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Amplification of light within aerosol particles
accelerates in-particle photochemistry

Pablo Corral Arroyo!, Grégory David®, Peter A. Alpert?, Evelyne A. Parmentier’,

Markus Ammann?, Ruth Signorell™*

Optical confinement (OC) structures the optical field and amplifies light intensity inside atmospheric
aerosol particles, with major consequences for sunlight-driven aerosol chemistry. Although theorized, the
0OC-induced spatial structuring has so far defied experimental observation. Here, x-ray spectromicroscopic
imaging complemented by modeling provides direct evidence for OC-induced patterning inside photoactive
particles. Single iron(lll)—citrate particles were probed using the iron oxidation state as a photochemical
marker. Based on these results, we predict an overall acceleration of photochemical reactions by a factor of
two to three for most classes of atmospheric aerosol particles. Rotation of free aerosol particles and
intraparticle molecular transport generally accelerate the photochemistry. Given the prevalence of OC
effects, their influence on aerosol particle photochemistry should be considered by atmospheric models.

tmospheric aerosol particles are suspen-

sions of solid and liquid particles in air

that influence both climate and air qual-

ity (7). Aerosol and cloud chemistry play

a crucial role in the processing of atmo-
spheric particulate matter and are key parts of
global atmospheric models (2-6). Chemical re-
actions triggered by sunlight in the gas and
particle phase have been recognized as a major
contributor to the degradation and oxidation
of matter in atmospheric aerosols (7). Energy-
or charge-transfer reactions driven by triplet
states (8-10), photolysis of nitrate and nitrite
(I1), and photolysis of iron carboxylate com-
plexes (12, 13) are examples of atmospherically
relevant photochemical processes that involve
the particle phase. Photochemical reactions
can also be promoted at the surface of atmo-
spheric aerosol particles (14-16). It has been
reported that interface effects and surface
charging can cause acceleration of chemical
reactions in microdroplets and nanodroplets
(14, 17-20), observations that have especially
sparked interest in the use of microdroplets
as new powerful reactors for chemical syn-
thesis (15, 16).

Here, we report another intriguing phenom-
enon in particle reactions: the influence of
optical confinement (OC) on photochemical
reactions in aerosol particles (21). OC leads to
spatial structuring of the light intensity inside
the particle [nanofocusing or shadowing; see
supplementary materials (SM) section S1]
(21-24) and hence to spatial variations of
photochemical rates. For a photochemical
reaction step, the overall reaction rate, j, in
a particle is given by
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where 7 is the position in the particle; the
local light-enhancement factor, (n, k7, k),
is the ratio of the local light intensity, 7, (?),
to the incident light intensity, I; A is the
wavelength of the light; 2 is Planck’s con-
stant; c is the speed of light; 7 and k are the
real and imaginary parts of the complex index
of refraction, respectively; ¢ is the quantum
yield; o is the molecular absorption cross
section; and C (?) is the molecular density of
the reactant. Shadowing results from strong
light absorption (high % values), reducing the
average light intensity in the particle. Because
shadowing is also present in extended con-
densed systems (referred to as “bulk”), parti-
cle and bulk reaction rates are comparable in
this case (21). Nanofocusing is a resonance
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phenomenon that is tied to the spatial con-
finement by particles. It increases the aver-
age light intensity in the particle compared
with the incident intensity—that is, on aver-
age, € > 1—thereby accelerating the reaction
(Eqg. 1) in particles compared with that in
bulk systems, where nanofocusing does not
occur. The influence of £ on photokinetics
and radiation balance can be substantial,
but atmospheric models do not usually ac-
count for it. The acceleration of photochem-
ical reactions in typical atmospheric aerosol
particles is still awaiting a comprehensive
evaluation. Although basic research has dem-
onstrated the overall acceleration of photo-
chemical reactions in single aerosol droplets
(21), the predicted spatial variation of photo-
chemical rates induced by OC effects has not
been directly observed or quantitatively con-
strained within submicron aerosol particles
until now.

Here, we directly imaged the local compo-
sitional gradients resulting from OC inside
single submicrometer-sized particles (Fig. 1).
Highly viscous, dried Fe(III)-citrate (FeCit)
particles were exposed to ultraviolet (UV) light
(hv, where v is the photon frequency), result-
ing in the photoreduction to Fe(II):

Fell it 25 Fell(Cit") (2)

Scanning transmission x-ray microscopy
coupled with near-edge x-ray absorption fine
structure (STXM-NEXAFS) spectroscopy was
used to image the temporal evolution of the Fe
(III) fraction, a (eq. S2). A quantitative model
proves that OC effects are responsible for the

Fig. 1. Maps of the Fe(lll) fraction
upon UV photoreduction of iron in
submicron FeCit particles. (A to

F) STXM-NEXAFS experiments [(A) to

1.0 (C)] and simulations [(D) to (F)] of

0.9 the column-averaged Fe(lll) fraction,
o, (see color scale bar). oy is shown

0.8 before irradiation [(A) and (D)] and

0.7 after 94 min [(B) and (E)] and 139 min
[(C) and (F)] of irradiation with UV light

0.6 in the direction indicated by the blue

arrow. o, is averaged along the x-ray-
beam propagation direction, which is

0.4 perpendicular to the UV-light propagation
direction (fig. S2). The white arrows

0.5 (g

0.3
indicate the hotspot region that is due
0.2 to nanofocusing.
0.1
0.0
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Fig. 2. Influence of nanofocusing, diffusion, and particle rotation on the
UV photoreduction of Fe(lll) in submicron FeCit particles. (A) 3D
representation of a particle showing the 3D-hotspot region (red) and the
non-hotspot region (blue) (SM section S5). (B) Fe(lll) fraction in the hotspot
region (azp-ps) and the non-hotspot (onen-ns) region. Circles and curves show
experimental data from STXM measurements (SM section S5) and simulations
(SM section S7), respectively. The initial Fe(lll) ratio was a(t = 0) = 0.634.

The experimental error bars are either £0.07 (28) or the standard deviations

of propagated photon counts, whichever is larger. The shaded regions represent
the uncertainty of the model prediction that arises from the experimental

overall acceleration of the reaction and the
spatial inhomogeneity of o that was observed
experimentally. Based on this result, we pre-
dict how OC effects enhance photochemical re-
actions in a range of typical atmospheric aerosol
particles that are exposed to solar radiation,
demonstrating the importance of the phenom-
enon for the fate of aerosols in the atmosphere.

Figure 1, A to C, shows representative STXM-
NEXAFS images of the column-averaged Fe(III)
fraction, o, (see fig. S2A), of FeCit particles
acquired before UV irradiation and after 94
and 139 min of UV irradiation (A ~ 367 nm),
respectively (SM sections S2 to S5). The in-
homogeneous spatial depletion of Fe(III) in-
side the particle that arises from OC effects
is clearly visible opposite the side of inci-
dence of the UV light (blue arrow). The white
arrows indicate the “hotspot” (Fig. 2A), where
the photoreduction is faster than elsewhere in
the particle (Fig. 2B). This pattern is the result
of nanofocusing, which increases the local
light intensity in the hotspot, as confirmed
by images simulated for particles with a
radius, 7, of 320 nm (Fig. 1, D to F). The sim-
ulations were based on a three-dimensional
(3D) particle model that combines light-intensity
calculations using the discrete dipole ap-
proximation [(25) and SM section S6] with a
photochemical model for the decay of Fe(III)
(SM sections S4 and S7). The results in Fig. 1
are direct observations of the spatial pattern-
ing of photochemical reaction products by
nanofocusing.

Corral Arroyo et al., Science 376, 293-296 (2022)

® Exp.non-HS
Model non-HS
® Exp.3D-HS

Model 3D-HS

0 50

100
Time (min)

150 200

Spatial inhomogeneity was quantified by
evaluating the decay of o in two regions within
the particle (Fig. 2A and SM section S5): in the
3D hotspot (0sp.ps), Where the light intensity
was strongly amplified, and in the rest of the
particle, which is referred to as the non-hotspot
region (opon-ps)- The substantially faster decay
of asp.gs compared with that of oy,0,.ps (Fig.
2B) highlights the pronounced spatial inho-
mogeneity of the photoreduction rates caused
by OC effects within submicron particles,
which is in good agreement with the simu-
lated photochemical decay curves in Fig. 2B
(SM section S7). Nanofocusing not only makes
the photolysis spatially inhomogeneous but
also results in an overall acceleration com-
pared with the reaction in bulk. This becomes
evident in the decay of the Fe(IIl) averaged
over the whole particle, o, as illustrated in
Fig. 2C for simulated decay curves of initially
pure FeCit [a(t = 0) = 1, where ¢ is the reaction
time]. The black decay curve represents the
case with nanofocusing, whereas the gray curve
corresponds to a hypothetical case without
nanofocusing that represents the situation in
bulk (SM section S8). In this specific example,
the nanofocusing is only moderate but still re-
sults in a clear acceleration of the reaction in
the particle compared with the reaction in
bulk. In other situations, typical of certain
atmospheric aerosols, the acceleration is usu-
ally even more pronounced (vide infra).

Diffusion time scales of organic molecules
within atmospheric secondary organic aerosol
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uncertainty of the decay rate coefficient in the non-hotspot region (Bon-ns; SM
section S5) and from the uncertainty in the real part of the refractive index
(1.5 £ 0.05). (C) Photochemical decay of the Fe(lll) fraction averaged over

the whole particle, ao(t), calculated for initial iron fractions a(t = 0) = 1 and
particle radii of 320 nm for five different cases: a particle without rotation and
diffusion as in (B) (black trace; SM section S7); a particle without rotation,
diffusion, or nanofocusing (gray trace; SM section S8); a particle without rotation
but with diffusion (light blue trace; SM section S11); a particle with rotation

but no diffusion (dark blue trace; SM section S9); and a particle with rotation and
diffusion (dashed orange trace; SM sections S9 and S11).

(SOA) particles, 1,y (26), are compared with a
typical photochemical time scale of Tppot0 =
1 hour in fig. S7. A wide range of diffusivities
are included, with an increasing abundance
of viscous particles (27) (hence with low dif-
fusivity) at higher altitudes. The FeCit particles
discussed so far were highly viscous such that
diffusion was negligible. For less-viscous atmo-
spheric aerosol particles, however, diffusion
needs to be accounted for. To illustrate its
effect, Fig. 2C shows the photodecay of a
hypothetical FeCit particle with instantaneous
diffusion (light blue trace). The comparison
with the highly viscous case (black trace) shows
that diffusion can further accelerate photo-
chemical reactions when OC effects are pre-
sent. Diffusion constantly replenishes regions
of enhanced light intensity (hotspot) with
fresh reactant.

A similar acceleration can result from the
free rotation of atmospheric particles, when
Tohoto 1S longer than the time scale of rotation.
Typical rotation time scales of atmospheric
particles in air are shorter than a few hundred
milliseconds, whereas atmospheric aerosol
photochemistry commonly occurs on time
scales, Tpneto, from seconds to hours (7, 10, 12, 13).
Over time, fast particle rotation leads to a
better overlap between regions of high re-
actant concentration and regions of enhanced
light intensity (hotspot). Thus, fast rotation
amounts to angularly averaging the OC ef-
fects. We describe this in terms of a radial
light-enhancement factor, €., and a radial Fe(III)
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fraction, a.(¢) (SM section S9). Figure 3A
shows €, as a function of the distance from
the particle center calculated for homoge-
neous FeCit particles with different Fe(III)
concentrations given by the corresponding
value of the complex indices of refraction, k.
Because the hotspot makes up only a small
part of the volume of the particle’s outermost
layer, angular averaging actually causes €, to
be smaller near the particle’s surface than in
its interior. This behavior of €, is reflected in
the temporal evolution of the radial Fe(III)
fraction, o,(%), in Fig. 3B. a, decays faster in
the interior of the particle than close to its
surface, which indicates the persistence of
concentration gradients produced by OC ef-
fects in viscous particles, in a similar way as
observed for the slow reactive uptake of oxy-
gen (28). Nevertheless, the decay of Fe(III)
averaged over the entire particle, o, (dark
blue trace in Fig. 2C), is still faster than that
in the nonrotating particle (black trace). Ro-
tation (dark blue trace) and diffusion (light
blue trace) each accelerate the photoreduction
to virtually the same extent once they are
much faster than the photochemical time scale,
as evident from the coincidence of the corre-
sponding traces. In these cases, the acceleration
reaches an upper limit that is not surpassed
even by simultaneous rotation and diffusion
(dashed orange trace). This has an important
implication for atmospheric aerosol particles:
Because the time scale for particle rotation is
typically faster than t,pot0, it invariably leads
to an acceleration of the photochemistry even
if diffusion is slow. Whenever the initial reac-
tant distribution is sufficiently homogeneous,
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the maximum acceleration is almost reached
by rotation alone. Further acceleration by
fast diffusion occurs to a limited extent in
larger, weakly light-absorbing particles (Fig. 3,
C and D).

In cases of a pronounced optical resonance—
for example, the excitation of whispering gal-
lery modes (24)—the light enhancement near
the surface is no longer limited to a single
hotspot but instead extends over a large part
of the surface layer. Such strong resonances
are commonly found in larger particles, as
exemplified by a 735-nm particle in Fig. 3, C
and D. In contrast to the case of the 320-nm
particle (Fig. 3A), the strong enhancement of
the light intensity in the surface layer sur-
vives the rotational averaging. The result is
the pronounced peak in the black and gray
traces of €, in Fig. 3C. This is again reflected
in the temporal evolution of o,(¢) in Fig. 3D:
Contrary to the behavior of the smaller par-
ticle (Fig. 3B), o, now decays faster close to
the surface of the particle than in the particle’s
interior. This illustrates the rich variability of
the spatial structuring of photochemistry in
aerosol particles that is induced by optical res-
onance effects.

When the light absorption in the particle
increases (i.e., increasing k values in Fig.
3C), the light enhancement becomes weaker
until the peak near the particle’s surface van-
ishes altogether (blue curve), and &, finally
drops below one throughout the particle
(orange and yellow curves). This is the situa-
tion when shadowing dominates (fig. S1B).
In this case, there is no acceleration of the
photochemistry in particles compared with
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Fig. 3. Radial dependence of light enhancement
and Fe(lll) fraction in the photoreduction of
Fe(lll) in rotating FeCit particles. All simulations
are for highly viscous (no diffusion), fast-rotating
particles for A = 367.7 nm light, n = 1.5, and ¢ =
0.016 + 0.003. (A and B) Calculations for a
fast-rotating particle with radius ro = 320 nm and

k values that represent experimental conditions
(Figs. 1 and 2). Shown in (A) is the radial
enhancement factor, g, for selected k values that
correspond to experimental Fe(lll) fractions of 0.2,
0.4, 0.6, 0.8, and 1, respectively, as a function of
the distance from the particle center (O nm). Shown
in (B) are the radial Fe(lll) fractions, o,(t), as a
function of the distance from the particle center and
the reaction time for o,(t = 0) = 1. &, and o, are
obtained by averaging over polar and azimuthal
angles (SM section S9). (C) Calculations of €, for

a fast-rotating particle with radius ro = 735.4 nm and
k values between 10™* (weakly absorbing particle)
and 0.6 (strongly absorbing particle). (D) Decay of
a, in a rotating particle with radius ro = 735.4 nm as a
function of time for o (t = 0) = 0.026.

bulk reactions, which are similarly affected
by shadowing (2I). Such strongly absorb-
ing particles, however, tend to be rare in the
atmosphere (see below). We conclude that
the resonance effects discussed above gen-
erally dominate and accelerate photochemi-
cal reactions in particles compared with their
bulk counterparts.

With the above results, we assess the in-
fluence of OC effects on photochemical reac-
tions in atmospheric aerosol particles. In Fig. 4,
we predict the total light-enhancement factor,
€40t (€Q. S15), for a range of aerosol particles and
conditions relevant to Earth’s atmosphere (par-
ticle size, refractive index, solar radiation; SM
sections S12 and S13). Figure 4A shows the
dependence of g, on light absorptivity (in
terms of k) and particle size (1) as the most
important parameters. Without loss of gen-
erality, we assume spherical particles with a
constant n = 1.5. The dashed colored rec-
tangles indicate the typical ranges of absorp-
tivity and particle size for various classes of
atmospheric particles, that is, SOA particles
(black) (29, 30), humic-like substances (HULIS)
particles (blue) (31), urban particles (red), rural
particles (green) (32), soot (brown) (33), organ-
ic biomass burning particles (purple) (34),
and sea salt particles (white) (35). Calcula-
tions for specific substances, accounting for
the wavelength dependence of the refractive
index, are shown in Fig. 4B for water (36);
SOA material from limonene, from a-pinene,
and from catechol (29); and brown carbon (BrC)
(37). €10t Values less than one (shadowing)—
as observed for highly absorbing larger BrC
particles—are very rare for atmospheric particles.
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Fig. 4. OC effects in typical atmospheric aerosol particles. (A) The total light-enhancement factor,
g0t (See color scale bar), for spherical particles averaged over the wavelength range of 280 to 440 nm
as a function of the particle radius (ro) and the imaginary part of the refractive index (k) for constant

n =15 (SM section S12). The dashed colored rectangles indicate the range of properties for different
classes of ambient aerosol particles: SOA particles (black), HULIS particles (blue), urban particles
(red), rural particles (green), soot (brown), organic biomass burning particles (purple), and sea salt
particles (white). (B) &0t as a function of the particle radius for SOA material from limonene, a-pinene,
and catechol and for BrC particles. These predictions are for spherical particles using wavelength-
dependent refractive index data for the respective materials from the literature in the wavelength range of
280 to 440 nm. For the averaging over the wavelength range of 280 to 440 nm, the relative contribution of
each wavelength was weighted according to its relative intensities in sunlight (SM section S12).

Figure 4 shows that enhancement factors for
most other atmospheric aerosols lie between
two and three, typically reaching their max-
imum for PM2.5 particles (ry < 1.25 um). The
results for water (blue trace in Fig. 4B) show
that light-enhancement factors around two
are also expected in cloud droplets, certainly
up to sizes of many micrometers. Accounting
for e, in clouds could improve predictions
of radical formation in clouds (38) and of the
formation of aqueous SOAs (39).

With typical light-enhancement factors of
two to three attained by most atmospheric
particles, photochemical reactions in these
particles are generally expected to be accel-
erated on average by the same factor. Ac-
counting for g,,; in SOAs should improve the
prediction of the SOA evolution (40). This
might explain the mismatch between obser-
vations and model predictions of SOA mass
loss by a factor of two to three, as reported
by Hodzic et al. (41). They used a chemical
model to simulate the evolution of submicron
o-pinene SOA particles under aging condi-
tions and applied their results to a global
chemistry model; however, OC effects were
not considered. Given that the authors found
photolysis in the particle phase to be a domi-
nant degradation pathway of SOAs, it appears
plausible that the neglect of the acceleration of
photochemical reactions by light-enhancement
effects in the aerosol particles could contribute
to the reported discrepancy between model
and observation.

Corral Arroyo et al., Science 376, 293-296 (2022)

Our study provides evidence that light-
enhancement effects in typical aerosol parti-
cles are more important for photochemical
reactions than previously anticipated. For most
atmospheric aerosol particles, we argue that
an acceleration of photochemical reactions
compared with bulk reactions will occur. In
view of its prevalence, atmospheric aerosol
and cloud models should now account for this
phenomenon to improve global chemistry
models and climate predictions.
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