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We demonstrate that the thermodynamic properties of a single liquid aerosol droplet can be explored through
the combination of a single-beam gradient force optical trap with Raman spectroscopy. A single aqueous
droplet, 2-6 um in radius, can be trapped in air indefinitely and the response of the particle to variations in
relative humidity investigated. The Raman spectrum provides a unique fingerprint of droplet composition,
temperature, and size. Spontaneous Raman scattering is shown to be consistent with that from a bulk phase
sample, with the shape of the OH stretching band dependent on the concentration of sodium chloride in the
aqueous phase and on the polarization of the scattered light. Stimulated Raman scattering at wavelengths
commensurate with whispering gallery modes is demonstrated to provide a method for determining the size
of the trapped droplet with nanometer precision and with a time resolution of 1 s. The polarization dependence
of the stimulated scatter is consistent with the dependence observed for the spontaneous scatter from the
droplet. By characterizing the spontaneous and stimulated Raman scattering from the droplet, we demonstrate
that it is possible to measure the equilibrium size and composition of an aqueous droplet with variation in
relative humidity. For this benchmark study we investigate the variation in equilibrium size with relative
humidity for a simple binary sodium chloride/aqueous aerosol, a typical representative inorganic/agueous
aerosol that has been studied extensively in the literature. The measured equilibrium sizes are shown to be in
excellent agreement with the predictions oftf@r theory. We suggest that this approach could provide an
important new strategy for characterizing the thermodynamic properties and kinetics of transformation of

aerosol particles.

. Introduction following reaction31213These studies have allowed the inter-

In recent years, the heterogeneity of géiquid surfaces has molecular interact_ions that govern ‘mass transfer across the
been explored in ever-increasing detail through the developments”rface t.o be studied. Further techniques have begn. developed
of new techniques for characterizing the chemical composition for '”fe”"_‘g the outcome of the moIeCl_ﬂeurface collision by )
and intermolecular forces acting at the surface and looking at characterizing the changes that occur in the gas-phase composi-
the transfer of molecules through the interfacial redioh. tion as _molecules are adsorbt_ed at the liquid surface. These
Nonlinear optical techniques, such as sum frequency generationStudies include measurements in a wetted-wall flow reéttor
have provided invaluable insights into the orientation of @nd on a train of droplets-10 um in radius falling under
surfactants at the aqueousir surface, their impact on the gravity®’Measurements have also been made on ensembles
hydrogen-bond network near the surface, and the extent of theOf aerosol particles by characterizing the evolving distributions
electric double laye?+7 In combination with more conven- of particle size and composition with a host of techniques
tional techniques, such as measurements of surface tensionincluding differential mobility analyzers and single-particle mass
neutron scattering, and ellipsometry, a plethora of techniques SPectrometry?-2t
are now available for characterizing the structure of thegas Studies of the evolving phase and composition of a single
liquid surface®~11 electrostatically trapped particle have yielded significant insights

Characterizing the dynamics of processes occurring at theinto the thermodynamic properties of aerosols, building on the
gas-liquid surface has proved more challenging. Molecular experience of using such techniques to characterize the evapora-
beam scattering techniques have been used to investigate théon of a single liquid droplet of low volatility222By combining
roles of inelastic scattering, trapping desorption, and desorptionspectroscopic techniques for characterizing the single particle
with measurements of particle mass and the surrounding relative

e e e, ca 175,y "Iy (RH) ofthe gas phase, the hygroscopic propertes of
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In this publication we describe the unique application of a can vary significantly, even on a local scélélhe hygroscopic
single-beam gradient force optical trap (optical twee2&e3) properties are also dependent on the organic content of the
and Raman scattering in the characterization of mass transferaerosol. Reduction in the deliquescence relative humidity has
in the surface region of an aqueous dropletf2:m in radius. been reported in the presence of formic a@iednd suppression
The evolving size of the trapped droplet can be probed with in the growth of sea-salt aerosol has been reported at high RH
subnanometer precision by examining the size-dependent Ramanvhen the organic component is-380% of the particle mas¥.
fingerprint that is recorde®®3* This can permit sensitive  Measurements of the optical and thermodynamic properties of
measurements of the adsorption of only a few layers of sea-salt aerosol and on single salt solutions of NaCiSa
molecules from the gas phase at the -giguid surface, MgCl,, and MgSQ have been performed to investigate directly
potentially allowing direct study of uptake kinetics, measurement the hygroscopic properti¢8-43 It has been suggested that for
of mass accommodation coefficients, and study of heterogeneousiry sea-salt particles water may be present even at low“RHs.
reactions. In addition, the Raman fingerprint can be used to Further, recent studies have examined the reactions,0% N
characterize the composition of the trapped droplet, not only and HNQ on sea-salt and sodium chloride aerogéf.n this
allowing determination of the concentration of Raman-active publication we take a first step toward performing such
species, but also allowing the concentration of ions and the ionic measurements on a single particle with direct in situ charac-
strength to be estimatéfiOptical tweezers also allow the single  terization of droplet size, composition, and phase. These
particle to be trapped indefinitely, allowing accurate measure- measurements are performed with high temporal and spectral
ments of the thermodynamic properties of aerosols. In this resolution and with the possibility of some spatial resolution.
publication we focus on performing such thermodynamic In section Il we describe the experimental technique and
measurements rather than measurements of the kinetics ofpproach, before describing the spontaneous and stimulated
particle growth or evaporation. We show that measurements of Raman components of the inelastically scattered light from the
equilibrium droplet size with variation in RH can be made droplet in sections Ill and IV. In section V we explore the
directly and compared with Kder theory3536We also discuss ~ Ppotential of this technique to characterize the equilibrium size
the interpretation of the Raman scattering fingerprint that is Of aqueous droplets.
recorded from a trapped droplet.

| i o . Il. Experimental Description
Two competing effects determine the equilibrium size of an

) In a previous publication we described the experimental
aqueous aerosol droplet: the surface curvature and solutea roach for trapbing and manipulating aerosol droplets®
effects3>36The former arises from the enhanced vapor pressure PP PPIng P g b

of a curved surface over a flat surface, which is commonly um in diameter .W'th. optical tweeze?%.T_he optical trap is

) - ’ formed by focusing light from an argon-ion laser (514.5 nm)
calculated from the Kelvin equation. Altk_\oggh the vapor through a 6& oil immersion objective (NA of 1.4) with a
pressure tends to that of a flat su_rface in the limit of large droplet working distance of-130m. The focused light passes through
size, the vapor pressure remains larger thgn t_hat of the ﬂata coverslip (number 1) into an aerosol cell. A dense flow of
surface even for droplets a few micrometers in diameter. Thus

t ficular droplet si turati f water in th 'liquid aerosol droplets, produced from an Omron NE-UQO7
at any par |.cu ar 'rop et sizé supersaturation or wa er' N € edical nebulizer, is introduced into the cell, and a single droplet
gas phase is required for an agueous droplet to remain at a

Ns trapped from the flow. As the flow subsides, further collisions
oy . . . 0 . ) ’ .
equ[llbrlum size, i.e., the RH must be gregter than 100@' If the of aerosol droplets with the trapped droplet occur and the particle
partial pressure of water is lower than this supersaturation, the

. : . rows, typically starting at a size estimated tob2 um and
water vapor concentration at the droplet surface will be higher d ypica'y g “

. . growing to a size that can be as large asutd in diameter.
than that in the surrounding gas and mass transfer away frompu,oa “this size, the droplet can become too large to remain

the droplet will occur, eventually leading to droplet evaporation. trapped and is lost from the trap. Trapping efficiencies have

In competition with the surface curvature effect, an inorganic peen measured that are comparable to the trapping efficiencies
solute dissolved in the aqueous phase will lead to a lowering reported in liquids, and laser powers as low as 1 mW are
of the vapor pressure of the aqueous component. This redUCtionrequired to retain a{ droplet once trappéd.

in vapor pressure will increase in magnitude as the droplet | his puplication aerosol tweezing measurements have been
evaporates, and the involatile solute becomes more concentratedperformed on two different instruments. The first instrument is
Kohler theory provides a rigorous treatment of these tWO paseqd around a commercial Leica DM IRB microscope and has
competing effects and can be used to estimate the droplet siz§,qan, used in our earlier work as described aliéTe trapping
at which the vapor pressure of the droplet is equal to the RH in peam first passes through two sets of beam expansion optics,
the surrounding gas pha%e At this size t_here IS N0 Netmass s reflected from a holographic notch filter (HSPF-514.5, Kaiser
flux to or from the droplet and an equilibrium size is achieved. Optical Systems), and then from a dichroic mirror onto the back
In this paper, we demonstrate that accurate measurements ohperture of the microscope objective. The cone angle of the
droplet size allow the variation in equilibrium droplet size with  focused light, and thus the trapping efficiency, is dependent on
RH to be measured directly for aqueous droplets doped with the positions of the beam expansion optics and the degree of
sodium chloride. This is chosen as a benchmark system,overfilling of the back aperture of the objective. Backscattered
allowing us to rigorously test the aerosol optical tweezing light from the trapped particle passes through the holographic
technique on a binary aqueous/inorganic system containing anotch filter and is imaged onto the entrance slit of a 0.5 m
single salt that has been extensively studied and characterizedspectrograph (diffraction grating blazed at 600 nm with 1200
in the literature?®4> Sea-salt aerosols are an important com- g/mm) coupled with a CCD for recording a dispersed Raman
ponent of atmospheric models at the urban and global scalesspectrum with a spectral resolution of 0.05 nm. The polarization
particularly because of their impact on urban air quality and of the scattered light reaching the spectrograph can be selected
global climate’” The hygroscopic properties of electrolytes with a polarizer in front of the entrance slit of the spectrograph.
present in sea-salt aerosol leads to significant variations in wetThe trapped droplet is imaged using conventional brightfield
particle size with relative humidit§¢3” Thus, the size distribu-  microscopy with light of wavelengths longer than 700 nm
tions of sea-salt aerosol and their optical scattering propertiespassing through the dichroic mirror to record the image.
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retaining ring. A sealed environment is achieved by forming

455 nm an O-ring seal between the coverslip and the cell body. A top
Trmiditied wmc_zlowz centerepl on the aperture in the bot_tom face a_md 2.5
—— fonet cm in diameter, is also mounted with an O-ring seal with the
{% RH probe illumination source passing through the window. Four ports are
gas Tlow situated around the side wall of the cell, allowing the introduc-

tion of the aerosol flow, a humidified stream of nitrogen gas,
and an outlet for the gas and aerosol flows.

Offset from the central axis of the cell a RH probe (capacitive
sensor, HIH-3602-A, Honeywell Sensing and Control) continu-
ously records the RH and temperature within the cell. A second
similar RH probe is located in the incoming gas flow. The
guoted accuracy on the RH measurement29. Measuring
the RH on the two probes simultaneously assists in character-
izing any gradients in RH that may occur within the cell. The
highest RH at which measurements are made in this work is
~90%. Up to this limit the quoted calibrations for RH and
temperature for the two in situ probes have been compared with
measurements made on two further commercially calibrated
probes over a range of RHs from 25% to 92%. In addition to

Nebuliser
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D
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beam
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> 600 nm simultaneous ambient laboratory measurements on all four
Raman probes, measurements have been made above saturated solu-
light tions of potassium nitrate (RE 92% at 20°C) and potas-

sium iodide (RH= 69% at 20°C).*¢ The two commercially

Figure 1. Experimental design. A single aerosol droplet is trapped 4jiprated probes were consistently in agreement within the

from a nebulized flow. The relative humidity within the cell can be L
controlled and monitored. lllumination of the particle for imaging is stated error of each ot2% and mostly within 1%. How-

achieved with a blue LED. A narrow band mirrorg9% reflective at ever, corrections were required to the calibrations of the two
532 nm) is used to steer the trapping beam onto the microscopein situ probes with the saturated salt solutions providing
objective while allowing the blue light and Raman-scattered light around convenient upper and lower bounds for calibrating the two
650 nm to pass through. An image of a 5.608 radius water droplet  probes for the measurements presented here. A more compre-
is shown. hensive discussion of this will be presented in a subsequent

The second instrument used in this work is based around apublication. The t_ime constants for the response of the RH
simpler design and does not involve the use of a commercial probes to fluctuations in RH areS0 s, considerably shorter

. A . ! - than the time scales of the equilibrium size measurements
microscope. A schematic of the instrument is shown in Figure

1. Light from a 532 nm Nd:YVQlaser (Coherent VERDI v5)  GiScussed in section V. _
is coupled into a polarization-maintaining single-mode fiber ~ The RH in the cell is controlled by varying the flow rate of

allowing the instrument to be readily aligned. The collimated dry nitrogen through a bubbler containing either pure water or
output from the fiber passes through a half-wave plate and & saturated salt solution, qlependlng on the RH range required.
polarizing beam-splitter cube, allowing the power of the trapping ©@s flows of up to 0.2 L/min can be used, leading to a complete
beam to be controlled and also allowing orthogonal linear refres_hmg of the vapor throughout the gas feed lines and cell
polarizations of the laser light to be used to trap the particle. O @ time scale 030 s. Short-term gradients of up to 4% can
The beam then passes through one set of beam expansion optid2€ observed between the RH probe in the input gas stream and
and reflects off a narrow band mirror (centered at 532 nm) onto that in the center of the cell when the RH is varied, but such
the back aperture of a 1600il immersion objective (NA of g_radlents_ rapidly diminish once a constant flow pf humidified
1.25) with a working distance 0£130 um. The aerosol cell nitrogen is reached. At gas flows above 0.2 L/min the trapped
used in the first instrument is also used in this instrument. droplet is lost from the optical trap.
lllumination of the sample is achieved with the focused light ~ Aqueous aerosol droplets doped with sodium chloride in the
from a blue LED (centered at 455 nm, royal blue, Luxeon Il concentration range 0.64..4 M are generated by the ultrasonic
Star, Lumileds). The Raman backscattering from the trapped nebulizer. Doping with sodium chloride lowers the vapor
particle and the blue illumination light both pass through the pressure of the droplet to a level at which it can be trapped at
filter to a second filter inclined at 45The short wavelengths ~ RHs less than 95% within the aerosol cell. Under such
in the blue are reflected to a camera for imaging and the long conditions an aqueous droplet can be retained within the optical
wavelengths imaged onto the entrance slit of a 0.5 m spec-trap indefinitely: some measurements have been performed over
trograph (diffraction grating blazed at 500 nm, 1200 g/mm) with time scales of 5 days. A further condition for stable trapping is
CCD camera, again allowing spectra to be acquired with a that the optical trap must not heat the droplet. We discussed
spectral resolution of 0.05 nm. In all of the measurements this crucial requirement in our earlier pagéithis is the primary
described here spectra were attainedgisid stime integration reason for creating the optical trap from light at wavelengths
and acquired every second, unless otherwise stated. Dropletbetween 500 and 550 nm. Within this wavelength range the
can be trapped indefinitely with the longest measurements complex refractive index for water is at a minimurmsq x
presented here over a time scale of 50 h. 10783 and the temperature elevation on trapping has been
The aerosol cell is fabricated from stainless steel with an estimated as<l K.32 Further evidence for negligible heating
internal diameter of~5 cm and a height of+1.5 cm. An comes from the consistent shapes of the OH Raman bands from
aperture, centered on the bottom face and 2.5 cm in diameter,a trapped droplet and a bulk phase measurement and from the
allows the coverslip to be mounted and held in place by a trapping laser power independence of evaporation rates, both
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Figure 2. Example of a Raman scattering signature from a trapped
water droplet, illuminated at 514.5 nm. The stimulated Raman scattering
is observed at wavelengths commensurate with whispering gallery (b)
modes. The resonant modes can be assigned by comparison with Mie A
scattering calculations, and the droplet radius can then be calculated

(5.125um in this case).
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of which will be discussed in more detail later in this paper : : : : . . :
and in a subsequent publication. 605 610 615 620 625 630 635
In summary, spectral fingerprints of trapped aqueous droplets Wavelength / nm

can be recorded with a time resolutiohlos and high spectral ) ]
resolution. Simultaneously, the RH and temperature of the Figure 3. Dependence of the spontaneous OH stretching band shape

- - on scattered polarization. The spectra are from (a) unpolarized
surrounding vapo_r phase_ cgn be recorded along with RH andcollection, (b) selection of vertically polarized scatter only, and (c)
temperature gradients within the cell. Images of the trapped gejection of horizontally polarized scatter only. The bulk phase

droplet can also be recorded, allowing direct observation of the measurements of the appropriate polarization are overlaid in color,

optically trapped droplet. illustrating the consistency between the droplet and bulk phase
measurements. Measurements were made with tht_a trapping laser at
Ill. Spontaneous Raman Scattering 514.5 nm (vertically polarized) and a droplet 4.681 in radius.

A Raman scattering spectrum can be recorded from the changes in the hydrogen-bonding network with ionic strefRfth.
trapped droplet, providing a unique fingerprint of droplet |t is common to deconvolute the band shape into as many as
composition, phase, size, and refractive inéfex? In addition, five different Gaussian components, with the relative weightings
the Raman band contours from an aqueous sample can providexf each component changing with variation in ionic strerfgth.

a measure of temperature and ionic streffgfi.An example Some ions are classified as ‘structure makers’, suchas F
of a Raman spectrum from the OH stretching vibration of water while some as ‘structure breakefd Addition of a solute

at Stokes shifts between 2900 and 3700 tim shown in Fig-  such as sodium chloride leads to disruption of the hydrogen-
ure 2 for a droplet of radius 5.12&m. The fingerprint con-  bonding network and reduction in the weighting of the Gaus-
sists of an underlying broad spontaneous Raman band withsian components representing the highly coordinated strongly
structure from stimulated Raman scattering (SRS) superim- hydrogen-bound water molecul®s%2 Formation of hydro-
posed. In this and the following section we explore how such gen bonds between water and halide anions is not sufficient
a Raman fingerprint can be used to characterize all of the to compensate for the breaking of intermolecular hydrogen
properties described above for a trapped droplet. We discusshonds between water molecules. Thus, with increasing salt
the spontaneous Raman scattering in this section and the SRS oncentration the peak maximum of the OH stretching band
in section IV. shifts to higher frequency and the shoulder on the low-fre-

The spontaneous Raman spectroscopy of water has beemuency side of the Stokes band diminishes in interf8ify.
discussed in detail in the literature over many decades; see, forSimilar trends in the shape of the OH band with tempera-
example refs 5461. In this work we focus on excitation of ture have been investigatéd5%61 The components cen-
the intramolecular OH stretching vibration, which appears at a tered at low Stokes shift (below 3300 cH) decrease in
Stokes shift of between 2900 and 3700 ¢rwith a maximum weighting relative to those at higher Stokes shift with in-
in intensity occurring at 3480 cnh and a strong shoulder visible  creasing temperature, reflecting the decreasing proportion of
at 3290 cm?. Interpretation of the shape of the broad OH strongly hydrogen-bound water molecules of high coordination
stretching band has been based on ‘mixture’ or ‘continuum’ number.
models of liquid wateP? In the former water is assumed to be A comparison between the OH stretching band shape obtained
composed of a mixture of discrete species, while in the latter from a bulk phase measurement and that obtained from a single
water is assumed to be represented by a continuum of energetioptically trapped droplet is shown in Figure 3a. For both the
states. The shape of the band reflects the perturbation of thedroplet and bulk phase measurements, the parallel and perpen-
O—H covalent bond by the presence of intermolecular hydrogen dicularly polarized components of the scattered light are
bonds>* convoluted in an unpolarized measurement. A slight enhance-

The shape of the OH stretching band shows a systematicment in the parallel component over the perpendicular compo-
dependence on solute concentration in studies of aqueousnent arises in the spectrum due to the preferential reflectivity
solutions of inorganic solutes. This can be rationalized by of the diffraction grating to thes-component over the-
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component of the scattered light. The contour of the Raman IV. Stimulated Raman Scattering
band described above with the low-frequency shoulder is clearly
evident, and the droplet measurement is consistent with that
observed from the bulk phase.

It is has been widely reported that the Raman spectrum from
a droplet with a size within the Mie regime shows distinct
o o features not observed in a bulk phase sarmptés9.51.67|n
_ The polarization dependence of the scattered light is also qgition to the underlying spontaneous Raman scattering, SRS
illustrated in Figure 3b and 3c. The incident laser is vertically js also observed at discrete wavelengths and a structured
polarized prior to passage upward in the inverted microscope fingerprint is observe® In the spectrum of Figure 2 the
configuration. Thus, selection of the vertical polarization of the maximum intensity of the SRS is approximately a factor of 15
scattered ||ght leads to collection of the parallel scattered more intense than the Spontaneous Raman Scattering band.
component, while selection of the horizontal polarization leads Amplification of the Raman-scattered light occurs only at the
to collection of the depolarized perpendicular component. distinct wavelengths that are commensurate with whispering
Distinct differences are observed in the Raman band shapesQauery modes (WGMsY? WGMs are also commonly referred
between the vertical and horizontal scattered polarizations, to as morphology-dependent resonances or cavity resonances.
although spectra from both polarizations are consistent for In this section we describe the SRS component of the Raman
droplet and bulk phase measurements. The low-frequencyfingerprint from the trapped droplet.
shoulder has been shown to transform as a totally symmetric At wavelengths commensurate with WGMs, the Raman light
vibration, and this leads to an isotropic component that maintains can become trapped by total internal reflection within the
polarization on scatterin®:5° By contrast, the high-frequency  droplet; the droplet behaves as a low-loss optical c&Vif§.
peak has been shown to transform as an asymmetric vibration,The simultaneous presence of the illuminating excitation
and scattering is accompanied by a degree of depolarization;wavelength and the Raman-scattered wavelengths within the
the perpendicular scattering component accompanies the paralletiroplet leads to SRS, which occurs at a lower threshold in laser
component®® Thus, observation of parallel polarized light intensity than is needed in the bulk phase. The quality factors
leads to a spectrum that contains both isotropic and anisotropicof the resonant modes can be in excess éf le@dding to WGM
components, while observation of the perpendicularly compo- excitation lifetimes on the order of nanosecofti®
nent leads to observation of the anisotropic component alone Mie scattering calculations can be performed to determine
which arises from depolarizatidf.5” the wavelengths at which WGMs are formed. Comparing the

The consistency of the bulk and droplet polarization measure- Observed WGM wavelengths from a Raman or fluorescence
ments is to be anticipated based on previous experiments onfingerprint, such as that in Figure 2, with calculated wavelengths
electrostatically levitated droplets illuminated with a gently €an enable the droplet size to be determined with high
focused laser beam approaching the limit of plane wave Precision®:® Lin et al. demonstrated that the size can be
illumination5364However, polarization of tightly focused laser ~deétermined with a precision equivalent to 1 nm for a droplet 5
beams, such as that used in the current study, is less well#M in radius®® Such adegree' of precision requires an accurate
defined®>%6 |t has been reported that the state of polarization k.nOW|e<?|ge.0f the refragtwg index of the droplgt. Indeed., the
may undergo a significant change from that of the incident dispersion in the refractive index can be det_err_nlned, leading to
polarization, with the local state of polarization varying within an assessment of temperature gradients within a dréfplet.

the focal regiorf® The spatial variation in the polarization is We discussed in a previous publication the algorithm by
dependent on the numerical aperture of the optical System_whlch we determine the size of aqueous droplets and errors

Despite such predicted complications in describing the polariza- 2sSociated with such a determinatidiior the work presented
tion state of a tightly focused laser beam within a single- here, we used the formulation of the refractive index described

! . .

beam gradient force optical trap, it does appear that the by Millard ett aI.tLor stehawatézAlthouhgl]h _sgzawager cotntal?r? trace

backscattered Raman light retains a polarization dependence ir]componen S Other than sodium chiorde and water, the wave-
ength, temperature, and salinity parametrization of the algorithm

the far field that is determined by the incident laser field prior X ; i .
to focusing. The degree of polarization variation that may occur prowdes an extremely convenient functional form for determin-

within the tightly focused waist in the optical trap does not ing the refractive index of the droplet. In addition, it reproduces

o . the reported refractive indices of sodium chloride solution at
appear to scramble the scattered polarization detected in the589 nm with an accuracy of better than 0.05% at the concentra-
far field. .

tions of sodium chloride used in this wotk.

A final comment on the consistency between the polarization_ Comparison of the calculated and measured Raman finger-
measurements conducted on bulk samples and from droplets igyints and refinement of the fit allows the droplet size to be
appropriate here. The excellent agreement of the OH bandca|cyated with a precision estimated to be of the ordet-bf
shapes in bulk and droplet measurements suggests that there igm with the accuracy of the fit determined by the accuracy of
little heating of the optically trapped droplet. By considering the refractive index dat®. The WGMSs appearing in the
the signal-to-noise in the Raman spectrum, the intensity ratio fingerprint are assigned a mode numberwhich defines the
of scattering at a Raman shift of 3440 thio that at 3300  number of wavelengths forming the standing wave around the
cmtis 1.28+ 0.03. On the basis of the temperature-dependent droplet circumference, and a mode ordemyhich defines the
measurements of D’Arrigo, an uncertainty in temperature of number of maxima in the radial distribution of the mode
+3 °C can be estimated from the uncertainty in the intensity intensity57:6° For the droplet sizes investigated here only first-
ratio 58 That is, within the signal-to-noise of our measurements and second-order modes can contribute to the SRS SYfal.
the temperature of the droplet could differ by up t6@Gfrom Finally, the mode can be assigned as being a transverse electric
that of the bulk phase sample. Although this only places an (TE) mode with no radial dependence in the electric field or as
upper limit on the degree of heating that could be occurring, a transverse magnetic (TM) mode with no radial dependence
the experimental data remain consistent with our earlier predic- in the magnetic field. A full assignment of the modes is shown
tions that only a very minor temperature increase above ambientin Figure 2, where the polarization is specified and the mode
of <1 °C is anticipated?3 number is indicated by the subscript and the order by the
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Figure 4. Demonstration of the consistency between the spontaneous (¢)
and stimulated Raman band shapes. The bulk phase spontaneous Raman AL LSS WY i e A
band is scaled according to eq 1 to give the black, dark gray, and gray o o) o oG
curves overlaid with the droplet Raman fingerprint with gains of 0, 1, Wavelength / nm

and 2, respectively. The SRS for progression of modes indicated by Figure 5. Polarization dependence of the SRS reflects the polarization
the filled circles is consistent with a bulk phase measurement with a dependence of the spontaneous scattering intensity. Unpolarized,
gain of zero. Measurements were made with the trapping laser at 514.5vertically polarized, and horizontally polarized scattering components
nm _(vertic_ally polarized, unpolarized collection) and a droplet 4.681 are shown in a, b, and c, respectively, and comparison between the
um in radius. droplet and bulk phase measurements is good. Measurements were made

. . . with the trapping laser at 514.5 nm (vertically polarized, unpolarized
superscript. The droplet is calculated to have a radius of 5.125cgjlection) and a droplet 4.68dm in radius.

um, and all droplet sizes should be assumed to be quoted with ) ] )

a precision of£1 nm. progression of first-order TE modes when the unpolarized and
The nonlinear behavior of the SRS signal indicates that the Vertically polarized spectra are recorded (Figure 5a and 5b,

SRS band shape is related to the spontaneous band by akespectively). However, on recording the horizontal polarization

exponential scalind’ In its simplest form, the stimulated Raman  ©f the scattered light, the corresponding progression of first-

intensity, srd/), can be written as order TM modes is dominant (Figures 5c).
The Raman spectra discussed so far have all been ac-
Isrdd) = 14(4) exp[G(g(4) — 1)] Q) cumulated from the Raman signal integrated over the entire CCD

detector with no particular spatial selection of signal on the

wherelg is the intensity of the spontaneous scatter at wavelength CCD. A degree of spatial resolution in the light scattering can
A, G is a gain factor reflecting the degree of amplification of be achieved by resolving the Raman image on the CCD detector,
the Raman light, and(4) is a line shape function describing examining the spectral dependence on different rows of the 256-
the shape of the spontaneous band. The predicted variation inrow detector. A similar approach has been used by Chan and
the SRS line shape with gain factor is shown in Figure 4 and co-workers to spatially profile the concentration of jNQvithin
compared with a spectrum from a droplet 4.681 in radius. an aqueous droplét. This previous work was for considerably
Both the bulk phase measurement for the gain scaling and thelarger droplets than those discussed here with a typical diameter
droplet measurement are recorded with unpolarized collection of around 30um.”* Care must be taken in interpreting the
of scattered light. It is clear that progressions of the same modespatially resolved signal from tweezed droplets collected through
order and polarization display a trend in intensity that is a high NA objective. Signal variability arises from a convolution
consistent with the spontaneous scattering band of the sameof the incident light field acting as a source function, the
polarization. Indeed, in this case it is clear that the gain factor scattered field, which will show strong variations with scattering
is very low,~0; the SRS is just above threshold and only weakly angle, and the variation in collection efficiency with scattering
enhanced over the spontaneous scattering intensity. Similarangle?® Although a fuller investigation of these factors will be
behavior is observed for all of the measurements presented indiscussed in later work, for this work it is instructive to examine
this publication. The change in the expected SRS envelope isthe variation in Raman signature with position on the CCD
shown for higher gains of 1 and 2. It should be noted that the detector.
gain is considerably less than the much higher gains ef1B) A Raman image is illustrated in Figure 6. The spontaneous
that are observed in SRS from droplets illuminated with the Raman intensity is at a maximum from the center of the droplet
much higher peak irradiances obtained from a pulsed laseron the axis of the trapping beam, and this appears in the central
source3* rows of the Raman image. In this region the spontaneous signal

For the same droplet characterized in the spectra of Figuresdominates any signal from stimulated scatter, leading to a signal
3 and 4, the intensity envelope of the SRS is consistent with that could allow the unambiguous quantification of trace species
the bulk phase spectrum of the appropriate polarization, aswithout complication from WGMs. In addition, the spontaneous
illustrated in Figure 5. This indicates that the SRS signal reflects band can be rigorously compared with bulk phase measurements
the polarization dependence of the spontaneous line shape evefree from interference from WGMs. In contrast, signal which
when a specific polarization is monitored, again suggesting thatappears to come from the edge region of the droplet is dominated
polarization-dependent measurements can be made even withby SRS, and the WGMs can allow the accurate determination
optically trapped droplets from a high NA objective. Again, of droplet size. Spatially resolving the signal on the CCD
although the SRS surpasses threshold, the gain factetlis detector can thus allow discrimination in favor of detecting
The dominant progression of modes can be assigned to aspontaneous or stimulated signal.
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Figure 6. Spatially resolved Raman image from a droplet 5.609
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by only 73 nm. The assignment of WGMs appearing in the
spectrum is reported in the figure. As the droplet evaporates,
the circumference of the droplet decreases and the path length
of a WGM with a particular mode number decreases. Thus, the
wavelength shifts to the blue. For a growing droplet, the WGM
are observed to shift toward the red.

To compare measurements of equilibrium droplet size with
Kohler theory, the composition of the droplet must be known,
allowing the dry particle size (or solute concentration) to be
estimated® Although a solution of a particular salt concentration
is nebulized, it is not certain that the salt concentration of a
droplet once trapped will be equivalent to this starting concen-
tration in the nebulizer. Mass transfer and coagulation in the
aerosol stream with partial or full equilibration to the rapidly

in radius. Spontaneous scatter is observed to dominate in the center ovarying local RH could scramble the mass loading of salt in

the image, arising principally from the center of the droplet where the

each trapped aerosol droplet. Once trapping has occurred, a

laser intensity is at its largest. The stimulated scatter dominates at thedroplet may undergo further collisions with droplets in the
edges of the image. Measurements were made with the trapping lasefapyjized stream before the flow of aerosol subsides, leading

at 532 nm (vertically polarized, unpolarized collection).

Raman Shift / cm™
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Figure 7. Small changes in droplet size are reflected by changes in
the wavelengths of stimulated Raman scattering with time. The initial
droplet size is 3.98am, and the final size is 3.918n. This size change
occurs over a period of30 min with each time frame recorded from

a 5 s integration. Only 1 in every 10 frames is shown for clarity.

Measurements were made with the trapping laser at 532 nm (vertically

polarized, unpolarized collection).

V. Thermodynamic Measurements of Equilibrium
Droplet Size

to the dosing of extra solute mass into the trapped droplet. An
approach for the in situ characterization of the solute concentra-
tion is required. With solutes such as nitrate and sulfate, this
may be achieved by Raman spectroscopy; with sodium chloride,
direct quantification of the salt loading in the trapped droplet
by Raman spectroscopy is not possible.

In section Il we described in detail the shape of the OH band
contour, the dependence on polarization and temperature, and
the impact of ionic solutes through their influence on the
hydrogen-bonding network. It has been widely reported that
disruption of the hydrogen-bonding network through inclusion
of ions such as chloride leads to a weakening in intensity of
the low Stokes frequency should®©2A significant change in
the intensity of the shoulder has been observed at concentrations
between 0 and 1 M, corresponding to the expected concentration
range of trapped aqueous droplets in this work. Thus, by
integrating the Raman signal from the center of the Raman
image, a comparison of the OH band contour from the droplet
with bulk phase standards could allow the concentration of
sodium chloride to be assessed. The discussion of polarization
measurements in section Il confirms that a direct comparison
can be made.

Comparison of the spontaneous Raman scattering from
droplets generated from bulk solutions of 0.04, 0.34, and 1.28

The spectroscopic tools described above are now applied toM is shown in Figure 8&c, along with corresponding bulk
the characterization of droplet size and composition and the Phase measurements. Excellent conformity between the droplet
dependence of equilibrium droplet size on RH and particle and bulk phase measurements is observed for the two lower
composition. To assess our ability to measure al&ocurve concentrations, although some deviation is observed between
directly with this technique, we performed measurements of the droplet and bulk measurements for the higher concentration.
equilibrium droplet size with varying RH in the range from Furthermore, a comparison of the OH band contours from
~80% to 92%, starting with droplets with initial sodium chloride ~droplets generated from the three different concentrations clearly
concentrations of between 0.04 and 1.28 M. For a droplet illustrates the decline in the intensity of the shoulder with
initially trapped with a wet particle radius of @m, typical in increasing salt concentration, Figure 8d. This demonstrates that
this work, these salt concentrations correspond to a range inexamining the spontaneous band shape could allow the con-

the dry particle radius of 500 nm to 1.8n, assuming a density
for sodium chloride of 2.165 g/chi®

A typical time history in the evolution of a trapped droplet
Raman fingerprint is shown in Figure 7. Once trapped, the
particle responds to variations in the RH of the surrounding
vapor, tending eventually toward an equilibrium size that can
be estimated by Kder theory. Each spectrum in Figure 7

centration of the solute to be determined. We shall return to
this later.

A complete time history of the evolving radius of a trapped
droplet over a time scale of 50 h is shown in Figure 9a. Raman
spectra were acquired & s intervals, along with measurements
of the RH within the cell. The variation in RH is shown for
comparison. The oscillations in RH that occur as a result of the

corresponds to an integration time of 5 s, and only 1 spectrum laboratory air conditioning system are clearly visible in the

in every 10 is shown. Thus, this evolution in droplet size occurs
over a time frame of~30 min. The initial size of the particle is
3.986+ 0.001um, and the final size is 3.91% 0.001um,

oscillations in particle size, as illustrated in Figure 9b. These
oscillations correspond to a change in RH-0.2% and a
change in radius of~30 nm, a size change that is clearly

showing that over this time frame the droplet decreases in sizediscernible in our measurements. Indeed, the droplet could be
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Figure 9. (a) By assigning the SRS fingerprints and determining the
size with nanometer precision, the change in equilibrium droplet size
(gray circles, right axis) with change in relative humidity (black line,
left axis) can be measured. (b) Expanded view of the variation be-

tween 10 and 15 h. Measurements were made with the trapping laser
at 532 nm.
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Figure 8. Variation in the OH band shape with sodium chloride
concentration. The blue spectra are from bulk phase measurements orz2
solutions of 0.04, 0.34, and 1.28 M (a, b, and c, respectively). =
Measurements on trapped droplets, produced by nebulizing each ofg
the solutions in turn and selecting only the spontaneous Raman é
scattering from the center of the Raman image, are overlaid for E
comparison in red. The three droplet measurements are shown in d for

90

. . . A (]
comparison, with the 0.04 M spectrum showing the most intense =

shoulder and the 1.28 M the least intense. Measurements were mad(_‘_c%'
with the trapping laser at 532 nm (vertically polarized, unpolarized L“é

collection). 80

considered to act as a more accurate probe of RH than the RH
probe used in the cell. It should be remembered that the accuracy Y !
of the RH determination by the two probes42%. 4.0 _4-5

A comparison of the equilibrium size measurements with Wet Radius / pm
Kohler theory is shown in Figure 10. The calculations from Figure 10. Comparison of the measured equilibrium sizes with change
Kdéhler theory have been described in previous publications, andin relative humidity with predictions from Kader theory for particles
the details will not be reported he¥e’>76 However, it is of varying dry diameter. The four Kder curves shown are for dry
important to note that the theory is well established for inorganic/ Particles with radii of 1714, 1761, 1807, and 1853 nm from leftmost
aqueous droplets. The treatment used here includes the deviatiofP "9ntmost curves, respectively. At early times, RH gradients are
from ideal solution behavior through an activity coefficient that observed in the cell which lead to measurements that do not compare
. ; . R A ) well with Kéhler theory (shown by red circles). At longer times, after
is not unity, and it also explicitly includes all ionic interactions 1 h, agreement is excellent between the measurements anlérko
and multicomponent surface tensidhg® The earliest time  predictions (black circles).
measurements within the first hour of trapping are poorly
correlated with the calculations from’Kter theory. During this After this initial period of equilibration of approximately 1 h
period the cell may contain surface water deposited from the the equilibrium droplet sizes show a good correspondence with
initial aerosol burst, and it takes sometime for the cell to the Kthler predictions for a dry particle of radius 1853 nm. If
equilibrate due to evaporation of surface water. During this the original droplet is assumed to have the same concentra-
time gradients in RH within the cell lead to a poor cor- tion as the nebulized solution, 1.28 M, the initial droplet of
respondence between the measured RH (measured to be greaté5 um radius would contain a mass loading equivalent to a
than 90%) and the RH in the locality of the trapped droplet. It dry particle size of 1.8&«m, very comparable to the dry par-
should be noted that the early time data is not shown in Figure ticle mass estimated from 'Ker theory. This is considered
9: all of the data recorded in Figure 9 corresponds to the excellent agreement based on the accuracy of the RH measure-
equilibrium size measurements shown in black in Figure 10. ments of+2%.

3.0 35 5.0 5.5
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Raman Shift / cm™ droplet can lead to determination of droplet size with nanometer
3000 3200 3400 3600 precision and that the concentration of ionic solutes in the droplet

: . . : can be investigated from the shape of the OH Raman stretching
band. This is possible because the spectroscopic signature from
the droplet can be directly compared with bulk phase measure-
ments on solutions of known concentration, with the polarization
dependence of the spontaneous and stimulated Raman bands
conforming to that observed in measurements in the bulk
aqueous phase. In applying the technique in measurements of
equilibrium droplet size with variation in RH, excellent agree-
ment between the experimental determination anthl&o
prediction is achieved. The data are consistent assuming that
the sodium chloride concentration in the droplet when initially
trapped is equal to the concentration of sodium chloride in the
nebulized solution.

It is anticipated that the approach described here can be used
to characterize the thermodynamic properties of aerosols and
test Kdhler theory directly. Of particular importance for
atmospheric chemistry will be the potential to compare the
measured and calculated properties of multicomponent aqueous/
inorganic/organic droplets and the properties of multiphase
aerosol in which the separation of immiscible organic and
aqueous phases could be strongly dependent offFMultiple

T z T i T z T optical traps can also be established, allowing two or more
630 640 650 660 droplets to be trapped simultaneou&lyn current work we are

Wavelength / nm trapping a sodium chloride/aqueous droplet in one optical trap
Figure 11. (a) Comparison of the spontaneous Raman band shape foras a control droplet, providing an accurate method for determin-
the droplet studied in Figures 9 and 10 when at a radius of 5.5, 4.1, ing the RH within the trapping region. This then allows the
and 3.8um (black, green and red, respectively). Increasing concentration equilibrium behavior of a second droplet of different composi-
of the sodium chloride is evident with decreasing droplet size. (b) +ign to pe accurately investigated.

Comparison of the spontaneous Raman band shape for the droplet at a N | | ical I dv th
radius of 5.5um with the bulk phase measurement at a concentration ot only can aerosol optical tweezers allow us to study the

of 0.34 M. Measurements were made with the trapping laser at 532 equilibrium behavior of droplets, but the technique can also
nm (vertically polarized, unpolarized collection). permit direct measurements of mass transfer rates with studies

of the kinetics of particle growth and measurements of evolving

Variations in the OH band shape with droplet size for the size and composition being possible. Further, the simultaneous
droplet studied in Figures 9 and 10 are shown in Figure 11a. trapping of multiple particles in parallel optical traps can allow
Spectra when the droplet size is 5.5 (when first trapped), 4.1, measurements to be made on aerosol arrays. This could allow
and 3.8«m are shown to allow comparison. The concentration US to examine competitive growth rates, allowing relative rates
of the sodium chloride is clearly shown to rise as the droplet to be correlated to relative mass accommodation coefficients
becomes smaller, with the shoulder diminishing in intensity with for a trace species on two different aerosol surfaces. The near-
decreasing size. Although the presence of cavity resonancessurface origin of the stimulated Raman scattering could yield
complicates the analysis, the comparison between the spectramportant information on the existence of concentration gradi-
recorded from the droplet when it is first trapped with a radius ents within the droplet in organic coated/doped droplets and on
of 5.5 um and a 0.34 M bulk solution is better than the the mixing state of different aerosol components. Finally,
comparison with a 1.28 M bulk solution. A droplet with a through the controlled coagulation of two aerosol particles in
concentration of 0.34 M would contain 13.9 pg of sodium two optical traps, the fundamental factors governing interparticle
chloride, corresponding to a dry particle of radius 4r#, a interactions, mixing state, and aerosol coagulation can be studied
considerable underestimation of the dry particle size when directly for the first time3®
compared with the concentration of nebulized solution and
predictions from Kaler theory of 1.8um discussed above. Acknowledgment. We acknowledge the EPSRC for finan-
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