser intensity
distribution within a microsphere and the different distribu-
tions along the diameter depending on the particle size,
refractive index, and laser spatial profile,"” we experienced
difficulties in obtaining an accurate laser intensity distri-
bution in our case of a non-plane wave illumination (counter-
propagating focused hollow beams). However, with no doubt,
the Raman intensity distribution in Fig. 5(e and f) revealed the
two chemical distributions even without the correction of the
laser intensity allocation. From time ¢ = 1 min to 20 min, then at
40 min, it shows that the droplet kept shrinking from about
15 pum, to 13 pm, then to 11 pym in diameter with most of the
DEPh located near the droplet surface and evaporated first;
while glycerol mainly remained in the central region with
slower evaporation. Both chemicals remained at constant con-
centrations in the middle region and reached similar values at
the surface after DEPh was almost completely evaporated, as
shown in Fig. 5(f).

The laser-trapped droplets formed similar core-shell struc-
tures at different initial sizes and mixing ratios. Fig. 6 shows
the Raman intensity distribution of the two representative
peaks from DEPh (C=O stretching band at ~1733 cm™ ') and
glycerol (the broad O-H stretching band at ~3366 cm™ ') along
the central vertical diameter of three laser-trapped droplets at
time = 1 min. The three droplets were formed by a mixture of
DEPh and glycerol at an initial ratio by volume and size in
diameter of (a) DEPh:glycerol = 2:1 and about 10 um; (b)
DEPh: glycerol = 1:1 and about 15 pm; (c¢) DEPh: glycerol =1:2
and about 10 um, respectively. Although the three droplets were
formed by different volume ratios of DEPh and glycerol with a
different droplet size initially, DEPh always migrated to the
surface quickly, and glycerol mainly stayed in the central
region, to form the gradient core-shell morphology. The data
found from the EPA website (https://comptox.epa.gov) show
different physical and chemical properties for DEPh and
glycerol. These variances are mostly due to the different long-
range intermolecular interactions among molecules of these
liquids. For instance, under laboratory ambient conditions
(~60% relative humidity, 15 °C and 1 atm), the good ability
of glycerol molecules to form stronger hydrogen bonds results in a
higher viscosity (64.1 cP) and surface tension (49.7 dyn per cm)
than those of DEPh (6.75 cP and 37.1 dyn per cm, respectively),
and causes a slower flow and evaporation of glycerol than that
of DEPh, even though they are in the droplet format in the
super-micron size region. In their phase-separation and
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Fig. 6 Raman intensity distribution of representative peaks obtained from DEPh (C—O stretching band at ~1733 cm~?) and glycerol (the broad O-H
stretching band at ~ 3366 cm™) along the vertical diameter of three laser-trapped droplets at time = 1 min. The three droplets are formed by a mixture of

DEPh and glycerol at an initial ratio by volume and size in diameter of (a) D
17 um; and (c) DEPh: glycerol = 1:2 and about 13 um.

evaporation processes, the airborne droplets composed of the
two poorly miscible chemical liquids first formed a core-shell
like structure with gradient distributions in the separation
regions, then DEPh with a lower surface tension and viscosity
migrated to the surface and evaporated first, and later, glycerol
gradually evaporated containing some remaining DEPh with a
much lower evaporating rate. This is consistent with the observa-
tion from mixed organic-inorganic droplets with the lower surface
tension organic liquid at the outer layer.>

The phase-separation and evaporation processes of the two
chemicals were further quantitatively analysed. Fig. 7(a) pre-
sents the squared radius (surface area/4m) of the overall droplet
(the outside shell of DEPh) and the glycerol core (inside part)
shrinking with the thickness of the DEPh shell. The radii were
read from the edge positions of the outside shell and the core at
half the intensity of the representative Raman distributions, as
shown in Fig. 5(d-f), at different times. This indicates that both
chemicals evaporated faster with a covering shell of DEPh, and
the thicker the cover, the faster the evaporation. They follow a
relationship from the simulated mode as R* = aT®> + bT + ,
where R is the radius of the droplet or the core, T is the

EPh:glycerol = 2:1 and about 13 pm; (b) DEPh: glycerol = 1:1 and about

thickness of the shell, and a, b, and ¢ are constants related to
the properties of the two chemicals and the surrounding air.
Fig. 7(b) shows the squared radius (surface area/4n) of the pure
DEPh droplet, the overall droplet and the glycerol core in the
mixed droplet changes with time. This indicates again that
both chemicals evaporated faster with an outside covering shell
than their own pure droplets, and DEPh evaporated much
faster than glycerol in both mixed and pure droplets. They all
follow a linear evaporating process with a simulated mode as
R?=at + b, where t is the time, and a and b are constants. From
the simulation, we obtained the evaporation rate for DEPh and
glycerol in their mixed and pure droplets as 0.53 um® min™ ",
0.40 um? min~*, 0.11 pm? min~*, and 0.03 um? min ", respec-
tively. Although the absolute evaporation rates d(R®)/d¢ of
glycerol that we obtained (0.11 pm® min~ ' and 0.03 pm? min "
for the core in a mixed droplet and for the pure droplet, respectively)
are much smaller than the reported data (0.5 um® min~" and 0.4
pm® min~", respectively, which are estimated from Fig. 8 in ref. 34),
the change tendency of the radii with time or the shell thickness is
similar. Further, our study was carried out under different
experimental conditions, with a different covering chemical

55 55 -
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Fig. 7 Squared radius (R? = surface area/4n) of the overall droplet (outside s
glycerol droplet, and their pure droplet shrink with (a) the thickness of the D
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hell of the DEPh) and the glycerol part (inside core) of the mixed DEPh and
EPh shell T, and (b) time t. The corresponding curves are the fitted results.
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(DEPh rather than dioctyl-phthalate (DOP)) and without any gas
stream flow field around the droplet, which could accelerate
the evaporation of the droplet.

Summary

Liquid-liquid phase-separation and evaporation from indivi-
dual laser-trapped organic-organic droplets in ambient air
were explored using the spatial-resolved temporal Raman spec-
troscopic technology. A mixed droplet was formed by diethyl
phthalate (DEPh) and glycerol at initial volume ratios of 2:1,
1:1, and 1:2. Individual single droplets were optically trapped
by a highly focused counter-propagating hollow laser beam and
allowed to freely evaporate, while the chemical composition
and the morphology were continuously monitored by Raman
spectroscopy. Spatial-resolved temporal Raman spectroscopy
revealed the phase-separation process and shed light on the
dynamics taking place within the droplet, during the entire
evaporation process. The DEPh-glycerol droplets present a
typical core-shell morphology, with a glycerol-rich core and
DEPh highly concentrated around the core, forming the outer
layer. DEPh evaporated faster than glycerol whether it is in a
mixed or a pure droplet, but both DEPh and glycerol within the
mixed droplet evaporated faster than either of them within
their own pure droplets. With this powerful technique, as
demonstrated in this study, we may extend our investigation
to more complicated cases such as multi-layer phase separation
and evaporation dynamics, which will provide new insights into
the chemical and physical properties of aerosol particles.
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