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Abstract. In this study, we measure the extinction efficiency
at 532 nm of absorbing aerosol particles coated with a non-
absorbing solid and liquid organic shell with coating thick-
ness varying between 5 and 100 nm using cavity ring down
aerosol spectrometry. For this purpose, we use nigrosin, an
organic black dye, as a model absorbing core and two non-
absorbing organic substances as shells, glutaric acid (GA)
and Di-Ethyl-Hexyl-Sebacate (DEHS). The measured behav-
ior of the coated particles is consistent with Mie calculations
of core-shell particles. Errors between measured and calcu-
lated values for nigrosin coated with GA and DEHS are be-
tween 0.5% and 10.5% and between 0.5% and 9%, respec-
tively. However, it is evident that the calculations are in bet-
ter agreement with the measured results for thinner coatings.
Possible reasons for these discrepancies are discussed.

1 Introduction

Optical properties of aerosols, such as the complex refractive
index, determine their extinction and hence their direct effect
on climate through scattering and/or absorption of incoming
solar and outgoing terrestrial radiation (Forster et al., 2007;
Kaufman and Fraser, 1997; Kaufman et al., 2002; Koren et
al., 2005; Ramanathan et al., 2005; Ramanathan et al., 2007).
Scattering and absorption by atmospheric aerosols leads to
some of the largest uncertainties in quantifying changes in
the climate system. The optical properties of aerosols are
controlled by their chemical composition and physical char-
acteristics, such as shape and morphology. Furthermore, the
ways in which the various chemicals are mixed within the
aerosol, e.g., whether the aerosol is externally mixed, ho-
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mogenously internally mixed, or heterogeneously internally
mixed, influence its optical properties. It has been shown
that in the atmosphere, aerosols are often heterogeneously
internally mixed, such as a core coated by adsorbed mate-
rial (Chýlek et al., 1996; Falkovich et al., 2004; Guazzotti et
al., 2001; Lesins et al., 2002; Res et al., 2006; Zhang et al.,
2005). The coating can be organic, inorganic, or a mixture.
For example, solid black carbon (BC) is less soluble than
most aerosol components and relatively inert. Therefore, it
is often heterogeneously mixed with organic carbon (OC) or
other substances, and has a core plus shell structure, i.e., it
is in a coated form. Calculations involving elemental car-
bon (EC) mixed with other chemical compounds have shown
that the most realistic treatment for the internal mixture is the
heterogeneous core plus shell model (Jacobson, 2000). It has
been shown that differences between the optical properties of
internally and externally mixed BC are significant, and that
internally mixed BC is a stronger absorber than in the exter-
nally mixed BC and even more than BC alone (Chung and
Seinfeld, 2002; Fuller et al., 1999; Jacobson, 2000; Lesins
et al., 2002). Coated soot has been observed in field stud-
ies (Gelencser, 2004; Res et al., 2006). Recent in situ mea-
surements have shown that as BC ages in the atmosphere, it
acquires thick coatings, and such thickly coated BC particles
are found throughout the atmospheric column up to the upper
troposphere (Res et al., 2006). Furthermore, the coatings en-
hance light absorption by the ambient BC column by at least
30%, suggesting that the microphysical state of aerosols in
the atmosphere have profound effects on their optical prop-
erties (Res et al., 2006). Mineral dust is also often coated
by organic compounds that condense on the particles during
transport (Falkovich et al., 2004; Maria et al., 2004; Rus-
sell et al., 2002). Reactions of inorganic acids with mineral
dust components such as calcium carbonate can also lead to
a formation of a layer over the unreacted core (Goodman et
al., 2000; Krueger et al., 2004; Krueger et al., 2003; Laskin
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Fig. 1. A schematic representation of the experimental setup. The
particles are nebulized in the atomizer and pass through the 3-L
volume conditioning bulb. They continue to the diffusion dryers,
from which they pass through the neutralizer to DMA-1, continue
through the coating device, and are then measured by SMPS, com-
prised of the DMA-2 and CPC-1. After SMPS measurements, the
DMA-2 is used for a second size selection (double DMA) from
which the particles pass to the CRD-AS system, comprised of the
OPO laser as the light source, the cavity where the decay takes
place, and CPC-2 for particle counting.

et al., 2005). This layer is often more hygroscopic and may
affect the optical properties of the particle as a result of its
chemical composition as well as influencing the adsorption
of water, which may change the particle shape.

BC is the most strongly absorbing and one of the
strongest scattering carbonaceous substances among atmo-
spheric aerosols. Hence, it has substantial effect on the cli-
mate (Bond and Bergstrom, 2006; Chung and Seinfeld, 2002;
Fuller et al., 1999; Kirchstetter et al., 2004; Lesins et al.,
2002; Sun et al., 2007). To understand the effect of strongly
absorbing aerosols on climate, it is important to characterize
the optical properties in pure and mixed states. Black car-
bon is rarely found in its elemental form in the atmosphere.
It mostly appears in the form of soot, which is an internal
mixture of black carbon with organic carbon, inorganic sub-
stances, trace metals, and other elements (Gelencser, 2004).
Soot is usually found in the form of aggregates of primary
soot spheres (Fuller et al., 1999; Gelencser, 2004), such that
soot particles are not strictly spherical. Nevertheless, the ef-
fect of soot on climate is often modeled by a core plus shell
Mie calculation. To approach a proper evaluation of the pos-
sible climatic effect of coated particles such as soot and the
performance of basic Mie scattering calculations, we per-
formed experiments with a proxy that is both strongly ab-
sorbing and spherical. In this study we employ nigrosin, a
black organic dye, internally mixed with organic carbon, as
a proxy for strongly absorbing aerosol in a heterogeneously
mixed core-shell state (Bond and Bergstrom, 2006; Garvey
and Pinnick, 1983; Lack et al., 2006; Shi et al., 2005).

We measure the 532-nm extinction efficiencies of particles
comprised of a nigrosin core surrounded by an organic shell.
The organic shells used in this study are glutaric acid (GA)
and Di-Ethyl-Hexyl-Sebacate (DEHS), which are proxies for
non-absorbing organic compounds found abundantly in both
anthropogenic and biogenic atmospheric aerosols. These
coatings represent both solid and liquid organic coatings.
We then compare the measured results to those calculated
based on Mie theory for particles with core-shell morphology
(Toon and Ackerman, 1981; Bohren and Huffman, 1983).

2 Methods

2.1 Aerosol generation, coating and retrieval of extinction
efficiency

In order to produce coated particles with well-defined coat-
ing thicknesses and to determine their extinction, a system
comprised of three main components was constructed: seed
aerosol generation and size classification, coating system,
and a cavity ring down aerosol spectrometer (CRD-AS) for
precisely measuring the extinction (see Fig. 1).

2.1.1 Seed aerosol generation and selection

An aqueous solution of nigrosin was nebulized using a con-
stant output atomizer (TSI-3076) with dry particle-free nitro-
gen. The droplets were dried in two silica gel column dryers
(RH<3%), yielding a polydisperse aerosol distribution. The
aerosols were neutralized (TSI 3012A) to obtain an equilib-
rium charge distribution. Size-selected monodisperse aerosol
flow was generated using an electrostatic classifier (TSI Dif-
ferential Mobility Analyzer (DMA-1)) operating with 5 SLM
dry nitrogen sheath flow and 0.5 SLM sample flow. The
size-selected monodisperse particles were directed into the
coating device (see below). The coated particles were an-
alyzed to examine their size distribution and number con-
centration using a scanning mobility particle sizer (SPMS,
DMA-2 and CPC-1) as shown in Fig. 1. Afterwards, the par-
ticles were size selected by DMA-2 in order to narrow the
resulting aerosol size distribution and to select the average
coating thickness. The aerosol flow was diluted for precise
control of the particle number concentration and total flow
that entered the CRD-AS cell (0.8 SLM).

2.1.2 Coating of seed aerosol

A schematic drawing of the coating device is shown in Fig. 2.
Briefly, the coated particles were generated by organic va-
por deposition onto injected size-selected nigrosin seed par-
ticles inside a temperature controlled coating device (Roselli,
2006). The temperature of the vessel was kept stable at
±0.1◦C. The coating thickness was controlled by varying the
temperature of the vessel and the flow rate of the aerosol in
the vapor-saturated air. A flow of size-selected nigrosin seeds
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was directed into the device through an inlet that was situated
above the GA surface. The temperature required for vapor-
izing GA and subsequent coating on nigrosin seeds was be-
tween 80 and 100◦C for coating layers of diameters between
10 nm and 150 nm, respectively. The flow of dry nitrogen
varied between 20 and 40 cm3 min−1. For DEHS, the re-
quired temperature was between 90 and 115◦C for coating
layers between 10 and 150 nm, respectively. A similar sys-
tem for coating with organic substances has been tried and
was found to be efficient and accurate (Kousaka et al., 1995).

2.1.3 Measuring aerosol extinction by CRD-AS

The CRD-AS system consists of a cavity capable of measur-
ing aerosol extinction in the visible (510–550 nm) range, us-
ing highly reflective plano-concave mirrors (curvature radii
of 1 m and 99.995% reflectivity at 532 nm (Los Gatos, USA))
mounted at the two sides of a 93 cm 3/4′′ stainless steel tube.
The system was described in detail elsewhere (Dinar et al.,
2008; Riziq et al., 2007) and only short description is given
here. A small purge flow of dry particle-free nitrogen (0.07
and 0.1 L min−1) is introduced in front of each mirror and
prevents mirror contamination by particle deposition. The
aerosol flow enters the cavity through four tubes at 45◦ de-
signed to ensure good mixing and even concentration of the
particles throughout the cavity (Lack et al., 2006). The par-
ticles exit the cavity with a flow rate of 0.95 L min−1 in a
similar configuration. The length of the cavity occupied by
particles is about 68 cm. The particle concentration is deter-
mined by a condensation particle counter (CPC, TSI 3022A)
taking into account the dilution inside the cavity as a result
of the purge flow of dry nitrogen on the mirrors. Only the
mode size of the injected aerosol was used for calculations.
This is a robust measurement and the effect of a distribution
of sizes on the retrieval accuracy was thoroughly discussed
in a recent a paper by Spindler et al. (2007).

Laser light at 532 nm is produced by doubling a Nd:YAG
laser (10 Hz, 3–6 ns, Ekspla). The laser beam is directed
through a spatial filter consisting of two lenses with focal
lengths of 5 cm and 10 cm, respectively, and a 100-µm pin-
hole in the common focus of the lenses. The beam diame-
ter in front of the cavity is about 1 mm, with energy of 1–
1.5 mJ per pulse. The laser intensity emerging from the CRD
cell is measured with a photomultiplier (Hamamatsu H6780-
02), and the resulting signal is fed into a digital oscilloscope
(LeCroy, model 9361, 300 MHz). The digitized data for each
laser pulse is transferred and stored in a computer. The decay
time for a cavity filled with particle-free dry nitrogen (τ0) is
60µs for the 532-nm wavelength.

2.2 Aerosol sampling and AFM imaging

The aerosol particles were sampled using a 10-stage Micro-
Orifice Uniform Deposition Impactor (MOUDI – Model 110
with rotator, MSP Corporation, Shoreview, MN, USA) and

Figure 2. A schematic drawing of the coating device (
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Fig. 2. A schematic drawing of the coating device (Roselli, 2006).
(a) particles exit,(b) particles enter,(c) heated reservoir of organic
material,(d) condenser, and(e)heating fluid connection.

analyzed with an atomic force microscope (AFM) in order to
verify that they have a spherical shape. Mica substrates were
placed on the aluminum surfaces, which were positioned on
the relevant stages of the impactor. For the size range (size
represents the diameter of particles and the various fractions
(core and shell) throughout this entire paper) of the aerosols
generated, we used stages 6, 7, and 8, which correspond
to the size ranges of 560–1000 nm, 320–560 nm, and 180–
320 nm, respectively. The impactor sampled the aerosols im-
mediately following the DMA-2. Aerosol particles were col-
lected for up to 1.5 h. The substrates were placed in a plastic
box and sealed with parafilm to prevent possible contamina-
tion from the ambient air.

The samples were analyzed by AFM in ambient condi-
tions, as the AFM does not require vacuum conditions that
could have caused both the glutaric acid and the DEHS to
evaporate. For technical reasons, three different AFM instru-
ments were used. For most of the samples, we used two AFM
P47 instruments (NT-MDT, Zelenograd, Russia) with a 13-
µm scanner, Nikel coated silicon 70-kHz resonance probes
with nominal spring constant (K=1 N m−1), used in semi-
contact (tapping) mode. The scan size was 13µm (full range)
with scanning rates between 0.25 and 2 Hz and a spatial res-
olution of 256 pixels per length. The third AFM used, Multi-
Mode (Digital Instruments, Vecco Instruments, USA), has
the same specifications but with a spatial resolution of 512
pixels per length. For each sample, at least three locations
were analyzed in order to detect any inhomogeneities in the
particles’ deposition.

www.atmos-chem-phys.net/8/1823/2008/ Atmos. Chem. Phys., 8, 1823–1833, 2008
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Fig. 3. The measured and calculated extinction efficiencies (Qext)

of nigrosin coated with GA as a function of size parameter (x).

2.3 Mie calculations for coated particles

The refractive indices at 532 nm of the substances used in the
Mie calculations were taken from CRD-AS measurements
of aerosols composed of the pure substances. For glutaric
acid, a value ofn=1.41+i0.0 taken from our previous mea-
surements (Riziq et al., 2007) was used, and for nigrosin, a
value ofn=1.649+i0.238 (Dinar et al., 2008) was used. This
value is consistent with prior reports of refractive indices for
nigrosin, namelyn=1.67+0.26i (Garvey and Pinnick, 1983)
andn=1.7+0.31i (Lack et al., 2006). For DEHS (a deriva-
tive of Dioctyl Sebacate (DOS)), a value ofn=1.455+i0.0
was used, based on previous CRD measurements of DOS by
Pettersson et al. (2004).

The subroutine DMiLay (Toon and Ackerman, 1981) and
a version of bhcoat (Bohren and Huffman, 1983) adapted for
Matlab by C. M̈atzler were used to compute the extinction
efficiencies of the coated particles. These codes compute the
scattering parameters for a plane electromagnetic wave in-
cident on a stratified dielectric sphere, i.e., a spherical core
surrounded by a spherical shell. Unlike mixing rules, these
codes are exact implementations of Mie theory, where the
core and shell retain their individual refractive indices dur-
ing the computation. DMiLay is a double precision code
designed to accurately handle large size parameters, thin
shells, and large imaginary refractive indices, and to avoid
the ill-conditioning common to other core plus shell codes,
although bhcoat produced the same results to the number of
decimal places reported here.
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Fig. 4. The measured and calculated extinction efficiencies (Qext)

of nigrosin coated with GA as a function of particle size (diameter).

3 Results

3.1 Nigrosin coated with GA

In Fig. 3, the measured extinction efficiency (Qext) as a func-
tion of particle size parameter (x=πλ/D, whereλ is the
wavelength of light andD is the particle’s diameter) is shown
for pure nigrosin (black dots) along with the corresponding
Mie calculation (Dinar et al., 2008) (solid black line), for
pure glutaric acid (red dots) along with the corresponding
Mie calculation (Riziq et al., 2007) (solid red line), for ni-
grosin of various sizes coated with a 20-nm glutaric acid shell
(green dots) along with the corresponding Mie calculation
(green line), and for 300-nm nigrosin coated with various
thicknesses of glutaric acid (blue dots) along with the corre-
sponding Mie calculation (blue line). In Fig. 4, the measured
Qext is shown as a function of particle diameter rather than
size parameter, and the numbers are presented in Tables 1
and 2. As can be seen from Table 1, the discrepancies be-
tween the measured and calculated values increase with GA
shell size. However, from Table 2, it can be seen that main-
taining a thin GA shell while varying the nigrosin core size
leads to excellent agreement between measured and calcu-
lated values. A possible reason for the observed discrepan-
cies between the measured and calculated values is that as
the shell size increases, the GA crystallizes unevenly on the
nigrosin core causing the particle to no longer be perfectly
spherical, an effect we explore theoretically in Sect. 4. In or-
der to remedy this possibility, we repeated the experiments
using a DEHS shell, which is liquid at room temperature and
would not deform the initial shape of the particle.

Atmos. Chem. Phys., 8, 1823–1833, 2008 www.atmos-chem-phys.net/8/1823/2008/
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Table 1. Calculated and measured extinction efficiencies (Qext) as function of core size (expressed as diameter), coated size, and the coated
size parameter for nigrosin (300-nm diameter) coated with various thickness of glutaric acid shell. The standard deviation for the measured
values and the percentage error between measured and calculated values are also presented.

Nigrosin size (nm) Nigrosin and GA (nm) Size parameter (x) Qext Calculated Qext measured STD Percentage error %

300 311 1.84 2.380 2.437 0.023 2.3
300 322 1.90 2.355 2.302 0.023 2.3
300 334 1.97 2.333 2.201 0.059 6.0
300 346 2.04 2.316 2.102 0.076 10.2
300 359 2.12 2.304 2.127 0.070 8.3
300 372 2.20 2.299 2.160 0.065 6.5
300 385 2.27 2.304 2.162 0.066 6.6
300 400 2.36 2.321 2.251 0.031 3.1
300 429 2.53 2.395 2.237 0.071 7.1
300 461 2.72 2.524 2.363 0.068 6.8

Table 2. Calculated and measured extinction efficiencies (Qext) as function of core size (expressed as diameter), coated size, and the coated
size parameter for nigrosin of various sizes coated with a 20-nm glutaric acid shell. The standard deviation for the measured values and the
percentage error between measured and calculated values are also presented.

Nigrosin size (nm) Nigrosin + GA (nm) Size parameter (x) Qext calculated Qext measured STD Percentage error %

175 195 1.15 1.014 0.966 0.015 5.0
200 220 1.23 1.310 1.307 0.089 0.3
250 270 1.59 1.929 1.956 0.040 1.4
300 320 1.89 2.359 2.302 0.024 2.5
350 366 2.16 2.690 2.626 0.062 2.4
400 420 2.48 2.967 2.896 0.026 2.4

3.2 Nigrosin coated with DEHS

In Fig. 5, the measured extinction efficiency as a function
of particle size parameter is shown for pure nigrosin (black
dots) along with the corresponding Mie calculation (solid
black line), for pure DEHS (red line) along with the cor-
responding Mie calculation (solid red line), for nigrosin of
various sizes coated with a 20-nm DEHS shell (green dots)
along with the corresponding Mie calculation (green line),
and for 300-nm nigrosin coated with various thicknesses of
DEHS (blue dots) along with the corresponding Mie calcu-
lation (blue line). In Fig. 6, the measuredQext is shown as a
function of particle diameter rather than size parameter, and
numbers are presented in Tables 3 and 4. From Figs. 5 and
6, it is clear that the behavior with the DEHS shell is similar
to that with the GA shell.

4 Discussion

All measured results are bound by the values ofQext calcu-
lated with the refractive indices of the pure substances com-
prising the coated particles of the same size. In the range
of sizes investigated in this study, the extinction efficiency

first decreases and then slowly increases with increasing shell
thickness, following the general pattern of the calculations.
In general, a coating may increase or decrease the extinction
efficiency of an individual particle even if the refractory na-
ture (real refractive index) of the coating is lower than that of
the core, as is the case for GA and DEHS, just by changing
the overall size of the particle. The latter would occur if the
scattering by the particle decreases more than the absorption
increases, such that the overall extinction decreases.

The discrepancies between the measured and calculated
values for nigrosin coated with GA and DEHS typically in-
crease with shell thickness. When these discrepancies occur,
the calculated values are constantly higher than the measured
ones. To understand these discrepancies, we have investi-
gated a number of causes related solely to the experimental
setup. It was verified that the nigrosin seeds do not evaporate
by checking their size before and after passing through the
coating apparatus. The possibility that nigrosin may dissolve
in GA or DEHS was eliminated because the nigrosin seed
particles were dry and solid. (The efficiency of the diffu-
sion dryers was confirmed by measurements and calibrations
from both previous and current studies of the extinction effi-
ciencies of ammonium sulphate, glutaric acid, nigrosin, and

www.atmos-chem-phys.net/8/1823/2008/ Atmos. Chem. Phys., 8, 1823–1833, 2008
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Fig. 5. The measured and calculated extinction efficiencies (Qext)

of nigrosin coated with DEHS as a function of size parameter (x).

sodium chloride, which all yielded refractive indices in good
agreement with literature values). Particle losses in the cavity
and other sensitivity issues of the CRD-AS system likewise
cannot account for the discrepancies, as was thoroughly dis-
cussed in our previous publications (Riziq et al., 2007). We
also ruled out the possibility of evaporation of GA, since as
seen in Riziq et al. (2007), the measurements performed with
pure and mixed-state glutaric acid are in a very good agree-
ment with the theory. Furthermore, DEHS at 20◦C has a very
low vapor pressure (<0.007 mm Hg), and the discrepancies
with DEHS are similar to those with GA.

One possible explanation for the discrepancies related to
the calculations as well as to the experimental setup is the
size distributions used in the measurements. In order to ad-
dress this issue, we have taken into account the actual size
distributions used and added the contribution from the adja-
cent size bins into the Mie calculations. The results of this
addition suggest that including the contribution of the adja-
cent size bins to the calculated values does not change the
results. The percent difference between the values calculated
with and without the smaller size bins for nigrosin core size
of 300 nm and coated size 346 nm, 400 nm, and 445 nm, is
0.05%, 0.07%, and 0.24%, respectively. This is negligible
and cannot be the explanation for the observed discrepancies.

A second possible explanation for the discrepancies re-
lated to the calculations is that the core plus shell Mie codes
exhibit errors for certain core and shell sizes. The only such
error mentioned in the literature is ill-conditioning for parti-
cles of small overall diameter (Toon and Ackerman, 1981).
The particles in this study are not small enough for that to be
the source of error. However, it is true that the smaller the
particle, the greater the sensitivity of the position of the scat-
tering peaks to changes in the shell thickness (Alexanderkatz,
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Fig. 6. The measured and calculated extinction efficiencies (Qext)

of nigrosin coated with DEHS as a function of particle size (diame-
ter).

1990; Quirantes and Delgado, 2001), so small errors can be
exaggerated. Furthermore, we note some similar discrepan-
cies for coated particles comprised of combinations of con-
ducting, semi-conducting, and dielectric materials at other
wavelengths, where in some respects the discrepancy there
also increases with increasing shell size (Shi et al., 2005,
their Fig. 11a–c; Shi et al., 2006, their Fig. 6a–b; Peterson
et al., 2007, their Fig. 4a).

A third possible explanation related to the calculations as
well as to the experimental setup is that the coated parti-
cles in the experiments are not perfectly concentric coated
spheres, but instead are not perfectly spherical, have inhomo-
geneities in the coating (Tu and Ray, 2006). To test whether
non-sphericity could account for the discrepancies, LISA, a
T-matrix code for randomly oriented coated spheroids, cre-
ated by A. Quirantes (2005) using the orientation averag-
ing scheme of Mishchenko (1991), was run. Non-sphericity
proved not to be an explanation, since the calculatedQext
for coated spheroids did not vary significantly and was of-
ten even greater than theQext calculated for coated spheres,
only increasing the discrepancy. For example, for nigrosin
coated by GA, core diameter 300 nm, and coated diameter
359 nm, the measuredQext was 2.127, the calculatedQext for
a coated sphere was 2.304, and the calculatedQext for ran-
domly oriented coated spheroids with eccentricity (ratio of
one spheroidal axis to the axis of revolution) 0.7–1.3 ranged
from 2.303 to 2.307. Furthermore, AFM measurements of
collected particles prove that the particles are spherical (see
Fig. 7). The AFM measurement, however, cannot determine
whether the particles are perfectly concentric. (See the dis-
cussion of non-concentric coated particles later in this sec-
tion.)
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Table 3. Calculated and measured extinction efficiencies (Qext) as function of core size (expressed as diameter), coated size, and the coated
size parameter for nigrosin (300-nm diameter) coated with various thicknesses of DEHS shells. The standard deviation for the measured
values and the percentage error between measured and calculated values are also presented.

Nigrosin size (nm) Nigrosin and DEHS (nm) Size parameter (x) Qext calculated Qext measured STD Percentage error %

300 322 1.90 2.336 2.380 0.073 1.88
300 335 1.97 2.300 2.371 0.041 2.99
300 346 2.04 2.317 2.367 0.013 2.14
300 372 2.20 2.373 2.383 0.021 0.42
300 400 2.36 2.234 2.447 0.021 8.71
300 445 2.63 2.440 2.667 0.021 8.51

Table 4. Calculated and measured extinction efficiencies (Qext) as function of core size (expressed as diameter), coated size, and the coated
size parameter for nigrosin of various sizes coated with a 20-nm DEHS shell. The standard deviation for the measured values and the
percentage error between measured and calculated values are also presented.

Nigrosin diameter (nm) Nigrosin + DEHS (nm) Size parameter (x) Qext calculated Qext measured STD Percentage error %

175 195 1.15 1.016 1.030 0.068 1.3
200 220 1.30 1.295 1.330 0.030 2.6
250 270 1.60 1.876 1.956 0.015 4.1
300 320 1.90 2.336 2.380 0.073 1.9
350 370 2.19 2.610 2.715 0.045 3.8
400 420 2.48 2.978 2.989 0.089 0.4

To test whether inhomogeneities in the coating could ac-
count for the discrepancies, the coating was modeled as a
mixture of coating and core material using the Maxwell-
Garnett mixing rule (see, e.g., Bohren and Huffman, 1983)
based on the cluster coupling theory of Rohde et al. (2006),
i.e., as if the coating has “holes” in which the core material
“peeks through”. We also tested a linear combination of di-
electric constants of the coating and core according to Eq. (2)
in Rohde et al. (2006). Since nigrosin is more refractive than
GA or DEHS (even though nigrosin also absorbs), the calcu-
latedQext for the inhomogeneous coating were again greater
than for homogeneous coatings, which again only increases
the discrepancy between the measurements and calculations.

Another calculation for inhomogeneous coatings, based on
the idea that the dielectric constant of a thin film is much
less near the interface to the core than the bulk coating value
(Friedman, 1998; Oates et al., 2004), was also performed.
The model for this, based on Friedman (1998, his Eq. 15),
describes the decrease in dielectric constant (from the outer
surface of the coating to the interface) as exponential, with
the average dielectric constant of the coating being the geo-
metric mean of the values throughout the coating:

εcoat =
dcoatεmax

dcoat+
1
k

ln
[

εmax−(εmax−εmin)e
−kdcoat

εmin

] , (1)

whereεcoat is the average dielectric constant of the coating,

dcoat is the coating thickness,εmax is the original bulk dielec-
tric constant of the coating,εmin is the minimum value of the
dielectric constant of the coating, andk is an e-folding pa-
rameter. The value forεmin used in Friedman (1998) is an
estimate of the effect of relaxation of the rotation of the polar
molecules in the coating (at microwave wavelengths) caused
by the bonds between coating and the core material. While
we are not dealing with microwave wavelengths in this study,
the bonds between a thin film and a substrate have been the-
orized to cause damping in a number of other situations as
well, e.g.: friction in the flow of electrons in conducting and
semi-conducting thin films (Lazarev et al., 2003), damping of
the alignment of dipoles in ferroelectric and anti-ferroelectric
thin films (Wesselinowa, 2005; Wesselinowa and Trimper,
2004), damping of molecular vibrations in thin films at in-
frared wavelengths (Chu, 1993), and damping of dipole vi-
bration near the surface of a waveguide (LaFortune and Hall,
2002). For lack of specific data on damping in our system,
we chose a reduction in the dielectric constant of our coating
of similar relative magnitude to that used in Friedman (1998)
(k=108 cm−1, εmin=1.05). This resulted in a decrease in the
calculatedQext. However, the decrease, while not uniform,
occurred for all sizes and not especially as the coating thick-
ness increased (see Table 5). For nigrosin coated by GA, core
diameter 300 nm, and coated diameter 359 nm, the measured
Qext was 2.127, the calculatedQext for a coated sphere with
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 Fig. 7. AFM image of 300-nm nigrosin coated with a 100-nm DEHS shell (400-nm particle diameter). The sample is taken from stage 7 of
the MOUDI impactor. The particles are spherical, as can see by the upper right side of this figure (height = 400 nm, width =∼400 nm).

the original real refractive index was 2.304, and the calcu-
latedQext for a coated sphere with the adjusted real refrac-
tive index is 2.301. Even if we takeεmin to be that of a vac-
uum (1.0) and reduce the e-folding parameterk by an order
of magnitude (to 107 cm−1), the calculatedQext for nigrosin
coated by GA, core diameter 300 nm, and coated diameter
359 nm with the adjusted real refractive index comes out to
2.280. Therefore this effect is at most a partial explanation
for the discrepancies.

Tu and Ray (2006) found that static layered droplets are
dominantly non-concentric with the lack of concentricity
causing a definite signature in the scattered intensity. Ngo
and Pinnick (1994) and Prabhue et al. (2001) also showed the
effect of non-concentricity on the scattering pattern. Chýlek
and Hallett (1992), Videen et al. (1994), Fuller (1995),
Borghese et al. (1998), Fuller et al. (1995), and Ioannidou
et al. (2000) demonstrated a non-monotonic effect of non-
concentricity on absorption by layered particles, where vary-
ing the distance of the core from the center causes fluctu-
ations in the absorption, increasing or decreasing depending
on whether the position of the core falls in an absorption “hot
spot” of the drop. To test whether a lack of concentricity be-
tween the core and coating could account for the discrepan-
cies in the current system, two Mie scattering codes for non-
concentric coated spheres were run, a code in which the shift
in the core location is along the line of the incoming radiation
(Griaznov et al., 2004), and adei.f, a code allowing any posi-
tion of the core within the drop (Ngo et al., 1996). The cal-
culation for randomly positioned cores at a given distance of
the core from the center was achieved using adei.f and Fuller
(1995) (his Eq. 29):Qext =

1
2

∫ π

0 Qext (α) sinαdα, whereα

is the angle between the direction of incoming radiation and
the direction of the shift in the core’s location (see Fuller,

1995, his Fig. 14). While the effect of non-concentricity on
absorption is non-monotonic, the effect of non-concentricity
onQext is found to be monotonic, althoughQext may mono-
tonically increase or monotonically decrease with a shift in
core position (see Table 6). As with the effect described in
the previous paragraph, non-concentricity is at most a partial
explanation for the discrepancies. For example, for nigrosin
coated by GA, core diameter 300 nm and coated diameter
359 nm, the measuredQext was 2.127, the calculatedQext for
a concentric coated sphere was 2.304, and the calculatedQext
for a non-concentric coated sphere with random core position
was 2.296. Furthermore, as mentioned earlier, we currently
have no means of examining whether non-concentricity oc-
curred in the coated particles we produced.

5 Conclusions

Coated particles have been observed in the atmosphere in
many field studies. This study tested whether core-shell Mie
codes that calculate extinction for such particles adequately
model their interaction with radiation in the case of absorb-
ing particles coated by a layer of non-absorbing organic ma-
terial. In order to study the optical effect of particle coatings
in a manner that can be tested against a Mie scattering code,
we used nigrosin, an absorbing organic dye that produces
spherical core particles, and coated it with two non-absorbing
substances, glutaric acid (solid) and DEHS (liquid), to form
spherical particles with a core-shell morphology.

In general, the measured values of extinction efficiency for
the coated particles corresponded well to the Mie calcula-
tions for thin coatings of 10–20 nm. However, there are dis-
crepancies (up to 10%) between the measured and calculated
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Table 5. Calculations ofQext for GA on nigrosin with real refractive index of GA adjusted according to Friedman (1998), his Eq. (15).

Nigrosin Nigrosin and Original Original Calculated Percentage Adjusted RI CalculatedQext Measured Percentage error %
size (nm) GA (nm) RI of GA Qext error % of coating with adjusted index Qext with adjusted index

300 311 1.410 2.380 2.34 1.402 2.378 2.437 2.81
300 322 1.410 2.356 2.31 1.406 2.353 2.302 1.85
300 334 1.410 2.333 5.97 1.407 2.330 2.201 5.25
300 346 1.410 2.316 10.17 1.408 2.313 2.070 10.26
300 359 1.410 2.304 8.33 1.408 2.301 2.127 7.29
300 372 1.410 2.300 6.47 1.409 2.297 2.160 5.68
300 385 1.410 2.304 6.57 1.409 2.302 2.162 5.77
300 400 1.410 2.321 3.13 1.409 2.319 2.251 2.60
300 429 1.410 2.395 7.08 1.409 2.392 2.237 6.17
300 461 1.410 2.524 6.12 1.409 2.521 2.363 5.94

Table 6. Calculations ofQext for GA on nigrosin assuming non-concentric coated spheres in the most extreme configuration, i.e., the core
situated at the inside edge of the drop.

Core Coated Original Original Calculated CalculatedQext Measured % Difference % Difference
diameter diameter calculated % Qext for for randomly Qext with aligned with randomly

(nm) (nm) Qext difference aligned core positioned core core positioned core

300 311 2.380 2.3 2.380 2.379 2.437 2.3 2.45
300 322 2.355 2.3 2.355 2.353 2.302 2.3 2.2
300 334 2.333 6.0 2.334 2.329 2.201 6.0 5.8
300 346 2.316 10.2 2.319 2.310 2.070 12.0 11.6
300 359 2.304 8.3 2.312 2.296 2.127 8.7 8.0
300 372 2.300 6.5 2.314 2.292 2.160 7.2 6.1
300 385 2.304 6.6 2.328 2.297 2.162 7.7 6.3
300 400 2.321 3.1 2.356 2.319 2.251 4.7 3.0
300 429 2.395 7.1 2.446 2.404 2.237 9.4 7.5
300 461 2.524 6.12 2.564 2.548 2.363 8.5 7.8

extinction efficiencies that increase with increasing coating
thickness. In an effort to understand these discrepancies,
we examined a number of possible effects, none of which
provided a full explanation. Evaporation of the nigrosin
seeds, dissolution of the nigrosin seeds in the coating, par-
ticle losses in the cavity, and evaporation of the coating were
all ruled as negligible. The contribution from smaller size
bins was also found negligible. Errors in the core plus shell
Mie codes for certain core and shell sizes were found to be
irrelevant. Calculations of extinction efficiency for randomly
oriented coated spheroids only increased the discrepancies,
as did calculations of extinction efficiency for coated spheres
with inhomogeneities in the coating. Two effects that re-
duced the calculated extinction efficiency, thereby reducing
the discrepancies were (1) the idea that the dielectric con-
stant of a thin film is lower near the interface to the core than
the bulk coating value, and (2) the possibility that the shell
is not perfectly concentric around the core. However, neither
of these effects brought the calculations into exact agreement

with the measurements. Our results imply that the Mie codes
can be applied for thin coatings, which are probably common
in the atmosphere (Falkovich et al., 2004; Maria et al., 2004;
Russell et al., 2002), but for thicker coatings, as were ob-
served for some cases of dust (Falkovich et al., 2004; Laskin
et al., 2005) and soot (Res et al., 2006), such calculations
induce errors in the order of less than 10%.

For future study, we suggest further examination of parti-
cle eccentricity. In addition, we intend to measure the optical
properties of non-absorbing cores with absorbing shells in or-
der to see, among other things, whether these discrepancies
persist.
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