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We report the photodegradation of optically trapped oleic acid droplets by visible light in the
absence of additional reactive gaseous species. The temporal evolution of the droplet’s chemical
composition and size is monitored by Raman spectroscopy and elastic light scattering, respec
tively. The dependencies on the oxygen amount in the surrounding gas phase (~0–20%), the
droplet size (~500–3000 nm in radius), and the laser power and wavelength are investigated. The
oxygen amount and the droplet size have only a very minor influence on the reaction rate, if at all.
By contrast, the reaction becomes substantially faster at higher laser power and shorter wave
length. The experimental observations indicate that mechanisms involving the photoexcitation of
oleic acid are the dominant pathways. Our study reveals that direct photodegradation has to be
accounted for when using optical traps or applying spectroscopic and light scattering charac
terization methods to study aerosol particles that contain fatty acids.

1. Introduction
The behaviour of aerosol droplets can substantially differ from that of bulk phases because they have unique properties, such as a
high surface to volume ratio. The acceleration of chemical reactions in aerosols compared with bulk-phase reactions, for example, has
received increasing attention in recent years, leaving many open questions regarding the explanation of the observed effects (Banerjee
et al., 2017; Cremer et al., 2017; Shrestha et al., 2018; Svenningsson et al., 2006). The high degree of control afforded by measurements
on single isolated aerosol droplets levitated in electrodynamic or optical traps makes this approach particularly suitable to investigate
such effects (Athanasiadis et al., 2016; Cotterell et al., 2016; David et al., 2016; Davies & Wilson, 2016; E. J.; Davis, 1997; R. D.; Davis
et al., 2015; Esat et al., 2018; Gregson et al., 2019; Guillon et al., 2008; King et al., 2008; Krieger et al., 2012; Marcolli & Krieger, 2006;
McGloin, 2006; Mitchem & Reid, 2008; Tang et al., 1997; Vortisch et al., 2000). Various spectroscopic techniques, elastic and/or
inelastic scattering and mass spectrometry are employed for droplet characterization (Athanasiadis et al., 2016; Bzdek, Power,
Simpson, Reid, & Royall, 2016; Cotterell et al., 2014; Cotterell et al., 2016; Cremer et al., 2016b; David et al., 2016; David et al., 2018;
Davies & Wilson, 2016; R. D.; Davis et al., 2015; Guillon et al., 2008; King et al., 2008; Miles et al., 2011; Mitchem & Reid, 2008).
It has been known for a long time that organic aerosols do not only impact human health (Mbareche et al., 2019), but also play a
crucial role in atmospheric processes, where they constitute a major fraction of aerosol particles (20%–90%) (Jimenez et al., 2009).
Fatty acids make up a significant portion of environmental organic aerosols (Limbeck & Puxbaum, 1999). Studies of marine aerosols,
for example, revealed the ubiquitous occurrence of biogenic organic acids originating from biogenic sources (Fang et al., 2002;
Tervahattu et al., 2002). The complex chemistry they undergo has become a focus of aerosol research and monitoring.
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Oleic acid (OA) is an unsaturated monocarboxylic acid, which is liquid at room temperature and has a very low vapour pressure.
These properties make it a convenient model system for single droplet studies in particle traps. Notably, the ozonolysis of OA aerosol
droplets has become the epitome of atmospheric oxidative heterogeneous reactions (Dennis-Smither et al., 2012; Hearn et al., 2005;
King et al., 2004; Lee & Chan, 2007; Lee et al., 2008; Preston & Reid, 2013; Rudich et al., 2007), also in several single particle studies
(Dennis-Smither et al., 2012; King et al., 2004; Lee & Chan, 2007; Lee et al., 2008; Preston & Reid, 2013). Ozonolysis breaks the OA
double bond and produces secondary oxidant radicals which propagate oxidative processes (Zahardis & Petrucci, 2007). Besides ozone
there are several other reactive gases in the atmosphere, such as reactive sulphurous gases, nitrogen oxides and hydroxyl radical (de
Gouw et al., 2001; Fowler et al., 2009), leading to the discovery of new reaction pathways of OA with other reaction partners, such as
the reaction with sulphur dioxide (Shang et al., 2016) or hydroxyl radical oxidation (Zhang et al., 2017).
In a recent single droplet study, we have observed substantial reactions of OA droplets even in the absence of highly reactive
gaseous species, such as ozone or hydroxyl radicals (David et al., 2016). In that investigation, broad-band-light scattering (BLS) was
used to monitor the droplet size and refractive index. It was suggested that BLS induces photochemical reactions, possibly directly
involving OA, demonstrating that spectroscopic single particle characterization methods can be invasive, particularly for organic
aerosol particles. Many single particle characterization methods use light of different wavelength and power, potentially inducing
similar photochemical processes in the droplets, especially when using radiation at higher energy (short wavelength) or at high in
tensity. The widely applied Raman scattering is an example for the latter, typically using visible light at comparatively high power.
Likewise, optical trapping of single particles exposes them to the fairly high intensity of the trapping laser, which also has the potential
of inducing photochemical reactions. Since these phenomena might be more widespread in single particle studies than previously
anticipated, they deserve our attention. As a first step, the present study investigates photochemical reactions in single OA droplets that
are trapped in a counter-propagating optical tweezer at a wavelength of 532 nm. The time-dependent chemical composition is
retrieved from Raman scattering of the trapping laser by the droplets, and the time-dependent droplet size is determined from light
elastically scattered by the droplet. We find clear indications for the interference of characterization and optical trapping methods
when studying fatty acid containing aerosols with common single particle setups on time scales relevant to such studies.
2. Experiment
Single aerosol droplets of oleic acid (OA) are trapped through the use of linearly polarised counter propagating tweezers (CPT;
Fig. 1a) (Esat et al., 2018). The optical layout enables switching between trapping wavelengths of 532 nm (Laser Quantum, Opus 532)
and 660 nm (Laser Quantum, Opus 660). The laser beam waist is expanded by a telescope to 5.1 mm and 6.4 mm for laser wavelengths
of 532 nm and 660 nm, respectively. The beam is linearly polarised at 45◦ by passing it through a half wave plate (Thorlabs,
WPH10M-532 and WPH10M-660, respectively) and then split by a polarisation beam splitter cube (Thorlabs, CCM1-PBS251) to yield
two branches with laser beams of equal intensities. The trapping laser beams of each branch pass through half wave plates to control
their polarisation before being focussed into the trapping cell with two aspherical lenses (CVI, BFPL-25.4-50.0) (see Fig. 1b). The

Fig. 1. Experimental setup for optical trapping and characterization of single aerosol droplets. (a) Optical layout of the counter propagating
tweezers (CPT) with trapping cell (Cell). (b) Sketch of the trapping cell with mass flow controller (MFC) to study the temporal chemical evolution
and temporal size evolution of single optically trapped droplets (see text).
2

Journal of Aerosol Science 151 (2021) 105660

E.A. Parmentier et al.

anti-parallel orientation of the two trapping laser beams ensures that scattering forces in the direction of propagation cancel. The laser
power is measured before the respective trapping lenses.
Submicrometer sized OA droplets are generated by an atomiser (TSI, model 3076) connected to pure compressed nitrogen gas
(PanGas, N2 5.0 purity), and are directed to the trapping cell by a tubing system (Fig. 1b) (Esat et al., 2018). Liquid OA (Sigma-Aldrich,
≥99%) is filled into the atomiser under protection from light and changed weekly minimizing any exposure to oxygen. Solid OA is
stored in the dark under a nitrogen atmosphere at 5 ◦ C, regularly monitoring the refractive index. All experiments are conducted in a
controlled gas environment, which is maintained by a constant gas flow of 100 sccm arranged so as not to exert any forces on the
trapped particle (Fig. 1b). The composition of the gas in the trapping cell can be adjusted by mixing synthetic air (PanGas, 20% O2 in
N2, 5.6 purity) and nitrogen gas (PanGas, N2 5.0 purity) using two mass flow controllers (MFC) (Bronkhorst, EL-FLOW Select). The
nitrogen to oxygen ratio is determined by Raman Q-branch measurements calibrated by synthetic air Raman measurements. The
relative humidity was monitored inside the cell and was 0% for all measurements presented.
Elastic scattering by the trapped OA droplet is exploited to obtain information about its size and refractive index. Time-dependent
two dimensional optical scattering (TAOS) images of the trapped droplet are collected with a long working distance objective
(Mitutoyo, Mitutoyo M Plan Apo 20× Objective) over an angular range of scattering angles of 90 ± 24.8◦ . By introducing a beam
splitter cube (Fig. 1b) in front of the cameras (Thorlabs, Compact monochromatic USB CMOS camera), polarisation resolved TAOS
images are recorded. Integration over the TAOS images yields the polarisation resolved TotalTAOS signal as a function of time (David
et al., 2019). Mie theory with suitably parametrised functional forms for the time-dependence of the droplet’s radius and refractive
index is used to simulate the time-dependent TotalTAOS signals. The functional form best describing our experimental data is a
constant refractive index (m = 1.48 in agreement with David et al. (2016)) and a third order polynomial for the change in radius R with
time t: R(t) = A + Bt + Ct2 +Dt3. A least squares fit (SSQ) to the experimental TotalTAOS data yields the optimal parameter values (see
Fig. 2). In the following, the size is specified in terms of the “initial size” given by the value of A. It is noteworthy that the experimental
TotalTAOS yields a constant refractive index for the particle throughout the photochemical reaction, at least within the TotalTAOS
sensitivity to changes in the real part of the refractive index (approximately ~ 0.02). Previous investigations of the reactions of oleic
acid induced by ozone (Dennis-Smither et al., 2012) or UV light in a humid environment (David et al., 2016) did find a change of the
real part of the refractive index during the reaction. This difference in behaviour compared with the present photochemical reaction
induced by visible light in dry air most likely indicates differences of the reaction mechanisms leading to different reaction products.
The Raman scattering by the droplets is monitored to retrieve information about the temporal evolution of their chemical
composition (Esat et al., 2018). Scattered light is collected by a long working distance objective (Mitutoyo, Mitutoyo M Plan Apo 20×
Objective), filtered by two OD6 notch filters (for 532 nm and 660 nm, respectively) and coupled into a fibre by an objective (not shown
in Fig. 1b), which directs the light to a spectrograph (Andor Technology, Kymera 328i equipped with Newton CCD or Shamrock 303i
equipped with Newton EMCCD). The integration time of the spectrograph is adapted to optimal signal-to-noise ratio while avoiding
saturation. Prior to the analysis of the temporal chemical evolution, a cosmic ray removal and a background correction are applied to
each Raman spectrum.

Fig. 2. Polarisation resolved TotalTAOS signal from an oleic acid droplet (black lines) for p (a) and s (b) polarisation. The simulations using Mie
theory (grey traces) are based on a parametrised third order polynomial for the time dependent particle radius (c).
3

Journal of Aerosol Science 151 (2021) 105660

E.A. Parmentier et al.

A most relevant parameter for the kinetics of a photochemical reaction is the light intensity. However, it is difficult to provide a
reliable estimate for its absolute value at the trapping position of a particle. In counter-propagating tweezers this value is very sensitive
to the distance between the foci of the two trapping beams and to the overlap of the two trapping beams (quality of alignment) parameters that cannot be determined precisely. The laser intensity (power density) at the trapping position can only be estimated
within two orders of magnitude, yielding 102–104 W/cm2 (104–106 W/cm2) at a laser power of 49 mW (3W). Because of this un
certainty in the absolute value of the laser intensity at the trapping position we instead specify the value of the laser power, noting that
it is proportional to the laser intensity at the trapping position. With the alignment unchanged, particles trapped with the same laser
power experience the same laser intensity.
We present several experiments which study the influence of trapping light, environment and particle size on the chemical evo
lution of OA droplets. Power-dependent measurements are performed at 532 nm in synthetic air with the laser power varying between
49 mW and 3 W. Wavelength-dependent measurements are performed in a synthetic air environment at a laser power of 0.8 W. The
dependence on the oxygen concentration in the environment is investigated at a wavelength of 532 nm and a power of 1.6 W. All sizedependent (initial size) measurements are conducted in a synthetic air environment at a wavelength of 532 nm and a power of 1.6 W.
3. Results
3.1. Temporal evolution of Raman spectra
Fig. 3 shows the temporal evolution of the Raman spectra. The two time independent peaks at 1556 cm−1 and 2329 cm−1 are
assigned to the Q-branches of O2 and N2 gas (Salter et al., 2012), respectively, in the particle’s environment. The irregular distribution
of the very sharp peaks with low intensities are remnants of cosmic rays not completely removed by the cosmic ray removal procedure.
They do not affect the data analysis of the OA droplet because their integrated intensity is very small and their temporal appearance
random. The Raman signal arising from the droplet, by contrast, continually decreases as molecules evaporate from the droplet phase
(see also Fig. 2c). The inset of Fig. 3 shows a detail of the Raman spectrum in the region of the double bond peak of OA (Vogel-Weill &
Gruger, 1996). The peak maximum at 1655 cm−1 decreases faster than any other signal arising from the droplet. As this peak gradually
decreases, it intermediately develops a shoulder at 1668 cm−1. Both the double bond peak and its shoulder eventually vanish alto
gether, leaving behind two small and broad peaks. Afterwards, only evaporation can be observed. This behaviour indicates the
degrading of OA during the measurement as the primary process, since the characteristic double bond signal vanishes faster than any
other peak in the Raman spectrum. This means that a reaction is taking place which degrades OA by breaking its double bond. To the
best of our knowledge, no analogous reaction has been reported for the bulk phase. One reason might be that average laser intensities
(i.e. averaged over the sample volume) achievable for macroscopic samples would be significantly lower than for our single droplets
with their femtoliter sample volume. Analogous bulk reactions would thus take months or even years to complete. Moreover, wall
effects could complicate the comparison of bulk measurements with aerosols.
There are two processes that alter the Raman signal arising from the droplet: the evaporation of molecules from the droplet phase
and the reaction of OA, which breaks the OA double bond. Evaporation is accounted for by normalizing each Raman spectrum recorded
at a given point in time to its total droplet signal. The time dependence of the normalized spectra is then analysed in the region between
1570 cm−1 and 1815 cm−1 in terms of a time dependent linear decomposition into three components (Fig. 4a): pure oleic acid (OA)
with its double bond peak at 1655 cm−1, an ensemble of intermediate compounds I with a peak maximum at 1668 cm−1 responsible for
the shoulder observed at that position, and the ensemble of final products P with their characteristic broad double peak observed when
the degradation of OA is complete and only evaporation follows. The Raman spectra recorded at each time are decomposed separately

Fig. 3. Temporal evolution of the Raman spectrum of a single trapped oleic acid droplet. The inset shows the region of the double bond peak. In the
course of the time evolution a shoulder is observed intermediately at 1668 cm−1 on the high frequency edge of the oleic acid double bond peak
(1655 cm−1), eventually disappearing together with the main peak.
4
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Fig. 4. (a) The three different components used for the linear decomposition of the oleic acid Raman spectrum in the region of the double bond
peak. The components are OA for oleic acid (red trace) with a peak maximum at 1655 cm−1, I (yellow trace) for the intermediate with a peak
maximum at 1668 cm−1, and P (blue trace) for the final ensemble of products of the photochemical reaction after which only evaporation can be
observed. (b) Example of the linear decomposition of a Raman spectrum recorded at a given point in time. The green line represents the best fit to
the experimental spectrum (black line) in terms of the linear superposition of the component spectra OA, I and P. (c) Temporal evolution of the
coefficients in the linear decomposition. tf represents the time when the OA contribution falls below the detection limit and indicates the time scale
of the reaction kinetics of the degradation of oleic acid. The black dashed and dashed-dotted lines represent a linear fit to the decay of OA with its
95% confidence interval. The grey dashed line shows the linear fit of the rise of the component I with its 95% confidence interval (grey dash-dotted
line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 4b) to render the temporal evolution of composition in terms of the corresponding coefficients (Fig. 4c). The coefficient related to
component OA is continually decreasing while that of component I first increases before it starts to decrease as well, until both OA and I
disappear below the detection limit. Component P starts increasing with a small delay relative to the appearance of the intermediate I.
Afterwards P emerges as the remaining component in the Raman spectra. On top of a relatively smooth time evolution the coefficients
show quasi-periodic fluctuations as a result of stimulated Raman scattering (Fig. 4c). Whenever the droplet radius matches the
resonance condition at a specific wavelength, stimulated Raman scattering leads to the enhancement of the signal observed at that
wavelength. This phenomenon is also known as whispering gallery modes (WGMs). Due to evaporation, the particle radius is
decreasing with time (see also Fig. 2c), continuously shifting the position of the WGMs. When one of the WGMs crosses the region of the
double bond peak of OA it shows up correspondingly in the coefficients of the linear decomposition.
From the time-dependent contribution of OA to the observed Raman spectra of the droplet, we derive a characteristic time scale and
rate as follows. Towards the end of the degradation the OA coefficient decreases approximately linearly. By fitting this tail to a straight
line (black dashed lines in Fig. 4c, with 95% confidence interval as black dash-dotted line), we determine the crossing point with the
abscissa which defines the time tf when the concentration of OA has fallen below the detection limit and we consider the degradation to
be complete. The inverse of tf is taken as an indicator of the average reaction rate for the degradation kinetics of OA. tf depends on the
light flux experienced by the droplet, which can slightly vary with the droplet’s position in the optical trap from one experiment to
another. To account for this effect we exploit the fact that the TotalTAOS signal shows the same dependence on the light flux at the
droplet positon (David et al., 2019). The scaling factor that normalizes the experimental TotalTAOS trace to the simulated TotalTAOS
trace (using Mie theory and the time-dependent droplet radius) equally normalizes the reaction time tf. When studying the influence of
the light intensity and wavelength of the trapping laser on the reaction kinetics (Fig. 5), we use tf, otherwise (Figs. 6 and 7) we use the
normalized tf henceforth indicated by tf*. Both 1/tf and 1/tf* are indicators of relative average reaction rates.
At the beginning, the coefficient of intermediate I rises linearly. The slope S of the linear fit to this initial rise (grey dashed lines in
Fig. 4c, with 95% confidence interval as grey dash-dotted line) is used as an indicator of the initial average production rate of I. The
WGM’s overestimate the error of S and therefore we used a smoothed version of S as error indicator. When studying the influence of the
5
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Fig. 5. 1/tf (a) and the slope S (b) as a function of the laser power. Coloured circles: measurements on individual droplets of different size (see
colour bar at the bottom) with error bars. Red crosses: average values with error bars indicating the standard deviation shifted sideways for better
visibility of the individual measurements. The dashed line represents a linear fit and the dashed-dotted line represents a quadratic fit to the average
values. The insets show the data recorded at the two lowest laser powers. (c) 1/tf at two different laser wavelengths. Coloured circles: measurements
on individual droplets of different size (see colour bar on the bottom) with error bars. Red crosses: average values with error bars indicating the
standard deviation shifted sideways for better visibility of the individual measurements. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

light intensity of the trapping laser on the reaction kinetics (Fig. 5), we use S, otherwise we use S* (Fig. 6) which is S normalized by the
scaling factor of TotalTAOS and thus accounts for variations of the light flux due to variations in the droplet’s position (see above).
3.2. Dependence on laser power and wavelength, oxygen amount and droplet size
Fig. 5 shows the power-dependence of 1/tf of OA (panel a), the slope S of the intermediate I (panel b) and the wavelengthdependence (panel c) of 1/tf. Despite the scatter of the values for individual droplets, the following clear trends are visible for the
average values: (i) A linear increase of 1/tf and of S with increasing laser power in panel a and b and (ii) a decrease of 1/tf with
increasing laser wavelength in panel c. At the lowest power of 49 mW, the average value of 1/tf is 6.3 • 10−6 ± 0.17 • 10−6 s−1, and at
the highest power of 3 W, the average value of 1/tf is 1.6 • 10−4 ± 0.9 • 10−4 s−1. The reaction of OA is more than a factor of 25 faster
when the power is increased by a factor of 60. This clearly indicates that the reaction is driven photochemically, i. e. that OA is
photodegraded. The same trend is observed for the slope of the increase of the intermediate S: At the lowest power the average value of
S is 2.93 ± 0.7 • 10−6 s−1 and at 3 W, S is 3.24 ± 1.4 • 10−5 s−1. The speed of the formation of the intermediate is increased by a factor
of 11 when the power is increased by a factor of 60. The linear fits (dashed lines) describe the power dependences better than the
quadratic fits (dashed-dotted line) for 1/tf and S. If we assume an overall kinetics that is first order in OA and the laser intensity (one
photon process), 1/tf and S would be proportional to the pseudo-first order rate constant, which in turn would be linear in the laser
power. If, by contrast, the kinetics were second order in the laser intensity (two photon process), 1/tf and S would depend quadratically
on the laser power. The linear power-dependences in Fig. 5a would thus suggest a dominant one photon process. This does not
completely exclude – presumably minor – contributions from two photon processes within the scatter of the values for individual
droplets. A closer look at the inset in Fig. 5a reveals a small residual rate at vanishing laser power, hinting at a slow dark background
reaction (possibly with O2, see below).
The laser wavelength-dependence is shown in Fig. 5c. When the wavelength is changed from 532 nm to 660 nm, the reaction slows
down by about a factor of 5 (from 5.6 • 10−5 ± 2.3 • 10−5 s−1 for 532 nm to 1 • 10−5 ± 0.6 • 10−5 s−1 for 660 nm). Judging from the
similar temporal evolution of the Raman spectra (Fig. 3 for those at 532 nm) the reaction pathway seems to be same at both
wavelengths.
Fig. 6a and b shows the oxygen dependence of 1/tf* for OA and of S* for the initial increase of I, respectively. Within the scatter of
the individual data points, the photodegradation of OA shows only a weak oxygen dependence – if any at all. Based on the mean values
of 1/tf* (red crosses in a), the reaction of OA becomes faster by a factor of only ~1.6 upon a ~12-fold increase of the oxygen con
centration. Similarly, the formation of the intermediate (panel b) shows no clear oxygen dependence within the scatter of the data,
with the linear fits in panels a and b predicting non-zero reaction rates for OA and I in the absence of oxygen. All this indicates that
oxygen is unlikely to play a rate-determining role in the photodegradation mechanism of OA.
Fig. 6c and d shows an interesting difference in the relative Raman intensities of the OA double bond peak at 1655 cm−1 and the
peak of the intermediate I at 1668 cm−1 as a function of the oxygen content. Compared with the OA peak intensity, the relative
6
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Fig. 6. (a) Oxygen dependence of 1/tf* for the decay of OA. (b) Oxygen dependence of S* for the initial rise of intermediate I. Coloured circles:
measurements on individual droplets of different size (see colour bar on the right of panel b). Red crosses: Average values with error bars shifted
sideways for better visibility. The dashed lines represent linear fits. Temporal evolution (see colour bar on the right of panel d) of the Raman
spectrum in the region of the double bond of OA (1655 cm−1) and the shoulder of I (1668 cm−1) at (c) low oxygen content of 1.7% and (d) high
oxygen content of 20%. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Size dependence of 1/tf*(black dots, left axis) and the absorption cross section predicted by Mie theory normalized by the droplet volume
(blue, right axis). The dark blue represents a smoothed version of the normalized absorption cross section. The dashed blue line represents the
normalized absorption cross section for bulk. The error bars have the same length below and above the data poins. For better visibility, the upper
part of the error bar of the point at 2510 nm is cut. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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intensity of I is higher at the lower oxygen content (1.7%) than at higher oxygen content (20%). The reason for the different behaviour
remains currently unclear. In both cases, product P is formed when tf* is reached (Fig. 4).
Droplet size-dependent effects in photochemical reactions were recently observed (Cremer et al., 2016b) for droplets of similar size
and light of similar wavelength as in the current work. The origin of the observed size-dependence of the reaction rate lies in light
enhancement effects caused by the finite droplet size (also referred to as “nanofocusing”) leading to enhanced reaction kinetics. Based
on these previous findings, we were wondering whether droplet size dependent effects also occur in the photodegradation of OA. The
individual data points in Figs. 5 and 6 a and b (coloured circles) do not indicate an obvious size-dependence of the reaction rates (see
1/tf, 1/tf*, S, and S*). To address this in more detail, we focus on the size dependency of 1/tf* for OA, which is shown in Fig. 7 (left axis)
for initial droplet radii between 500 and 2750 nm. The size-dependence of the volume normalized absorption cross section Cabs/V
(right axis) is an indicator of nanofocusing effects. For the smallest particles, it approaches the bulk value (indicated by the dashed line
in Fig. 7), while an increase for particle sizes on a scale similar to the wavelength would result from nanofocusing increasing the light
intensity inside the particle. The light blue trace in Fig. 7 shows a Mie calculation of Cabs/V for OA as a function of droplet size (0.1 nm
steps). The sharp peaks correlate with the WGMs already observed in the time dependent composition (Fig. 4 c) as the droplet shrinks
over the course of the photodegradation. The overall reaction rates (1/tf, 1/tf*, S, S*), however, represent averages over time periods
within which the shrinking droplet passes several WGMs (Fig. 4 c). Once averaged over a size interval of ~300 nm, simulating this
averaging effect of the droplet’s shrinkage, the sharp variations vanish and the volume normalized absorption cross section increases
smoothly with size reaching a plateau for droplet radii above a few hundred nm (dark blue trace in Fig. 7). At about a factor of three
above the bulk value of Cabs/V, the plateau indicates an approximately size-independent nanofocusing effect over the range of particle
sizes studied here. This contrasts with results of a previous study on single particle photokinetics (Cremer et al., 2016a), which found
the effect of nanofocusing to decrease very significantly for micrometer-sized particle as nanofocusing competed with increased
shadowing (absorption due to the imaginary part of the refractive index k). For OA, k is so low at 532 nm that shadowing is negligible
(k ≈ 10−8 corresponding to an attenuation length of several meters) and the effect of nanofocusing remains approximately constant
over a size range of several μm. Clearly, the scatter of the experimental overall reaction rates (1/tf, 1/tf*, S, S*) as a function of initial
droplet size is not caused by size-effects in the photophysical properties of the particles. At the same time, nanofocusing does play a
significant role in the observed photokinetics. By increasing the intensity inside the particle, this phenomenon accelerates the pho
todegradation of μm sized OA particles by the same factor of three relative to both bulk and nano-particles (radii << 100 nm).
4. Discussion
The autooxidation of fatty acids has been reported (Crounse et al., 2013; Jimenez et al., 2009). However, in these studies, reactive
radicals initiate the reaction. In the presented work, we have only pure oleic acid as a droplet, nitrogen, oxygen and low energy
photons exciting the particle far below the lowest electronic absorption band, which are very unlikely to form radicals. Under such
conditions it seems safe to exclude major contributions from the abovementioned autoxidation mechanisms in our experiments. The
possible heating of the trapped particle by the trapping laser does not play a significant role either in the observed reaction and its
kinetics. Because of the weak absorption of oleic acid (k ≈ 10−8) a 3W trapping laser typically raises the temperature by only one
degree. Even during the very short time when the particle size passes through a Mie resonance, the temperature temporarily rises by no
more than a few degrees.
The main question regarding the dominant pathway(s) for the photodegradation of OA concerns the possible role of oxygen dis
solved in the OA droplets. The power-dependence of the decay rate of OA (1/tf in Fig. 5a) and of the initial rate of formation of I
(Fig. 5b) show approximately linear behaviour. This leads to the conclusion that the photodegradation is mainly governed by single
photon processes. Without complete knowledge of the reaction mechanism as a whole, multi-photon absorption cannot be completely
excluded, as individual (minor) contributions to a complex reaction system might remain hidden within an observed overall rate law.

Fig. 8. Proposed simplified reaction scheme of the photodegradation showing different pathways. I and P are ensemble of intermediates and
products, respectively. The dominant pathways for the formation of I are indicated by fat arrows. Note that one arrow might represent an ensemble
of reactions.
8
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Still, a photodegradation mainly governed by single photon absorption appears to offer the most plausible explanation for our
experimental observations. Dissolved O2 could contribute in two different forms (Fig. 8): (i) as activated species in the form of 1O2
which reacts with OA (Alberti & Orfanopoulos, 2010), or (ii) as normal reactant in the form of ground state 3O2 which reacts with
photoactivated OA*. Two variants are to be considered for case (i), i.e. 1O2 formation by light absorption of dissolved 3O2, or 1O2
formation via intermolecular energy transfer from photoexcited OA* to dissolved oxygen. The involvement of 1O2 in the dominant
pathway(s) of the photodegradation does not agree with the weak dependence of the observed rate on the O2 activity. The concen
tration of O2 in the droplet scales linearly with the O2 concentration in the gas phase, even if the solubility of O2 in oleic acid is low.
Increasing the O2 concentration in the gas phase would thus increase the amount of singlet O2 molecules created by direct absorption of
532 nm light in the OA droplets. If 1O2 were produced by direct absorption of light, which proceeds via cooperative two photon
absorption by O2 collision complexes, both the laser power dependence and the O2 concentration dependence would be quadratic. If
1
O2 were formed via intermolecular energy transfer from photoexcited OA* the dependencies would be linear. Given the large excess
of OA, the reaction rate should therefore increase linearly with the O2 partial pressure, if singlet O2 molecules, created in either way,
were the primary drivers of the reaction. Neither the overall decay rate of OA, nor the initial rate of formation of I change significantly
even upon a 12-fold increase of the O2 partial pressure (Fig. 6a and b, respectively). For case (ii), i.e. if the chemical reaction of
photoexcited OA* with ground state oxygen were the driving (i.e. rate determining) force of the process, one would also expect an
approximately linear dependence of the rate of formation of I on the oxygen activity, which is not observed (Fig. 6b). We therefore
conclude that pathways involving O2 only play a minor (i.e. non-rate determining) role in the photodegradation of OA.
This leaves mechanisms involving photoexcited OA* as reactive species as the most plausible candidates for the dominant path
ways. These can proceed either via a direct (unimolecular) decay of OA* into I or through a reaction of OA* with ground state OA.
Based on the current data, these two variants cannot be distinguished. Both pathways agree with the observed power (Fig. 5a and b)
and wavelength dependencies (Fig. 5c). Note that the absorption cross section of OA at 660 nm is likely lower than at 532 nm.
We can only speculate on the further reaction steps that lead to the final products P. Fig. 8 shows possible pathways. The sug
gestions are based on the observed Raman spectra: The characteristic peak of I is located at 1668 cm−1, a region where double bond
peaks tend to occur in the Raman spectrum. Since this peak does not change position and no other prominent peak arises in the course
of the photodegradation we propose that I has a double bond and remains a non-cyclic aliphatic chain. It is therefore plausible to
assume analogous variants for the pathways leading from I to P as for the first step of the photodegradation, i.e. the reaction of I with
1
O2 to form P or absorption of light to form I* followed by unimolecular decay, or by the reaction with oleic acid (OA or OA*), oxygen
or I (Fig. 8). Since I itself might be a reactive species it might also react without prior photoexcitation (Fig. 8, middle). More quan
titative statements, in particular regarding the role of oxygen in forming the final products P, have to await further investigations.
5. Conclusion
We have investigated the photodegradation of single, optically trapped OA droplets at wavelengths of 532 nm and 660 nm in the
absence of additional reactive species, such as ozone or hydroxyl radicals. While the reaction occurs increasingly faster with increasing
laser power, neither the oxygen content in the environment (0–20%) nor the droplet size (~500–3000 nm) appear to have a pro
nounced influence on the reaction rate. Even though the reaction mechanism might by very complex, the experimental observations
already indicate that mechanisms involving photo-excited OA* are the dominant pathways – either via unimolecular decay of OA* or
through the reaction of OA* with ground state OA.
Our study shows that direct photodegradation of fatty acids needs to be taken into account when investigating fatty acid containing
aerosols with spectroscopic or light scattering methods because the used light source can initiate unwanted photochemical reactions on
the time scale of the spectroscopic observation. Particularly critical are characterization methods, such as Raman scattering, or optical
trapping methods for single particle isolation, which required comparatively higher light intensities. Similarly, light of shorter
wavelength is generally more critical. Restrictions by the used experimental techniques might thus be reduced by selecting low light
intensities and longer wavelengths. The conclusions drawn here also apply to more common single beam optical tweezers, which
typically expose particles to light intensities similar to those used in the present study (between 102 and 106 W/cm2 depending on laser
beam and particle properties).
Our study also raises the question of the relevance of such direct light induced processes in atmospheric aerosols. We can make a
rough comparison of the overall photodegradation reaction rate with the rate of ozonolysis of OA using the reaction constant of
Shiraiwa, Pfrang, and Pöschl (2010), and assuming tropospheric conditions for the photon flux at a wavelength of 532 nm and an
ozone concentration corresponding to tropospheric altitudes. These assumptions yield a rate of the photodegradation many orders of
magnitude slower than the ozonolysis rate, so that the contribution from photodegradation of OA at 532 nm is expected to be minor
compared with ozonolysis. However, if we take the bandwidth of the atmospheric light into account, the direct photodegradation rate
could increase by orders of magnitude. UV light could increase the reaction speed even more as it drives many important processes in
the atmosphere. Extending studies analogous to the present one to the UV range could afford a more conclusive assessment of the
importance of direct photodegradation.
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